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ABSTRACT 

Between September 1964 and August 1967 observations were made of 

the linear polarization of sunlight scattered by the Venus atmosphere. 

Eight filters having intermediate-width bandpasses centered at wave

lengths from 3400 A to 9900 X were employed. The two-channel Wollaston 

photoelectric polarimeter developed by Gehrels and Teska was used on 

the 53-cm reflector of the Steward Observatory as well as on the 154-cm 

and 53-cm reflectors of the Lunar and Planetary Laboratory of the 

University of Arizona. Routine coverage of polarization as a function 

of phase angle was extended to small phase angles in a concentrated 

effort to obtain observations near superior conjunction. Near dichotomy 

the distribution of polarization across the disk was observed as a 

function of wavelength. 

For the integrated disk, the electric vector position angle was 

found, within the errors of measurement, always to be either perpen

dicular or parallel to the plane of scattering (mean angles 89?7 and 

178?8, with standard deviations of 5°). The amount of positive polari

zation increases with decreasing wavelength at all but the largest 

phase angles. Large polarizations (+8%) occur in the ultraviolet at 

small phase angles (15°). Near phase angle 90° the positive ultraviolet 

polarization has a somewhat patchy distribution over the disk but shows 

a sharp general increase from the equator to the cusps (reaching as much 

as +18%). In the infrared, in contrast, the polarization is more 

negative at the cusps than at the equator. The polarization of the disk 

ix 



at dichotomy shows temporal variations in the ultraviolet (with a time 

scale of months or years), while at longer wavelengths it appears con

stant. 

The indications of ultraviolet Rayleigh scattering are inter-

o 
preted as due to a normal Rayleigh optical depth near 0.07, at 3400 A, 

above the level at which the cloud scattering optical depth is about 

unity. This corresponds to an upper limit of 55 mb for the gas pres

sure at this level. 

To analyze the cloud polarization, calculations of single 

scattering from spheres were made with the Mie program of Herman and 

Browning. The percentage polarization of the scattered light was ob

tained for 300 values of the size parameter (ratio of particle 

circumference to wavelength) for each of 19 scattering angles and 22 

refractive indices. Then the polarization was calculated at each size 

_ 2  
xq by averaging over a neighboring size distribution (n(x) ~ x , from 

0.75x to 1.25 x ) to smooth out the dominant interference effects of 
o o 

discrete sizes. The resulting patterns of polarization, plotted as 

contours on a map of scattering angle versus mean particle size, exhibit 

a regular variation as a function of refractive index. 

A comparison of the computed contours of zero polarization with 

the observations, corrected by subtraction of the Rayleigh polarization 

contribution, rules out all sizes of water spheres as the dominant 

- aerosol scatterers. The best fit is obtained for spheres having little 

absorption, real refractive indices between 1.43 and 1.55, and mean 

diameters of 2.5 ± 0.5 microns. The observed polarization is smaller 
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at all phases than the theoretical, presumably a consequence of dilu

tion of single-scattering polarization by multiply-scattered photons. 

The average dilution factor increases from 2.5 to 20 as the phase angle 

decreases from 120° to 10°. 

In an environment of p ~ 55 mb and T ~ 235°K, many liquids 

would have a saturation vapor pressure greater than the ambient pressure, 

and therefore could not condense, while others can be excluded by spec

troscopic evidence. In any case, the refractive index should fall 

within the range defined by the best fit, which rules out spheres of 

COg, SC^, etc. In spite of the limitation that the Mie theory is 

inapplicable to aspherical particles even when randomly oriented, con

sideration was given to solid aerosols which satisfy the size and 

refractive index limits defined by the good fit between Mie theory and 

observation. The thermodynamic (vapor pressure) and spectroscopic re

quirements are readily satisfied by a solid, and a number of common 

minerals, including SiC>2 and NaCl, have appropriate refractive; indices. 



SECTION I 

INTRODUCTION 

"Her gods and men call Aphrodite, and the foam-born goddess and 

rich-crowned Cytherea, because she grew amid the foam, and Cytherea 

because she reached Cythera, and Cyprogenes because she was born 

in billowy Cyprus, and Philommedes because she sprang from the 

members." 

-- Hesiod, Theogony 

History of Observations 

Galileo's discovery of the phases of Venus was evidence for 

the planet's lack of transparency and self-luminosity as well as for 

its'heliocentric orbit (Drake, 1957, p. 94). Various observers (e.g., 

Huygens, Hershel, and Schroter — discussed by Moore, 1960) concluded 

the existence of a bright atmosphere covering the planet. In 1761 

Lomonosov observed the bright limb of Venus at the beginning and end 

of a solar transit, and correctly interpreted this as refraction in a 

gaseous atmosphere (Sharonov, 1964, p. 7). The composition of this 
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atmosphere was a matter for speculation until the application of spec

troscopy in the late 19th century (Moore, 1960, p. 66). And the first 

correct spectroscopic identification required another 50 years, when 

Adams and Dunham (1932) detected two near-infrared bands and identified 

the requisite moment of inertia with that of carbon dioxide. Since 

then only traces of other gases have been detected, and there is as yet 

no firm indication of the composition of the solid or liquid cloud 

droplets. 

Apparently the first polarimetric measurements of Venus were 

made by Lord Rosse (1878) who found a value of 3.9% plane polarization 

with the electric vector parallel to the sun-Venus-earth plane, inde

pendent of the phase angle. However, Landerer (1892) detected no 

polarization during a month of observations. Venus waited for Bernard 

Lyot (1929), with his improved polarimeter, to measure the remarkable 

phase-angle dependence of her true polarization. By comparing this 

polarization-phase curve with his measurements on many materials in the 

laboratory, Lyot found qualitative agreement only for water spheres 

2.25 microns in diameter. Other sizes of water spheres were excluded, 

as well as many granular materials and mineral surfaces. Lyot's obser

vations of Venus remain today as the most complete sequence of disk 

measurements in visible light. With the exception of a pair of 

polarized photographs of the Venus crescent taken in 1940 by the Planet 

Group at Table Mountain (Edson, 1963, p. 16), the study apparently lay 

dormant from 1927 until 1953, when Audouin Dollfus (1955) made a few 

observations on the integrated disk, and observed a slightly more 



negative polarization in red light than in green. A few measurements 

by Kuiper (1957) extended this wavelength dependence to 2 microns. A 

comprehensive study of this wavelength dependence of polarization was 

begun by Gehrels and Samuelson in 1959. Their UGI observations during 

the first apparition have been described briefly (Gehrels and Samuelson, 

1961). The coverage was continued by Gehrels systematically through 

the end of 1961, and infrequently from that time until the fall of 1964 

(Coffeen and Gehrels, 1968), when the present studies began. More re

cently Dollfus (1966) and Marin (1965) have observed the wavelength and 

phase dependence from 0.45 to 1.05 microns. At small phase angles 

A'Hearn (1966) measured large polarizations as well as a confusing ro

tation of the plane of polarization, and compared these with multiple 

scattering calculations for ice crystals. Both Lyot and Dollfus have 

published limited observations of the distribution of polarization 

across the disk of Venus; a discussion of these data will be deferred 

to Sec. III. Many possible polarimetric observations of Venus have 

never been carried out, and no comparative laboratory study has appeared 

since the work of Lyot. 

History of Theory 

The clear evidence that the planet Venus is covered by an 

opaque atmosphere indicates that the theoretical treatment of the 

scattered solar radiation will necessarily be one of radiative transfer. 

The problem is complicated by the fact that the dominant scattering in 

tha Cytherean atmosphere is by particles comparable in size to the 
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wavelength of light, with their resultant intricate scattering phase 

functions. A complete application of the theory to Venus has never 

been attempted, and in fact must await a theoretical development appro

priate for a spherical atmosphere, and which performs the radiative 

transfer of all four Stokes* parameters. 

A simplification in the theory occurs for molecular scattering 

above the particulate clouds since this molecular optical depth must be 

small. Thus Lyot (1929, English p. 137) deduced an upper limit of 200 

mb for the gas pressure at the cloud tops, based on the smallness of 

the differences in polarization between the center and edges of the 

disk. And from the systematically less-negative polarization in the 

green than in the red Dollfus (1955, English p. 53) estimated a gas 

pressure of 88 mb. 

Scope of Present Study 

Section II attempts to explain, rather generally, the instru

mentation, calibrations, and techniques necessary foir precise 

photoelectric polarimetry, as well as details of the present system. 

As the possibilities for observations increased, three goals were 

finally realized, as presented in Section III. These are (1) the con

tinuation of.polarization-phase coverage of the integrated disk for 

several years, (2) the extension of the measurements of the disk 

polarization to small phase angles (i.e., near superior conjunction) at 

all optical wavelengths (previously well-known only in the green), and 

(3) mapping of the polarization across the disk as a function of wave

length. 
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With the achievement of these measurements, it appeared that 

enough observational parameters had been covered for a meaningful 

theoretical interpretation. Certain independent effects could be ex

plained by a single hypothesis. Thus the assumption of an optically 

very thin layer of molecules above the main Cytherean scattering sur

face explains, in the ultraviolet, both the variation of polarization 

across the disk at a single phase angle and the variation of the inte

grated disk polarization as a function of phase angle, as described in 

Sec. IV. The thinness of this layer permits a very simple theory, 

since multiple scattering by the molecules can be ignored. 

But what of the underlying cloud layers? The Mie theory can be 

applied to the scattering of light by single spherical cloud particles. 

A thick cloud involves many multiple scatterings, but it can be argued 

that the polarization of such a thick cloud is characteristic of the 

polarization introduced by single particle scattering, diluted by un-

polarized radiation from the multiply-scattered photons. Even with 

this limitation, most of the previously published comparisons of the 

Mie theory with observed light-scattering phenomena have failed to 

make the comparison for the full ranges of pertinent particle para

meters (in particular, size and refractive index). Section V discusses 

Mie scattering and presents the writer's attempt to simultaneously 

consider all necessary single-scattering parameters. This is followed 

by a test comparison of the theory with published laboratory measure

ments on known particles. In full awareness of the limitations of 

considering only single scattering by spheres, the observations of 
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Venus are compared with theory in Sec. VI. The deductions converge on 

a permitted range of particle refractive indices and sizes. Section 

VII considers in greater detail the role of multiple scattering; the 

polarization data can set upper limits on the average number of 

scatterings that have occurred per photon. These conclusions are dis

cussed in Sec. VIII in light of our knowledge of the physical 

environment of the atmosphere, obtained from ground-based studies as 

well as from Venera-4 and Mariner V data. But it is beyond the scope 

of this work to treat the extensive photometric, spectroscopic, radio, 

and radar results for their own sake. Section IX concludes the text 

with a summary of the logical development, followed by a suggestion of 

promising future studies of the Cytherean atmosphere. 



SECTION II 

SYSTEMS 

Instrumentation 

A brief description of the instrumentation (Fig. 1) is necessary 

here in order to understand the capabilities and limitations of the 

system. The photoelectric Wollaston polarimeter was developed by 

Gehrels and Teska (1960). The analyzer is a.calcite Wollaston prism 

which splits the incident beam into two orthogonal linearly polarized 

components. Mounted with the prism are two photomultiplier tubes which 

look at the two exit beams, and which can be rotated together with the 

prism about the photometer axis to analyze the light at various position 

angles. A Fabry lens images the primary mirror on the photocathodes. 

The photomultiplier outputs are integrated simultaneously by a pair of 

Weitbrecht (1957) Mark-Six C/D current integrators. Two pairs of tubes 

(S-l andS-13) are used to cover the wavelength range from 0.3 ̂  to 

1.0 (i. In practice an integration is made at a given position angle 

and is immediately followed by another integration which is identical 

except for the insertion of a quartz Lyot depolarizer in the beam at 

the front of the photometer. This device — described by Lyot (1929, 

English p. 91) and Billings (1951) — introduces a systematic variety 

of states of polarization as a function of wavelength (repeating every 

2 AX = X /(n -n )d," or every 50 & for a- quartz plate about 5 mm thick at 
e o 

5000 X), which effectively depolarizes broad-band radiation. 
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Fig. 1. Wollaston photoelectric polarimeter on LPL 154-cm reflector. 

Attached to the baseplate is the photometer followed by the rotatable 
icebox holding a Wollaston prism and two photomultiplier tubes. The 
electronics provide analog and digital recording of the charges on the 
integrators. 



Hiltner (1951) has shown the advantage of the two-channel 

polarimeter resulting from the coherency of atmospheric scintillation 

in orthogonal polarizations. And the further use of the depolarizer as 

a calibration of the response of the system to unpolarized light makes 

possible the determination of linear polarization to a precision of 

0.0005 mag. (~.02% polarization). Since it is essential that the in

tegrations with and without depolarizer be made under identical condi

tions (same imagery on cathodes, same incident spectral distribution, 

same cathode temperatures, etc.), the observer makes such consecutive 

integrations at each position angle. 

Until 1965 the integrator capacitor charges were recorded on a 

strip chart which was read by hand. The electronics were then digi

tized with the output of a digital voltmeter being recorded on punched 

paper tape. Included is a precision digital clock which is used both 

for the timing of integrations and for the recording of Universal Time 

on the tape output. Precision timing of integrations is ordinarily 

not necessary for bright objects since both integrators are triggered 

simultaneously by the same timer, and since the integrations with and 

without depolarizer can be of different durations (only the ratio of 

the two tubes is required). However, if the sky background or dark 

current is significant (i.e., as large as 1% of the total signal) then 

it is essential that integration times be precisely repeatable. Using 

stable current injectors I tested the present system of Weitbrecht 

integrators and digital clock, and found one-second integrations to be 

repeatable to better than one part in 1000, which reflects the 



stability not only of the clock but of the integrator relay switching, 

etc. This repeatability has made it possible to observe Venus in the 

daytime when sky was as much as 90% of the total signal. 

Calibrations 

Various calibrations are essential in polarimetry because of 

four basic "aberrations": 

- any optical element, whether refractive or reflective, is po

tentially both a polarizer and a depolarizer 

- polarization optics (in this case the depolarizer and the 

Wollaston prism) are never perfect 

- optical activity may be present in the system . . 

- photomultiplier tubes cannot be taken for granted (i.e., tube 

response depends on so many parameters -- image distribution on cathode, 

polarization of image, temperature, age of tube, etc. -- that 

measurements must be interpreted with caution). Confusion has domi

nated some of the past literature reporting polarization largely 

because various calibrations were omitted. But when taken into ac

count they can reduce polarization determination to a straightforward 

technique. All calibrations should of course be determined to the 

same precision as the precision of a measure of polarization. 

Aluminized telescope mirrors introduce partial linear polariza

tion to an unpolarized incident beam (e.g., Gehrels, 1960). This 

instrumental polarization is measured by observing a variety of nearby 

stars with all filters. An unpolarized artificial light source could 
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be used, but stars have the advantage of reproducing the imagery used 

for polarized objects. The assumption is then made that the same in

strumental polarization is introduced into the measurement of a 

polarized object. Telescope mirrors are also potential depolarizers, 

but no depolarization was detectable by Gehrels (1960). The polar

imeter itself is capable of introducing spurious polarizations and 

depolarizations. The former are detected during the measurements of 

unpolarized stars. Both instrumental depolarization and deficiencies 

in the Lyot depolarizer and in the Wollaston prism are measured by 

inserting a polaroid sheet ahead of the polarimeter and then analyzing 

the beam. 

In practice, these effects are rather small. Instrumental 

polarization is usually wavelength dependent, and ranges from 0.1% to 

0.2% provided the mirror aluminization was done properly (orthogonal 

glow discharge and deposition, investigated by Thiessen and Broglia, 

1959). The polarimeter typically sees a 100% linearly polarized beam 

as 99.6% polarized. 

But perhaps these measurements of 0% and 100% beams are not 

sufficient. How does the polarimeter react to intermediate polariza

tions? This can be checked by studying the measured polarizatiorc*as a 

function of the position angle of the Wollaston about the 100% 

polarized incident beam. Malus1 law (see, e.g., Jenkins and White, 

1957, p. 494) states that the total intensity of 100% linearly 

polarized light which is transmitted by a perfect polaroid or nicol 

prism analyzer must vary as the square of the cosine of the angle 
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between the electric vector of the polarization and the analyzer's 

transmission axis. . But the Wollaston acts as tv/o orthogonal ana

lyzers, so the polarization j> measured by it equals: 

i, - i0 i cos^O - i cos^(0 + 
1 2 o o N 2 nrs 

1 + t - o 2 TT = cos 20, 

1 2 i cos 8 + i cos (9 + -r) 
o o JL 

Thus the generation of a cos 28 curve by the Wollaston is evidence that 

intermediate polarizations will be analyzed correctly, using the cali

brations measured only for 0% and 100% beams. And conversely a 

distortion of the shape of the (p,6) curve indicates a systematic 

error. 

The position angle of linear polarization can be distorted 

either by the presence of optically active elements in the system or by 

the existence of unknown instrumental polarization which couples with 

an incident partially polarized beam, changing the degree of polariza

tion and rotating the position angle. The latter is avoided by 

careful measurement of instrumental polarization, while any systematic 

optical activity which might exist is compensated for in the measure

ment of jx' (the position angle of the meridian as seen by the 

polarimeter — Gehrels and Teska, 1960). 

Data Reduction 

A typical sequence of integrations for a given object and 

filter begins 180, 180D, 180DS, 180S, 270S,. 270DS, 270D, 270, 150, 

150D, 150DS, . . . , where "D" is for depolarizer in the beam, and "S" 

is sky -- and continues through six such Wollaston angles. A variety 
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of modifications are used; skies may not be necessary, the complete 

sequence may be repeated several tintes for difficult objects, etc. But 

in any case there always results a pair of integrations (depolarizer 

out and in) at each Wollaston angle, for both channels A and B (both 

tubes). 

The reductions are run on either an IBM 7072 or an IBM 1130. 

At each Wollaston angle the measured polarization amount is expressed 

in astronomical magnitudes; e.g., 

f180-180S > 
«> r 1 180D-180DS A 

180 B ' 810 .180-180S > 
180D-180DS B 

The corresponding values obtained by observations of unpolarized stars 

are subtracted from these AM's and the resulting numbers are converted 

to fractional polarizations by taking their hyperbolic tangents 

(Gehrels and Teska, 1960). A least squares double cosine curve solu

tion is then calculated for the distribution of these values as a 

function of position angle, where the additive constant p.' is applied 

to all Wollaston angles to refer them to the celestial equator. The 

resulting position angle is in the equatorial system, measured from 

north through east. The amplitude of the sinusoid (the degree of 

polarization) is multiplied by a constant close to unity to correct for 

the deficiency of the polarimeter. 
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Daytime Observing 

New techniques were developed to make possible the observations 

of Venus at small solar elongations. As mentioned above, this would 

not have been possible without the precision clock for timing of inte

grations. A representative observing sequence is shown in Fig. 2. 

Venus and sky polarization measurements are made alternately, with 

several repetitions at each Wollaston angle, and alternate skies are 

taken on opposite sides of the planet, offsetting in declination. The 

systematic change of intensities with time is typical when observing 

close to the sun. This is often caused by the variation in the amount 

of scattered light as the sidereal motion of the telescope moves it 

relative to the dome slot, thereby exposing more or less of the teles

cope tube interior to the light from the solar aureole. The tube was 
l 

always shielded such that direct sunlight could not reach the optics. 

Additional data handling was suggested by these gradual 

changes in intensity, so a FORTRAN program was written which takes all 

points at a particular Wollaston angle and fits least-squares-best 

straight lines through each type of point (i.e., Venus without de

polarizer, sky with depolarizer, etc.) and then records the several 

intensities given by these lines at the precise midtime of the observa

tions at that angle. The results are then reduced as usual. The 

merit of this system is shown by the satisfactory results of observing 

O 
Venus from Tucson in the middle of the day at 3400 A at 15° phase 

angle (Table IX). 

t 
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t 

I 50 D 
15*0 

150 S 
1500 
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M A Y  1 9 , 1 9 6 5  9 9 0 0  A  S 2 I  I 5 ? 0  
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M A Y  1 7 ,  1 9 6 5  3 4 0 0 &  S 2 I  I 3 ? 2  

Fig. 2. Typical daytime observing sequences. 

These observations were made with the Steward Observatory 53-cm 
reflector (S21) in the city of Tucson. The integrations are shown 
for a given Wollaston position angle, for both photomultiplier 
tubes, with and without depolarizer. At 13?2 phase angle the day
light sky was 85% of the signal in the N filter; at 15?0, 57% in 
I. The actual reductions are done from the digital records on 
paper tape. 
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Telescopes most suitable for daytime observing have: closed 

tubes, large domes, and windscreens useful as light shields. It seems 
i ' 

possible to work right up to the sun if the telescope can be properly 

shaded. Dollfus (1966, p. 191) has used an adjustable parasolell 

attached to the dome. This is mounted 13 meters beyond the dome slot, 

and is repositioned to keep its shadow always covering the telescope 

tube opening. Knuckles, Sinton, and Sinton (1961) diaphragmed down with 

a smaller tube extending beyond the main tube. Most of the present series 

of daytime observations were made without extra shielding by using the 

shade from an oversize dome (at the Steward 53-cm — see Sec. III). In 

addition, for observations at 7° phase angle light was admitted via an 

off-axis cardboard tube 8 cm by 150 cm, flat-blacked inside. 

Spectral Response 

The desired measurement of the dependence of polarization on 

monochromatic wavelengths must be obtained from observations made 

through intermediate bandwidth filters. An "isopolaral" wavelength 

Xp, defined as that wavelength at which the true monochromatic polari

zation is equal to the measured polarization, is determined by 

eo 

r p(X). I.(X) T(X) dX _ 
pcy*"^-— — sP . 

Jo IX(X) T(X) dX 

where the left side is the monochromatic polarization at X « X and the 
P 

right side is the polarization measured over the bandpass, with 

the incident intensity per unit wavelength interval and T(X) the 
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efficiency of the atmosphere-telescope-optics-filter-detector system. 

This definition of X^ is analogous to that of Brill's isophotal wave

length for intensity measurements (see King, 1952a). 

Following King's (1952b) approach for photometry, p(X) can be 

expanded about some fixed wavelength Xq, 

P<X) - p(\0) + (X-Xo) p'(Xo) +|(X-Xo)2 p"(Xo) 

to second order. Substituting this expansion into the integral above, 

00 

Jo <X"Xn> MX> T<X> dX 
P = P(XQ) + p' (Xo) : 

Jq IX(X) T(X) dX 
00 

. T (X-X )2 I (X) T(X) dX 
, 1 .11/1 \ °o O x + 2 p -

Jo IX(X) T(X) dX 

But if X is chosen as 
0 

_• Sa X IX(X) T(X) dX 
Xo 5 

Jo IX(X) T(X) dX 

then 

CO 00 

Jo Xo IX(X) T(X) dX » Jo X IX(X) T(X) dX , 

so that the second term in the expansion vanishes. Now if p"(Xo) is 

sufficiently small (i.e., if p(X) is linear across the filter) then 

p » p(XQ), where Xq is defined above. In this case p(Xp) = P(XQ), so 

Xq « Xpj thus the isopolaral value is given by the central wavelength 

Xq whenever p"(Xo) may be neglected (ignoring derivatives of third 



18 

order and higher). 

The analogous expression for extinction measurements is iden

tical to whereas for magnitude comparisons it is 

00 

j ' 0 X T ( X ) d \  
CO 

Ttt) 

(King, 1952b). 

There would be no inherent advantage in using wavelengths 

rather than wavenumbers, unless it could be shown that the third term 

in the series expansion of p(\) is less than that for p(lA). The 

isopolaral wavenumber (1/X)p will equal 
00 

A = Jo (lA) I1/X(1A) d(lA) 
(_)o -

h I1/X(1A) d(lA) 

whenever p"(l/\)o is negligible. 

The present system covers the wavelength range of ground-

based photoemissive detectors with two pairs of photomultiplier tubes. 

O 
RCA 7102 tubes (S-l cathodes) are used from 5000 A to one micron. The 

O O 
range from 3000 A to 6000 A has been covered by a variety of EMI tubes 

with S-13 response. Most of the Venus observations were made with the 

standard set of seven wide-band filters used by Coyne and Gehrels 

r(1967) in their concurrent survey of interstellar polarization with 

the same polarimeter. The filter wavelengths are given in Table I for 

observations of Venus at an intermediate zenith distance. The desig

nations GU and GI refer to a single filter but used with the S-13 and 

S-l tubes, respectively. The alternate filter symbols (in parentheses 
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in Table 1) have been published in the program described by Coyne and 

Gehrels. 

Table I. Central Wavelengths. 

X o x -1 
o 

N 3400 2.94 
U 3650 2.74 
B 4450 2.25 
GU (GJ) 5200 1.92 
GI <G2> 5500 1.82 
R4 (0) 6550 1.53 
R1 7400 1.35 
R2 8750 1.14 
I 9900 1.01 



SECTION III 

OBSERVATIONS 

Integrated Disk 

Table II presents my observations of the disk polarization. 

Successive columns give the U.T. date, phase angle, filter, percentage 

polarization and its probable error, equatorial position angle, plane-

of-scattering position angle, telescope code, and number of position 

angles observed. The filter symbols are explained in Table I. The 

probable errors are calculated from the mean residual of the double 

cosine curve fit to the observations, assuming a normal distribution 

of errors. If only two Wollaston angles were observed, the formal 

probable error is of course zero, regardless of the experimental 

scatter. The equatorial position angle, 0 , is measured counterclock

wise from north through (astronomical) east; 0 , counterclockwise from 

the normal to the plane of scattering. Three telescopes were used in 

this work, all at the Cassegrain focus, as follows: (1) the 53-cm 

(21") of the Steward Observatory, located on the campus of the 

University of Arizona — scale 25"8/iiim; (2) the 154-cm (61") of the 

Lunar and Planetary Laboratory -- f/45 scale S'.'Ol/mm, f/13.5 scale 

10V02/mm; and (3) the 53-cm (21") of the Lunar and Planetary 

Laboratory (adjacent to the 154-cm, in the Santa Catalina Mountains 

north of Tucson). The respective telescope codes are as follows, 

giving the primary aperture in inches: S21,. C61, C21. The number of 



Table II. Polarization of the Integrated Disk. 

Date or Fll. PX t p.e. e e 
r 

Tel. N Date a Fll. PS ± p.e. e e 
r Tel. N 

SEP2764 73.8 N 1.87 0.04 106. 178. C21 6 MAY2665 16.7 N 7.64 0.17 175.2 182.8 S21 3 
SEP2764 73.8 U 0.31 0.02 99. 171. C21 6 MAY2665 16.7 U 6.84 0.04 173.2 180.8 S21 3 
5EP2764 73.8 B 1.57 0.02 15. 87. C21 6 MAY2665 16.7 B 3.02 0.01 172.8 180.5 S21 4 
5EP2764 73.8 GU 2.17 0.07 15. 87. C21 6 

MAY3065 18.2 N 7.43 0.05 174.9 181.0 S21 5 
SEP2864 73.3 N 1.46 0.07 106. 177. C21 6 MAY3065 18.2 U 6.79 0.19 173.8 179.8 S21 3 
5EP2864. 73.3 U 0.18 0.08 83. 155. C21 9 MAY3065 18.2 8 2.70 0.03 172.3 178.4 521 7 
5EP2864 73.3 8 1.72 0.03 18. 90. C21 6 MAY3065 18.3 R1 1.64 0.20 84.1 90.2 S21 3 
SEP2864 73.3 GU 2.31 0.04 17. 89. C21 6 MAY3065 18.3 I 3.13 0.00 80.9 87.0 S21 2 

SEP2964 72.8 R1 3.25 0.03 15. 86. C21 6 - MAY3165 18.6 N 7.56 0.05 174.8 180.5 S21 7 
SEP2964 72.8 R2 3.31 0.06 16. 88. C21 7 MAY3165 18.6 U 6.21 0.07 174.0 179.7 521 7 
5EP2964 72.8 I • 3.10 0.01 16. 87'. C21 6 MAY3165 18.6 B 2.90 0.03 174.9 180.6 S21 7 

N0V2364 48.7 GI 1.88 0.04 22. 89. C21 6 JUN0365 19.8 N 6.23 0.06 176.4 180.8 S21 10 
N0V2364 48.7 R1 2.37 0.03 22. . 89. C21 6 JUN0365 19.8 U 5.34 0.08 173.6 178.0 521 7 
N0V2364 48.7 R2 2.26 0.03 24. 90. C21 6 JUN0365 19.8 B 2.02 0.02 177.3 181.7 S21 7 
N0V2364 48.7 I 2.33 0.02 23. 89. C21 6 

JUN0465 20.2 N 5.96 0.20 178.2 182.1 S21 3 
N0V2464 48.3 N 1.83 0.07 113. 180. C21 6 JUN0465 20.2 U 5.12 0.00 176.1 180.0 S21 3 
N0V2464 48.3 U 0.89 0.02 109. 175. C21 6 . JUN0465 20.2 B 2.06 0.00 177.3 181.2 S21 3 
N0V2464 48.3 B 0.98 0.02 24. 90. C21 6 JUN0465 20.2 GI 0.15 0.04 8.4 192.3 S21 7 
N0V2464 48.3 GU 1.58 0.07 23. 89. C21 6 JUN0465 20.2 R1 1.89 0.05 84.4 88.3 521 7 

JUN0465 20.2 R2 2.51 0.06 85.1 89.0 S21 7 . 
N0V2564 48.0 N 1.58 0.03 110. 176. C21 6 JUN0465 20.2 I 2.66 0.13 83.5 87.4 S21 7 
N0V2564 48.0 U 0.88 0.04 111. 177. C21 6 
N0V2564 48.0 B 0.93 0.04 26. 92. C21 6 JUN0565 20.6 N 6.02 0.07 176.5 180.0 S21 7 

JUN0565 20.6 U 4.46 0.36 176.2 179.7 S21 7 
JAN2865 24.9 R1 2.17 0.27 155. 75. C21 6 JUN0565 20.6 B 2.07 0.08 175.9 179.4 S21 7 
JAN2865 24.9 R2 1.76 0.18 162. 81. C21 6 JUN0565 20.6 GU 0.72 0.07 177.9 181.4 521 7 
JAN2865 24.9 I 1.96 0.07 168. 87. C21 6 

JUN0765 21.4 R1 1.90 0.03 85.0 87.6 S21 7 
MAY1565 12.5 B 1.69 0.00 169.0 179.8 S21 2 

JUN0965 22.2 N 4.55 0.08 177.8 179.5 521 9 
MAY1765 13.2 N 7.83 0.21 171.8 182.3 S21 8 JUN0965 22.2 U 3.75 0.05 178.5 180.1 S21 8 
MAY1765 13.2 U 4.75 0.00 166.3 178.8 SZ1 2 JUN0965 22.2 B 1.39 0.02 179.7 181.4 S21 6 
MAYX765 13.2 B 2.53 0.00 169.2 179.6 S21 2 

JUN1065 22.6 N 5.37 0.23 175.0 176.1 S21 7 
MAY1965 15.0 I 3.22 0.07 77.7 87.7 521 3 JUN1065 22.6 U 3.87 0.04 178.7 179.8 S21 7 

JUN1065 22.6 B 1.55 0.03 0.2 181.4 521 7 
MAY2365 15.5 N 7.45 0.04 170.4 179.1 S21 3 
MAY2365 15.5 U 5.27 0.10 164.8 173.5 S21 3 JUN1265 23.4 N 4.33 0.08 1.8 182.0 S21 7 
MAY2365 15.5 B 2.27 0.04 171.5 180.2 521 7 JUN1265 23.4 U 3.56 0.06 179.8 179.9 S21 7 

JUN1265 23.4 B 1.32 0.02 0.8 181.0 521 1 
MAY2465 15.9 N 7.38 0.05 172.0 180.4 S21 8 
MAY2465 15.9 U 6.55 0.07 171.4 179.8 521 8 JUN1365 23.8 GI 0.28 0.06 75.0 74.7 521 8 
MAY2465 15.9 B 2.30 0.02 171.5 179.8 521 5 JUN1365 23.8 R1 1.47 0.07 89.7 89.4 S21 6 

JUN1365 23.8 R2 2.16 0.06 89.8 89.4 S21 7 
JUN1365 23.8 I 2.43 0.03' 87.2 86.8 S21 7 



Table II. (continued) 

Date or Fil. FX ± p.e. e e 
r Tel. N Date a Fil. FX ± p.e. 8 8 

r 
Tel. V 

JUN1565 24.3 N 3.43 0.07 1.9 181.0 S21 4 AUG1665 49.5 U 0.82 0.11 20.5 178.5 C21 6 
JUN1565 24.3 U 2.99 0.00 166.5 165.5 S21 2 AUG1665 49.5 B 1.03 0.04 112.3 90.4 C21 6 
JUN1565 24.3 B 0.72 0.03 179.1 178.2 S21 3 AUG1665 49.5 GU 1.49 0.05 111.2 89.2 C21 6 

JUN1765 25.4 N 2.57 0.42 1.9 179.6 S21 7 AUG2665 53.4 B 1.14 0.04 111.6 89.1 521 6 
JUN1765 25.4 U 2.49 0.02 1.7 179.4 S21 7 AUG2665 53.4 GU 1.66 0.08 111.4 88.8 S21 6 
JUN1765 25.4 B 0.79 0.01 1.9 179.6 521 7 

AUG2865 54.3 GI 1.97 0.20 107.9 85.4 S21 6 
, JUN1965 26.2 GI 0.79 0.05 89.9 86.7 S21 7 AUG2865 54.3 R1 2.50 0.03 111.5 89.0 521 6 

JUN1965 26.2 R1 1.86 0.04 92.1 88.9 S21 7 AUG2865 54.3 R2 2.53 0.06 112.4 89.9 521 5 
JUN1965 26.2 R2 2.09 0.05 91.0 87.8 521 7 AUG2865 54.3 I 2.62 0.05 111.2 88.6 521 10 
JUN1965 26.2 I 2.31 0.03 92.9 89.7 S21 4 

SEP2265 64.4 N 2.12 0.10 20.3 180.5 521 6 
JUN2165 26. 8 N 2.03 0.08 7.8 184.0 S21 7 5EP2265 64.4 U 1.05 0.05 24.3 184.5 521 8 
JUN2165 26.8 U 1.72 0.07 1.3 177.4 S21 4 SEP2265 64.4 B 1.12 0.02 106.6 86.8 S21 8 
JUN2165 26.8 B 0.27 0.03 2.0 178.2 S21 4 SEP2265 64.4 GU 1.73 0.02 107.1 87.3 S21 8 
JUN2165 26.8 GU 0.47 0.03 96.8 92.9 S21 6 

SEP2465 65.2 GI 2.24 0.02 107.2 87.9 S21 8 
JUN2565 28.4 GI 1.12 0.02 102.5 96.7 S21 5 SEP2465 65.2 R1 3.04 0.02 109.2 89.8 S21 8 
JUN2565 28.4 R1 2.12 0.04 99.1 93.3 S21 15 SEP2465 65.2 R2 3.15 0.06 108.6 89.2 521 8 
JUN2565 28.4 R2 2.14 0.04 99.4 93.7 S21 10 5EP2465 65.2 I 3.13 0.03 108.3 89.0 S21 8 
JUN2565 28.4 I 2.29 0.02 95.6 89.8 S21 12 

0CT0865 71.2 N 2.84 0.05 13.6 178.3 521 10 
JUN2665 28.8 U 1.00 0.02 5.1 178.8 521 9 OCT0865 71.2 U 1.47 0.06 14.3 179.1 521 9 

• JUN2665 28.8 B 0.27 0.10 90.9 84.7 521 4 OCT0865 71.2 B 0.95 0.04 106.9 91.6 521 8 
JUN2665 28.8 GU 0.95 0.00 81.3 75.0 S21 2I 0CT0865 71.2 GU 1.70 0.02 107.4 92.1 S21 9 

JUL0265 31.5 N 1.14 0.15 16.8 187.4 S21 T\ OCT2265 77.5 GI 2.23 0.07 99.9 90.1 S21 8 
JUL0265 31.5 U 0.52 0.05 4.8 175.4 S21 7 OCT226.5 77.5 R1 3.14 0.04 100.3 90.6 S21 8 
JUL0265 31.5 B 0.52 0.02 91.6 82.3 S21 7 OCT2265 77.5 R2 3.41 0.06 98.5 88.6 521 8 
JUL0265 31.5 GU 0.99 0.03 97.1 87.8 S21 7 OCT2265 77.5 I 3.69 -0.07 98.3 88.5 S21 8 

JUL2565 40.6 I 1.62 0.26 106.1 00
 

00
 
•
 

C21 4 0CT2365 77.9 N 2.81 0.07 7.3 178.0 S21 8 
0CT2365 77.9 U 1.44 0.05 6.6 177.2 S21 8 

AUG0465 44.6 U 0.90 0.15 179.4 159.3 C21 6 OCT2365 77.9 B 1.06 0.03 100.2 90.9 521 8 
AUG0465 44.6 B 0.89 0.10 115.5 95.5 C21 4 0CT2365 77.9 GU 1.89 0.02 100.0 90.7 S21 8 
AUG0465 44.6 GU 1.35 0.10 109.8 89.8 C21 6 

• N0V0565 84.3 GI 2.25 0.10 93.8 90.3 521 6 
AUG0565 45.0 N 1.57 0.10 11.7 171.4 C21 6 NOV0565 84.3 R1 3.30 0.04 93.2 89.8 S21 6 
AUG0565 45.0 U 0.71 0.1*4 24.1 183.8 C21 6 NOV0565 84.3 R2 3.39 0.06 94.2 90.8 521 6 
AUG0565 45.0 B 1.01 0.02 112.4 92.1 C21 12 N0V0565 84.3 I 3.69 0.11 93.9 90.5 521 7 
AUG0565 45.0 GU 1.54 0.03 111.3 91.0 C21 16 

NOV0865 85.9 N 3.50 0.02 1.3 179.3 S21 6 
AUG0665 45.4 GI 1.74 0.04 113.8 93.4 C21 7 NOV0865 85.9 U 1.64 0.04 179.4 177.4 S21 6 
AUG0665 45.4 R1 2.54 0.06 108.1 87.6 C21 6 NOV0865 85.9 B 1.41 0.07 91.3 89.3 521 . 6 
AUG0665 45.4 R2 2.55 0.05 108.8 88.3 C21 6 NQV0865 . 85.9 GU 2.14 0.04 91.9 89.9 521 8 
AUG0665 45.4 I 2.33 0.06 108.5 88.1 C21 8 



Table. II. (continued) 

Sate a m. PX ± p.e. e e 
r Tel. N Date a Fil. tX ± p.e. e e 

V Tel. H 

NOV1265 88.1 61 2.52 0.09 90.1 89.9 S21 8 JUN1366 57.8 U 2.52 0.01 161.5 181.1 C61 10 
NOV1265 88.1 R1 3.51 0.05 89.3 89.1 S21 8 JUN1366 57.8 GI 1.60 0.02 72.5 92.1 C61 10 
N0V1265 88.1 R2 3.66 0.06 88.8 88.6 S21 8 JUN1366 57.8 I 2.86 0.02 71.1 90.8 C61 16 
NOV1265 88.1 I 4.01 0.03 88.4 88.2 S21 8 

AUG0166 37.8 GI 1.77 0.02 96.0 91.1 C61 6 
DEC0265 100.9 N 1.55 0.09 176.4 184.3 S21 7 AUG0166 37.8 R4 2.26 0.05 95.2 90.3 C61 5 
DEC0265 100.9 U 0.20 0.04 168.6 176.5 S21 8 AUG0166 37.8 R2 2.01 0.19 90.2 85.2 C61 6 
DEC0265 100.9 B 2.22 0.07 79.3 87.2 S21 8 
DEC0265 100.9 GU 2.95 0.07 81.2 89.2 S21 7 . N0V2866 6.6 I 2.04 

CO o
 
o
 80.5 72.1 S21 3 

DEC0265 100.9 GI 3.07 0.04 80.4 88.3 S21 8 
DEC0265 100.9 R1 4.00 0.07 80.2 88.1 l\ S21 8 N0V2966 6.9 B 0.56 o

 •
 

o
 

0*
 

179.1 170.8 S21 6 
DEC0265 100.9 R2 4.23 0.04 80.1 88.0 S21 8 
DEC0265 100.9 I 4.45 0.02 80.1 88.0 S21 8 NOV3066 7.5 U 1.94 0.20 7.1 178.9 S21 4 

NOV3066 7.5 GU 0.21 0.05 11.6 183.3 S21 6 
DEC2065 116.8 N 1.10 0.07 70.6 84.7 S21 16 
DEC2065 116.8 U 1.87 0.03 74.5 88.5 S21 16 JAN1167 21.1 N 7.13 0.06 171.1 180.3 C61 9 
DEC2065 116.9 B 3.28 0.05 75.0 89.1 S21 6 JAN1167 21.1 U 5.57 0.65 171.3 180.5 C61 6 
DEC2065 116.8 GU 3.89 0.05 75.7 89.8 S21 8 JAN1167 21.1 B 2.90 0.10 172.3 181.5 C61 6 

JAN1167 21.1 GU 1.78 0.03 171.3 180.4 C61 6 
JAN0366 134.6 GI 2.78 0.04 70.0 89.0 C61 8 JAN1167 21.1 GI 1.36 0.14 175.. 8 185.0 C61 9 
JAN0366 134.6 R1 4.08 0.02 69.9 88.9 C61 8 JAN1167 21.1 R4 0.32 0.03 60.8 70.0 C61 8 
JAN0366 134.6 R2 4.72 0.02 70.1 89.1 C61 7 JAN1167 21.1 R1 1.12 0.17 79.6 88.8 C61 8 
JAN0366 134.6 I 5.14 0.01 70.2 89.3 C61 6 JAN1167 21.1 R2 1.88 0.02 80.3 89.5 C61 8 

JAN1167 21.1 I 2.38 0.01 81.1 90.3 C61 8 • 
MARI666 105.4 GI 3.43 0.01 79.5 91.4 C61 10 
MAR1666 105.4 I 4.66 0.03 77.6 89.5 C61 8 JAN2867 26.6 N 2.65 0.02 164.3 179.8 C61 6 

MAR2266 100.7 GI 2.99 0.02 77.6 91.9 C61 8 JAN2967 26.9 GI 0.27 0.04 68.2 84.1 C61 6 
MAR2266 100.7 I 4.36 0.03 76.0 90.3 C61 8 JAN2967 26.9 I 2.00 0.01 75.2 91.1 C61 6 

MAR2766 97.1 I 4.18 0.00 74.5 90.6 C61 4 JAN3067 27.5 N 2.97 0.14 169.7 186.1 C61 9 
JAN3067 27.5 U 1.88 0.02 159.9 176.3 C61 8 

MAR2866 96 .4 N 3.03 0.03 163.1 179.6 C61 10 JAN3067 27.5 B 0.36 0.03 143.3 159.8 C61 6 
MAR2866 96.4 ' U 1.41 0.01 162.0 178.5 C61 10 JAN3067 27.5 GU 0.48 0.05 89.6 106.0 C61 9 1 JAN3067 27.5 GI 0.46 0.05 86.0 102.4 C61 12 
APR1666 84.8 N 3.81 0.06 157.1 179.2 C61 8 JAN3067 27.5 R4 1.39 0.08 73.0 89.5 C61 8 
APR1666 84.8 U 2.00 0.02 157.2 179.2 C61 8 JAN3067 27.4 R1 1.58 0.05 74.0 90.4 C61 10 

JAN3067 27.4 R2 1.93 0.05 ' 73.5 89.9 C61 8 
APR1766 84.3 GI 2.07 0.01 67.8 90.0 C61 8 JAN3067 27.4 I 2.03 0.03 75.4 91.8 C61 8 
APR1766 84.3 I 3.71 0.01 68.9 91.2 C61 8 

FE80567 29.3 N 1.54 0.04 156.0 174.0 C61 12 
APR2066 82.6 N 4.13 0.04 156.6 179.5 C61 8 FEB0567 29.3 U 1.31 0.03 157.1 175.0 C61 10 
APR2066 82.6 U 2.05 0.01 155.8 178.7 C61 16 FEB0567 29.3 B 0.47 0.02 81.0 98.9 C61 13 

FEB0567 29.3 GU 0.71 0.01 77.3 95.2 C61 7 
JUN1266 58.2' N 4.28 0.05 159.8 179.8 C61 7 • 
JUN1266 58.2 • u 2.29 0.03 159.5 179.5 C61 7 



Table II. (continued) 

Date a m. PI ± p.e. e e 
r Tel. N Date cr FIX. PS ± p.e. e e 

r 
Tel. N 

FEB0767 30.0 GI 1.00 0.02 73.6 92.0 C61 10 MAY2867 76.7 N 4.94 0.05 5.5 179.7 C61 17 
FEB0767 30.0 R4 1.47 0.01 74.5 92.9 C61 12 MAY2867 76.7 U 2.97 0.04 6.0 180.1 C61 18 
FEB0767 30.0 R1 1.76 0.02 73.0 91.4 C61 10 MAY2867 77.1 GI 1.86 0.05 94.9 88.7 C61 12 
FEB0767 30.0 R2 1.98 0.01 72.5 90.9 C61 14 MAY2867 77.1 R4 2.66 0.03 94.8 88.6 C61 12 
FEB0767 30.0 I 1.90 0.02 73.2 91.6 C61 6 MAY2867 77.1 R1 2.99 0.02 95.1 88.9 C61 12 

MAY2867 77.1 R2 3.28 0.02 96.3 90.1 C61 12 . 
FEB0867 30.3 U 1.10 0.04 152.8 171.4 C61 6 MAY2867 77.1 I 3.40 0.04 94.8 88.7 C61 12 
FEB0867 30.3 B 0.46 0.03 88.1 106.7 C61 14 
FEB0867 30.3 GU 0.77 0.06 75.6 94.2 C61 12 - MAY2967 77.2 N 5.00 0.07 4.8 178.5 C61 12 

MAY2967 77.2 U 2.92 0.06 6.3 179.9 C61 12 
FEB2167 35.2 GI 1.65 0.07 71.1 92.1 S21 10 
FEB2167 35.2 R4 2.11 0.09 69.0 89.9 S21 7 JUN0267 79.4 N 4.74 0.02 6.5 178.4 C21 18 
FEB2167 35.2 R1 2.07 0.05 72.8 93.8 S21 11 

JUN0267 

FEB2167 35.2 R2 2.31 0.11 71.3 92.2 S21 11 JUN0667 81.6 N 4.88 0.02 7.9 178.1 C21 15 
FEB2167 35.2 I 2.17 0.09 69.1 90.1 S21 9 JUN0667 81.6 U .2.98 0.03 8.0 178.2 C21 15 

FEB2267 35.2 U 0.66 0.06 151.6 172.6 S21 23 JUN2367 92.1 R4 3.37 0.02 105.8 89.9 C21 18 
FEB2267 35.2 B 0.80 0.09 84.1 105.1 S21 9 JUN2367 92.1 R2 4.08 0.02 106.8 90.9 C21 24 
FEB2267 35.2 GU 1.15 0.05 73.8 94.8 S21 6 JUN2367 92.1 I 4.21 0.05 106.2 90.2 C21 17 

MAR0967 40.8 N 1.68 0.06 161.3 182.8 C61 30 JU.N2467 92.7 N 4.14 0.02 14.4 178.1 C21 18 
MAR0967 40.8 U 0.39 0.07 175.6 197.1 C61 12 JUN2467 92.7 U 2.38 0.02 14.8 178.5 C21 18 

JUN2467 92.7 B 1.36 0.01 104.5 88.2 C21 17 
APR0267 50.4 N 2.87 0.03 159.3 177.2 C21 14 JU.N2467 92.7 GU 2.18 0.04 106.6 90.4 C21 24 
APR0267 50.4 U 1.75 0.09 156.3 174.2 C21 10 
APR0267 50.4 B 0.96 0.03 78.1 96.1 C21 8 JUL0967 103.7 N 2.42 0.07 18.8 178.3 C21 14 
APR0267 50.4 GU 1.58 0.06 74.1 92.0 C21 8 
APR0267 50.4 R4 2.20 0.02 73.6 91.6 C21 10 AUG1167 142.5 U 0.84 0.39 125.9 91.6 S21 6 
APR0267 50.4 R2 2.56 0.05 74.2 92.1 C21 10 AUG1167 142.5 GI 1.30 0.03 i.25 .8 91.4 S21 6 
APR0267 50.4 I 2.59 0.02 72.0 90.0 C21 14 AUG1167 142.5 R4 2.28 0.04 123.5 89.1 S21 8 

AUG1167 142.6 R2 4.54 0.03 124.6 90.1 S21 5 
APR2167 58.6 N 3.83 0.18 162.9 174.3 C61 9 AUG1167 142.5 I 5.25 0.04 122.6 88.2 S21 6 
APR2067 58.5 GI 1.75 0.03 75.9 87.4 C61 13 

AUG1167 

APR2067 58.5 R4 2.38 0.04 75.5 87.0 C61 12 AUG1267 144.1 N 1.01 0.18 145.5 110.0 S21 6 
APR2067 58.5 R1 2.80 0.03 77.0 88.5 C61 12 AUG1267 14,4.1 U 0.78 0.17 144.6 109.1 S21 6 
APR2067 58.5 R2 2.88 0.14 77.6 89.2 C61 12 AUG1267 144.0 GI 0.67 0.18 120.6 85.3 521 5 
APR2067 58.5 I 2.82 0.02 77.0 88.5 C61 12 AUG1267 144.0 I 5.22 0.24 125.3 90.0 S21 6 

MAY2667 75.6 N 4.63 0.05 4.4 179.4 C61 11 
MAY2667 75.6 U 2.92 0.03 3.1 178.1 C61 12 
MAY2667 75.6 I 3.46 0.05. 93.6 88.7 C61 10 

MAY2767 76.1 I 3.53 0.01 92.9 87.5 C61 , 6 
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observed position angles is in some sense a measure of the weight of 

the observation, although at extreme phase angles the daytime observing 

program was used (Sec. II), with the result that many repetitions at a 

single angle counted as only one angle in the tabulated number. 

The 115 measurements of 9 which lie between 155° and 200° 
r 

have a mean of 178?8 and a standard deviation of 5?1. The remaining 

168 measurements fall in the range 70° — 110°, with a mean of 89?7 

and standard deviation of 4?9. For the disk measurements, the mean 

ratio of polarization to its calculated probable error is 24, from 

which one predicts a standard deviation of 1?8 for the position angle 

determinations. Furthermore the intrinsic position angle will appear 

rotated due to errors in the measurements of (zero point of angular 

measure) and instrumental polarization, at the several telescopes. It 

is concluded that within the errors of measurement the position angle 

of disk polarization is either perpendicular or parallel to the plane 

of scattering. Also, the deviations of individual position angles 

appear random, with no systematic dependence on filter, telescope, 

phase angle, or hour angle. In particular there is no gradual rota

tion as the polarization passes through an inversion point. 

Figure 3 is a plot of all polarization measurements in Table II 

as a function of phase angle, for each filter. Different apparitions 

O 
are identified by the various symbols. Longward of 5000 A the polari

zation has little evidence for temporal variations about the mean 

phase curves. But a variation appears in the ultraviolet having a 

time scale of months, but not of days. The primary change is in the 
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Fig. 3. Polarization of the disk of Venus versus phase angle. 

Included are all observations in Table II. Different symbols are used 
for different apparitions; the indicated months refer to passage through 
90° phase angle. 
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amplitude of positive polarization'near quarter phase in the N and U 

filters, and the effect is similar at both wavelengths. 

Figure 4 shows the wavelength dependence of polarization at 

two phase angles. 

Disk Analysis 

Even a cursory study of the variation of polarization with 

wavelength and phase angle leads to several conclusions about the at

mosphere of Venus. The light-scattering mechanisms must be rather 

stable to produce the general year-to-year repeatability, which is 

present in spite of the relatively small amounts of polarization. The 

polarization-wavelength dependence is monotonic at all but the largest 

phase angles. None of the polarization-phase angle curves could be 

the result of simple molecular scattering. The predominant negative 

polarization at longer wavelengths is impossible by molecular scatter

ing but is quite characteristic of scattering from transparent 

particles. The polarization of 8% measured near 15° phase angle in 

the ultraviolet is greater than could result by light scattering from 

even a single molecule. And this narrow feature of strong polariza

tion near 15° phase angle is unlike any measurements of terrestrial 

materials except for those of the "rainbows" from transparent spheres. 

Thus Lyot (1929, English pp. 99, 118) found polarizations greater than 

60% in the primary rainbow of a water sphere at 42°, and of a glass 

sphere (m =» 1.52) at 19°. 

The polarization position angle was either parallel or perpen

dicular to the plane of scattering, within the errors of measurement. 
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U') 
Fig. 4. Wavelength dependence of disk polarization 
at selected phase angles. 
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This could in fact be anticipated with only the assumptions that no 

particle alignment mechanisms exist in the atmosphere of Venus, and 

that the brightness and polarization are symmetrical about the illumi

nation equator. For in this case the spherical planet, just as a 

spherical droplet, can introduce no preferential direction, leaving only 

the incident and emergent rays to define a direction (given by their 

common plane, the plane of scattering). This of course assumes un-

polarized incident radiation. 

The present measurements are in rather good agreement with 

those of Lyot (1929) and Dollfus (1966), who likewise found only the 

two orthogonal polarization position angles. But there is a con

siderable discrepancy with the results of A'Hearn (1966) who reported 

larger polarizations with variable position angles, even for measure

ments simultaneous with some of those in Table II. The possibility of 

a systematic error in his observations (e.g., an uncorrected instru

mental polarization) must be considered, since this could indeed 

couple with an intrinsic polarization at a specific position angle to 

yield a rotation in the measured angle as the degree of intrinsic 

polarization varies (for example with phase). A similar situation 

occurred in lunar studies made at various observatories as discussed 

by Gehrels, Coffeen, and Owings (1964). 

Detailed Regions 

Polarimetric resolution of the disk was first obtained in 1923 

by Lyot (1929). Both regional and temporal variations were observed, 

as well as an unusual rotation of the plane of polarization at 
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the cusps. These effects were confirmed in 1953 by Dollfus (1955), 

who mapped the gibbous disk in both green and red light on several 

dates. There was no apparent correlation between polarization and the 

simultaneously photographed ultraviolet cloud patterns. In spite of 

daily variations, good correlation was seen between the polarization 

in red and- in green, with the polarization in red light being always 

the more negative (at 56° phase angle). Furthermore the most highly 

(negatively) polarized regions were always near the north and south 

cusps, with a more or less regular decrease in the amount of polariza

tion as the center of the disk was approached. Deviations of the 

direction of polarization were again observed, particularly in the set 

of measurements made near the polarization inversion point at 10° phase 

angle. In 1964 Dollfus (1966) obtained a most interesting set of re

gional observations near inferior conjunction, showing an almost 

invariable parallelism between the electric vector maximum and the ter

minator (and limb) of the narrow crescent. 

Table III presents my own regional observations, beginning 

with low resolution measurements made in December, 1965, with the 

Steward Observatory 53-cm reflector. Figure 5 shows the resulting per

centage polarization and the wavelength dependence. The next regional 

observations were made in the spring of 1967 at the Catalina 154-cm 

of the Lunar and Planetary Laboratory. Figures 6 and 7 show the results 

obtained at f/45, with a 2704 diaphragm. The diameters of the spots on 

the disk are those of the physical diaphragms, without allowance for 

seeing effects. And the positions of the spots are those as observed 



Table III. Polarization of Detailed Regions. 

Region Date or Ftl . PZ ± p.e. e e 
r 

Tel. N Region Sate or Ftl FX 1 p.e. e e 
r Tel. N 

C DEC2065 116.8 N 1.68 0.04 78.1 92.1 521 8 1 MAY2867 77.1 I 5.58 0.10 97.9 91.7 C61 6 
N DEC2065 116.8 N 2.02 0.23 165.3 179.4 S21 8 2 MAY2867 77.1 I 5.81 0.10 94.7 88.5 C61 6 
S 0EC2065 116.8 N 2.69 0.15 176.8 190.8 S21 8 3 MAY2867 77.1 I 3.01 0.04 96.4 90.2 C61 6 
c DEC2065 116.8 GU 3.51 0.07 75.9 89.9 S21 8 4 MAY2867 77.1 I 2.59 0.02 97.9 91.7 C61 6 
N DEC2065 116. 8 GU 5.05 0.17 73.1 87.1 S21 7 5 MAY2867 77.1 I 3.18 0.03 98.0 91.8 C61 6 
S DEC2065 116.8 GU 5.35 0.10 76.3 90.3 521 8 6 MAY2867 77.1 I 4.03 0.02 104.2 98.0 C61 6 

7 MAY2867 77.1 I 3.29 0.12 91.2 • 85.0 C61 6 
4 APR2167 58.5 GI 1.51 0.10 78.5 90.0 C61 14 8 MAY2867 77.1 I 3.86 0.09 92.7 86.4 C61 6 
1 APR2167 58.6 I 4.13 0.05 76.0 87.5 C61 12 9 MAY2867 77.1 I 3.38 0.05 99.2 92.9 C61 6 
2 APR2167 58.6 I 4.32 0.03 80.6 92.1 C61 6 10 MAY2867 77.1 I 2.76 0.05 99.0 92.8 C61 5 
4 APR2X67 58.6 I 2.07 0.12 75.8 87.3 C61 11 11 MAY2867 77.1 I 3.75 0.03 100.3 94.1 C61 6 
5 APR2167 58.6 I 2.04 0.07 79.3 90.8 C61 8 12 MAY2867 77.1 I 3.41 0.04 95.7 89.4 C61 6 

1 MAY2667 75.6 N 13.32 0.51 7.5 182.5 C61 12 1 MAY2967 77.2 N 17.53 0.28 8.4 182.0 C61 12 
2 MAY2667 75.6 N 7.81 0.39 2.0 177.1 C61 12 2 MAY2967 77.2 N 11.99 0.42 3.7 177.4 C61 6 
3 MAY2667 75.6 N 3.70 0.07 3.4 178.4 C61 6 4 MAY2967 77.2 N 3.42 0.04 5.6 179.3 C61 6 
4 MAY2667 75.6 N 3.99 0.12 3.4 178.5 C61 • 6 11 MAY2967 77.2 N 4.01 0.20 9.1 182.8 C61 - 6 
5 MAY2667 75.6 N 2.49 0.51 173.8 168.9 C61 6 12 MAY2967 77.2 N 3.48 0.05 5.2 178.9 C61 6 
6 MAY2667 75.6 N 1.31 0.10 171.7 165.8 C61 6 4 MAY2967 77.2 GU 1.40 0.04 101.4 95.1 C61 6 
7 MAY2667 75.6 N 5.31 0.26 6.0 181.0 C61 6 
8 MAY2667 75.6 N 5.51 0.33 4.4 179.5 C61 6 1 JUN2167 90.7 N 17.71 0.27 17.2 181.9 C61 6 
9 MAY2667 75.6 N 2.97 0.07 3.4 178.4 C61 6 2 JUN2167 90.8 N 11.98 0.41 12.6 177.3 C61 6 
10 MAY2667 75.6 N 2.88 0.04 5.5 180.6 C61 6 3 JUN2167 90.7 N 4.96 0.08 14.4 179.1 C61 6 

4 JUN2167 90.8 N 5.35 0.52 10.5 175.2 Col 6 
1 MAY2767 76.1 N 16.25 0.39 8.1 182.7 C61 12 5 JUN2167 90.8 N 2.29 0.43 6.4 171.1 C61 6 
3 MAY2767 76.1 N 4.66 0.07 5.8 180.3 C61 14 6 JUN2167 90.8 . N 2.62 0.20 9.1 173.8 C61 6 
1 MAY2767 76.1 GU 1.86 0.04 90.8 85.3 C61 12 7 JUN2167 90.8 N 3.52 0.40 18.3 183.0 C61 5 
3 MAY2767 76.1 GU 1.36 0.07 92.7 87.2 C61 12 8 JUN2167 90.8 N 7.82 0.09 17.7 182.4 C61 6 

9 JUN2167 90.8 N 5.01 0.12 15.1 179.8 C61 6 
1 MAY2867 76.7 N 11.87 0.26 6.8 180.9 C61 6 10 JUN2167 90.8 N 2.95 0.09 18.7 183.4 C61 6 
2 MAY2867 76.7 N 6.87 0.11 3.7 177.8 C61 6 11 JUN2167 90.8 N 6.23 0.32 23.7 188.4 C61 6 
3 MAŶ 867 76.7 fl 5.75 0.10 5.2 179.3 C61 6 12 JUN2167 90.8 N 2.86 0.29 12.7 177.4 C61 6 
4 MAY2867 76.7 N 3.84 0.23 5.0 179.1 C61 6 13 JUN2167 90.8 N 5.32 0.12 12.7 177.4 C61 6 
6 MAY2867 76.7 N 3.04 0.40 5.2 179.3 C61 6 1 JUN2167 90.7 GU 1.71 0.08 108.1 92. A C61 6 
7 MAY2867 76.7 N 4.26 0.19 10.4 184.5 C61 6 2 JUN2167 90.7 GU 1.10 0.17 106.9 91.6 C61 6 
0 MAY2867 76.7 N 9.12 0.31 5.4 179.5 C61 6 3 JUN2167 90.7 GU 2.05 0.11 106.9 91.7 C61 6 
9 MAY2867 76.7 N 4.56 0.10 3.9 178.0 C61 6 4 JUN2167 90.7 GU 1.68 0.03 108.0 92.8 C61 6 
1 MAY2867 76.7 GU 1.77 0.07 96.2 90.3 C61 6 5 JUN2167 90.7 GU 1.84 0.06 108.3 93.1 C61 6 
2 MAY2867 76.7 GU 1.99 0.03 94.5 88.6 C61 6 6 JUN2167 90.7 GU 2.48 0.06 110.8 95.5 C61 7 
3 MAY2867 76.7 GU 1.12 0.09 98.2 92.3 C61 6 7 JUN216 7 90.7 GU 2.48 0.05 100.4 85.2 C61 6 
4 MAY2867 76.7 GU 1.14 0.07 101.6 95.7 C61 6 8 JUN2167 90.7 GU 2.14 0.04 104.0 B8.7 C61 6 
6 MAY2867 76.7 GU 1.94 0.05 102.9 97.0 C61 6 9 JUN2167 90.7 GU 1.93 0.09 106.8 91.5 C61 6 
7 MAY2867 76.7 GU 2.05 0.06 90.9 85.1 C61 6 10 JUN2167 90,7 GU 1.93 0.03 106.4 91.2 C61 6 
8 MAY2867 76.7 GU 1.68 0.09 95.5 89.7 C61 6 11 JUN2167 90.7 GU 2.26 0.05 110.2 94.9 C61 6 
9 MAY2867 76.7 GU 1.34 0.07 95.9 90.1 C61 6 12 JUN2167 90.7 GU 2.03 0.05 104.1 R8.9 C61 6 
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Fig. 6. Regional polarization at 59° phas6 angle. 

The regions are numbered in Fig. 7. 
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Fig. 7. Regional polarization at 77° phase angle. 
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on the visual image, with no consideration of differential refraction. 

But differential refraction caused a systematic displacement of the 

ultraviolet image by as much as two seconds of arc. The legend in the 

lower left-hand corner of Fig. 7 shows the direction of the terrestrial 

horizon as Venus was setting. The ultraviolet image was displaced per

pendicularly upward from the horizon, so that region 2 (i.e., the north 

cusp) actually refers to a point somewhat closer to the center of the 

disk while region 1 remained near the edge of the planet. This dis

placement apparently accounts for the large systematic difference be

tween the ultraviolet polarizations of the two cusps on all three dates 

in May. Figure 8 shows additional f/45 observations made at 91° phase 

angle, again with no compensation for differential refraction. 

Furthermore no allowance was made for the time dependence of filter 

effective wavelengths (a result of the dependence of the extinction 

O 
color term on zenith distance, especially in the 3400 A filter). A 

thorough study should utilize narrow filters as well as precise guiding 

techniques for repeatable settings on specific regions at all wave

lengths. » • 

Regional Analysis 

A dramatic regional variation of the polarization-wavelength 

dependence appeared during the first observations of the resolved disk 

(Fig. 5). The equatorial region had a wavelength dependence of polari

zation similar to that of the integrated disk, and in the same sense as 

that obtained nearer dichotomy (Fig. 4). The two cusps, however, were 
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Fig. 8. Regional polarization at 91° phase angle. 

The regions are numbered in Fig. 7. 
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considerably more polarized (negatively) in the green. But in the 

ultraviolet not only was the polarization of the cusps not more nega

tive, it was strongly positive. It seems impossible for a single 

mechanism of scattering to explain both of these effects. My inter

pretation is that most of the green photons were scattered by a 

multiple-scattering medium (i.e., an aerosol cloud) consisting of 

particles large enough to give negative polarization by single 

scattering near 90° phase angle, whereas an appreciable fraction of the 

ultraviolet photons were scattered by a Rayleigh* component. For a 

planet-wide multiple-scattering layer, the ratio of single to multiple 

scattering would be a maximum at the cusps (Sec. VII)^ explaining the 

increased degree of negative polarization toward the cusps in the 

green. But the high polarization of the light scattered by a thin 

Rayleigh layer near dichotomy will contribute with an intensity propor-

-4 
tional to X and so can dominate the planetary observations at 

sufficiently short wavelengths. 

These correlations are strongly confirmed by the higher reso

lution observations of Figs. 6, 7, and 8. Both the percentage 

polarization and the electric vector directions are shown on maps of 

the disks. Near quarter phase the polarization in the green and infra

red is everywhere negative, and its distribution appears symmetrical 

about the equator. The multiple-scattering component appears dominant 

1. Rayleigh scattering, by definition, refers to scattering of 
electro-magnetic radiation by neutral particles much smaller than the 
wavelengths of the radiation both inside and outside the particle; 
i.e., size « (X/2TT), size « (\/2TT |M| ) for refractive index m. 



in the infrared, where the cusp polarization is twice that of the 

equator. In the green this effect is reduced at 77° phase angle and is 

non-existent at 90° phase angle, presumably due to a Rayleigh scatter

ing contribution. 

In the ultraviolet the polarization is everywhere positive (in 

Figs. 7 and 8) with a cusp increase reaching as much as 18% polariza

tion. The simplest hypothesis is that of a Rayleigh scattering layer 

overlying the multiple scattering medium. For such a spherical shell 

the maximum light path for incident sunlight occurs for those regions 

situated along the terminator, whereas it is along the limb that the 

maximum number of Rayleigh scatterers is seen by the detector per unit 

solid angle. These two effects, both of which maximize the observed 

Rayleigh intensity, converge to the cusps (a study of the requisite 

Rayleigh optical depth is made in Sec. IV). 

Besides the cusp effect the ultraviolet polarization is 

variable over the disk, lacking symmetry about the equator. Any close 

correlation between the ultraviolet cloud and polarization patterns 

was neither affirmed nor denied by a comparison made on June 21, 1967. 

Simultaneous photography and polarimetry were done on that date, but 

no detailed comparison is possible for several reasons, particularly 

the limited polarization coverage of the disk and the variations of 

differential refraction and effective wavelength with zenith distance. 

No contradiction of the reciprocity principle was indicated by the 

polarimetry at longer wavelengths, though it certainly fails in the 

ultraviolet (the principle is discussed by Minnaert, 1941, and 



Chandrasekhar, 1947). 

No large anomalies in the polarization position angle were 

found, although a small but consistent effect is that for the inter

mediate limb regions #6 and #7 (Fig. 7) the position angle is more 

nearly parallel to the limb than is the position angle for the inte

grated disk. This is true for each of the 12 observations of one or 

the other of. these two regions made in May and June, 1967, regardless 

of wavelength. The amounts of this rotation range from 0?7 to 14°, 

with a mean at 5°. 

Perhaps the simplest explanation is achieved by considering 

polarization by second-order scatterings, which would be particularly 

important along the limb. For the photons reaching the observer there 

is a preference for the plane-of-secondary-scattering to be tangential 

to the limb, since very roughly one-half of the photons initially 

scattered perpendicular to the limb are lost to the observer by pass

ing beyond the observable limb. A "mean" phase angle for secondary 

scattering will be somewhat greater than 90°. So if all second 

scatterings are assumed to occur in the aerosol (the molecular optical 

depth above the clouds cannot be large -- see Sec. IV) the consequent 

polarization by secondary scatterings will be negative, therefore in 

the plane of secondary scattering, and therefore tangential to the limb* 

at all wavelengths observed. The combination of this polarization with 

either positive or negative polarization by single scattering will re

sult in a polarization vgctor more nearly parallel to the limb than 

that of the single scattering. 
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The very pronounced tangentially polarized component observed 

by Dollfus (1966) in both red and green at a phase angle of 170° may 

have a similar explanation. The above qualitative explanation must of 

course await polarization radiative transfer calculations for any 

quantitative comparisons. 



SECTION IV 

I 

RAYLEIGH ATMOSPHERE 

Several characteristics of the polarization are suggestive of 

Rayleigh scattering -- the positive polarization peak near dichotomy 

present in the.ultraviolet but absent even in the blue; the overall 

wavelength dependence at polarization near dichotomy; and the marked 

change of polarization-wavelength dependence in going from the center 

of the disk to a cusp. These will be compared in detail with Rayleigh 

scattering, and will be analyzed to yield the Rayleigh optical depth 

above the cloud top. 

At 90° phase, approximate mean polarizations for the integrated 

disk of Venus are +4% at 3400 A and -2% at 5200 X (Fig. 3), and this 

6% difference will be assumed due entirely to Rayleigh scattering. 

Products of polarization and intensity are additive for several-com

ponent systems (Appendix A), so for a combination of Rayleigh and 

aerosol cloud scattering, pi = Pt,.!^. + P„ + P 1 where p and I 
— Ri Ri Ro Ro c c — 

refer to total observed values at 3400 A, and the Rayleigh component 

is partitioned into the contribution from scattering of inward direct 

sunlight and that from scattering of outward light leaving the aerosol 

layer. It will be shown that the optical depth of the Rayleigh layer 

is less than 0.1, so the only significant light sources available to a 

Rayleigh scatterer are the sun and the multiple-scattering particulate 

layer. The low Rayleigh optical depth will guarantee that one may 

42 



safely ignore the illumination of a Rayleigh scatterer by photons 

previously scattered by Rayleigh particles, as well as ignoring the 

illumination of the aerosol bjr the Rayleigh scattering. Even so, the 

direction of the source of illumination of the Rayleigh layer is not 

trivial. Downward radiation from the sun is singly scattered through 

a 90° phase angle (at dichotomy to reach the earth), but the upward 

radiation from the clouds illuminates the layer from many directions. 

Therefore the assumption will be made that the net polarization by 

Rayleigh scattering of outward light is zero, so that p = 0. For the 
RO 

inward radiation and a pure C0o atmosphere viewed at 90°, p - 0.82 
£ Rl i 

(Bhagavantam, 1942, p. 54, and Tverskoi, 1965, p. 424); the presence 

of other molecular species or of a Rayleigh aerosol would modify this 

somewhat by the introduction of a different depolarization factor into 

the Rayleigh formula. 

Noting that I = I . + I_ + I , assuming that I = A I„. 
Ri Ro c' Ro Ri 

(ignoring any Rayleigh attenuation of the intensities incident upon 

and emergent from the aerosol layers, on the basis of the small 

Rayleigh optical depth found below), and solving for the ratio of 

Rayleigh to aerosol scattered intensities, 

T
Ri P-Pc h (P-Pc)(1+a) 

Ic PRi - P(l+A) °r Ic " pR. - p(l-tA) ' 

Here A is a constant approximately equal to the Bond albedo at 3400 ̂  

divided by the ratio of the Rayleigh 90° scattering efficiency to the 

directionally-averaged Rayleigh scattering efficiency. This is only a 

Crude estimate of A (= I„ /l_..), but sufficient since the desired 
RO Ri 
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intensity ratios are not highly sensitive to A. But with = -0.02 

O 
(i.e., the observed polarization at 5200 A), and p = +0.04, and using 

o 
for the Venus 3400 A Bond albedo 0.49 (adopted from the results of 

Knuckles et al., 1961, and Irvine, 1968), it follows that 

2 II 
ft ,r. ,<1 + cos 0>v -70 R ,, Ri « A = 0.49 ( x ) = 0.73; — = 0.14; —=— = 0.07; 

1 + cos TT/2 C 

XRi „ ft„ IR = 0.08; ^ = °-12 

Thus at 3400 A at quarter phase the aerosol accounts for seven times as 

much scattered light as does the Rayleigh component, and only seven per 

cent of the sunlight scattered by Venus is from direct Rayleigh 

scattering, confirming the use of the above approximations and allow

ing Rayleigh multiple scattering effects to be neglected in this first 

analysis. 

To find the corresponding attenuation of the incident beam, 

reference is made to a treatment by Pollack (1967; personal communica

tion, 1968) of the scattering from an optically thin Rayleigh layer 

above a discrete surface. He gives for the ratio of single-Rayleigh 

to surface brightness for the illuminated hemisphere viewed at 

dichotomy, in the present notation: 

IRi _ 3 T__ F(0) 
I ~ 8 * 2f(t t /2)  
c P 

•k 
where T is the normal Rayleigh optical depth, p is the geometric 
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albedo, and F(or) is the flux received from the planet at phase angle or, 

after normalization to a standard distance. These photometric para

meters are found, by a slight extrapolation from the data of Knuckles 

et al. (1961), to be p - 0.75 and F(0)/F(tt/2) = 4.45. Thus at 3400 X 

at a - 90° the expression reduces to T = 0.90 to give a 

O 
normal Rayleigh optical depth at 3400 A of 0.072. For comparison, a 

composition of 10% C0o and 90% N_ (i.e., p = 0.92) would have given 
4 / Kl 

a normal optical depth of 0.063. 

This calculation relies on various assumptions, all of which 

are second order (i.e., about 10%) effects except for the uncertain 

interpretation of the UV positive polarization peak as due to molecular 

scattering. Since it could arise in part from a Rayleigh aerosol, the 

value 0.072 is an upper limit to the molecular COg optical thickness. 

O 
Taking 0.072 as the 3400 A normal Rayleigh optical depth above 

the Cytherean clouds, the number of scatterers may be calculated for a 

given composition. The single-scattering optical depth for an aniso

tropic molecular species of refractive index n, depolarization factor 

p, N molecules per unit volume, and geometrical path length s(Tousey 

and Hulburt, 1947) is 

8n3s(n-1)2 ,6+6p. . 1;£ 

S»4 6-7» <3 + lV 

Applying this relation at STP allows N to be interpreted as Loschmidt's 

O 
number when s is in "length-atmospheres . Thus- at 3400 A the STP-depth 

of the molecular layer is 

s = 3.63 x 10 2 —-—r (!? , P̂) cm-atm. 
(n-1) 2+P 
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O 
Inserting T = 0.072 and the 3400 A constants for pure COj gives 4 x 10 

23 2 
cm-atm or 9 x 10 molecules/cm . A similar calculation for a mixture 

4 
of 10% COg and 90% ̂  gives 7 x 10 cm-atm. 

Assuming hydrostatic equilibrium, an upper limit to the pres

sure may be found at the level where the cloud scattering optical depth 

is unity. Modifying an expression given by Pollack (1967) gives in 

c.g.s. units, 

p >*! fr"1*© 
—c - %>®STP «, ~9 -^| T 

where ^ (the absorption coefficient per cm) and T, as well as the re

fractive indices, must be evaluated all at the same wavelength. Here 

p is gas density, g the gravitational constant, (x the mean molecular 

0 
weight, and n the refractive index. For pure COg, using the 3400 A 

data, 

pressure^ = 794 t q̂q (mi5) ~ 55 mb. 

The above expressions for small T can be compared with the 

observed wavelength dependence of polarization at dichotomy. Here T, 

P > F(or) and (p-pc) are wavelength dependent; the assumption is made 

that pc is wavelength independent (on the basis of the Mie results in 

Sec. VI). The geometric reflectivity and flux ratios are obtained 

from the data of Knuckles et al. (1961) and Irvine (1968). The mean 

Rayleigh optical depth above the clouds of quarter phase Venus (0.072 

O 
at 3400 A) increases into the ultraviolet as the inverse fourth power 

of the wavelength, assuming both the aerosol polarization and the cloud 

top level are wavelength independent. Table IV gives the resulting 



calculated values of the Rayleigh contributions (I /I ) and (p-p ). 
KX C C 

Table IV. Rayleigh Scattering Contributions. 

X T P* VF90 I„./I Ri c 
A 

I 

1 
o
 

5300 .012 1.01 3.0 .007 1.3 .006 
4800 .018 1.03 3.3 .011 1.2 .009 
4300 .028 1.01 3.7 .019 1.1 .016 
3800 .046 .87 4.1 .041 .82 .033 
3300 .081 .72 4.6 .097 .70 .071 

Figure 9 compares these polarization calculations (solid line) 

with representative observations at 86° phase. Excellent agreement 

was obtained with the assumption of a wavelength-independent aerosol 

polarization of -0.026. Thus, although Rayleigh scattering does not 

supply the dominant scattered intensity contribution from Venus, at 

dichotomy it does appear to provide the major source of variation of 

O 
polarization with wavelength, shortward of 5000 A. 

O 
An examination of Fig. 3 shows variations -- at 3400 A and 

O 
3650 A — in the amplitude of the positive polarization peak, having 

a time scale of months. At any given apparition the phase variation 

is similar for both the 3400 A and the 3650 A filters, and the 3400 A 

O 
polarization is always the greater. Yet longward of 4000 A the phase 

curve is similar from year to year. This again suggests two mecha

nisms of polarization, and means that the best Rayleigh scattering 

fit varies with time. But it is not known whether the physical varia

tion is one of Rayleigh optical depth (and therefore cloud top height), 

or of cloud albedo (and therefore cloud optical depth presumably), 

since either change alone could explain the observations. 
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Fig. 9. Comparison of Rayleigh model with observations, 

A wavelength-independent aerosol polarization of -0.026 
has been assumed, with a 3400 A normal Rayleigh optical 
depth of 0.07 above the cloud tops. 
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A search yielded no obvious correlations between the UV 90° 

polarization amplitude and various orbital parameters. The gross time 

dependence is not systematic, and the changes seem unrelated to the 

phase aspect (and therefore to sunrise-sunset differences). Another 

possibility would be correlation with presence of specific surface 

features, but the conclusion that Venus presents almost the same 

central meridian to the earth at each inferior conjunction (Dyce, 

Pettengill, and Shapiro, 1967) means that a specific central meridian 

corresponds to each phase angle (with discrimination between + and -

phases). 

The several indications of Rayleigh polarization seem consis

tent. The positive rise in disk polarization near dichotomy, which 

O O 
is present at both 3400 A and 3650 A but which is missing redward of 

O 
4000 A (Fig. 3), is understood in view of the sharp wavelength de

pendence of the polarization mechanism (Fig. 9). Even stronger support 

is found in the regional observations at 117° phase angle which demand 

two polarization mechanisms having opposite geometrical dependences 

(one at 3400 X, another at 5200 A -- Fig. 5). This duality is also 

O 
prominent in Figs. 6, 7, and 8. The 9900 A polarization becomes more 

O . 
negative at the cusps; the 5200 A polarization varies similarly at 

77° phase, but it becomes slightly less negative toward the cusps at 

P 
90° phase. As before, the 3400 A polarization becomes strongly posi

tive (up to 18%) at the cusps. Thus the "positive-cusp" mechanism 

noticeably influences the green only near'dichotomy. 

A simple comparison of these polarization maps with theory will 

be made using the above-derived Rayleigh optical depths. The tables 
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of Coulson, Dave, and Sekera (1960) include emergent polarizations 

from a multiple-scattering Rayleigh atmosphere over a partially ab

sorbing Lambert surface, as a function of scattering geometry, optical 

depth and surface reflectivity. Only a semi-quantitative comparison 

will be possible because of: the unknown distribution of cloud para

meters over the disk at the time of observations, the plane-parallel 

approximation used in the theory (yielding terminator- and limb-

polarization errors), and the non-Lambertian cloud reflectivity. 

A Fortran program was written to plot maps of the scattering 

geometry as a function of position on the disk, following the tech

niques of Sekera and Viezee (1961, p. 17). Using the Coulson £t al. 

tables, polarization maps at 90° phase were produced (Fig. 10). For 

an optical depth of 0.05, a surface (i.e., cloud top) reflectivity 

between 0.25 and 0.80 appears consistent with equatorial polarizations 

of +0.06 due to Rayleigh scattering. The increases of polarization 

toward both the terminator and the limb are understood (Sec. Ill), 

giving a maximum at the cusps, in agreement with the observations. A 

more detailed fit must await a careful program of simultaneous photo

metric and polarimetric mapping. Not only is the disk brightness 

patchy in the ultraviolet, but the terminator side is inconsistently 

bright compared to the limb side assuming lateral homogeneity of the 

atmosphere (Minnaert, 1946; Yezerskii, 1961). 

Finally, in preparation for a study of the large-particle 

scattering, an attempt can be made to remove Rayleigh effects from the 

data as folloi^s. The polarimetric and photometric phase functions of 
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Fig. 10. Theoretical distribution of percentage polarization 
over the disk. 

Phase angle =.90°, Rayleigh optical depth = 0.05, Lambert sur
face reflectivity = A; calculations made by Coulson et al. (1960). 
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gaseous CC^ are unambiguous (assuming here that the mean observable 

cloud top height is not phase angle dependent) and are symmetrical 

about 90° phase angle. And the polarimetric phase function of the 

cloud is not needed; indeed it will be the end result. But the photo

metric phase function of the cloud is necessary for solving for the 

cloud polarization. All polarizations and intensities are functions 

of both wavelength and phase angle. Even though any Rayleigh multiple 

scattering is negligible, the quantitative analysis of the Rayleigh 

and cloud intensities becomes a major problem of itself (e.g., Arking 

and Potter, 1968). For simplicity one parameter will be eliminated 

here by assuming that the ratio is independent of phase angle. 

This is certainly not true, but its variation with angle is a second 

order effect compared to the variation of p . with phase angle. In 
Ki 

reality several competing factors affect particularly the in

creasing depth of penetration of photons into the clouds with 

decreasing phase angle, and the phase variation of single scattering 

from the various particles. A second assumption is that I_ /l_. is 
KO Kl 

independent of phase angle. The cloud polarization is now a simple 

function of: the observed polarization p, the ratio of single-

Ray leigh to cloud intensity (Table IV), the factor A (Table IV), 

and the Rayleigh polarization by single scattering PR̂ > as follows 

Pc " P - CpRi ~ p(l+A)] (-—) 
c 

Assuming pure CC^, 
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0.90 sia2of 
Poi c o 2 * 

1 + cos oi + 0.10 sin a 

A compilation of the disk polarization observations is presented in 

Sec. VI. The above relations are then used to remove the first-order 

Rayleigh scattering effects (Fig. 20). 



SECTION V 

MIE SCATTERING 

The analytical solution for the interaction of an electromag

netic wave with a single spherical particle of arbitrary size and 

refractive index was presented by L. Lorenz in 1890 (see Logan, 1962, 

for a brief history), although reference is usually made to d presenta

tion by G. Mie in 1908. Mie (1908) also published scattering diagrams 

and polarization-phase functions, and applied the theory to observa

tions of colors of metal sols. "Mie scattering" now refers generally 

to scattering and absorption by spheres having diameters comparable to 

the incident wavelength, for which the full Lorenz-Mie solution is re

quired. A discussion of the theory seems unnecessary in view of'the 

abundant literature (e.g., Stratton, 1941; van de Hulst, 1957; Born 

and Wolf, 1964). For a given refractive index, diameter, and scatter

ing angle, the scattered intensity is obtained as an infinite series 

of terms involving Riccati-Bessel functions and Legendre polynomials. 

With modern computers the scattering calculations have become routine. 

It is even becoming possible to perform Mie calculations for the sizes 

of geometrical optics in spite of the slow series convergence; the 

rainbow (Querfeld, 1965) and the glory (Bryant and Cox, 1966) have been 

demonstrated by the Mie theory for 0.1 mm diameter drops (for visible 

wavelengths). 

I was fortunate in being allowed the use of the Mie scattering 

Fortran program of Herman and Browning (1965). Input parameters are 

54 



55 

the complex refractive index m, the ratio of particle circumference to 

wavelength (size parameter x «= 2rra/X)s and the scattering angle 0. The 

output gives the scattered intensity coefficients and polarization, 

along with the particle cross-sections. Additional programs were 

developed by the writer to optimize the storage and presentation of 

the Mie scattering results. It was eventually necessary to calculate 

the scattered intensities for a total of approximately 150,000 parti

cular combinations of the input parameters. This demanded a concise 

presentation to make possible an overall simultaneous view of the re

sults. The following discussion illustrates some of the steps taken 

in reaching such an overview. 

A proper comparison between observation and theory requires a 

systematic set of scattering calculations with sufficient resolution 

in both size and refractive index to detect all physically significant 

variations in polarization. Figure 11 is a computer-drawn plot of 

polarization versus size parameter for a given refractive index and 

scattering angle. The resolution in x is 0.1 from 0 to 50, and 1.0 

from 50 to 99; much of the detail is lost at the lower resolution. 

The frequent fluctuations in polarization, resulting from interference 

of the various reflected, refracted, diffracted, and surface rays, are 

seen to have a typical periodicity in x, independent of the value of 

x. This effect appears related to the periodic "ripples" in the curves 

of extinction efficiency versus size, investigated by Irvine (1965). 

Their origin may lie in surface wave phenomena (van de Hulst, 1957, p. 

375). 
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Fig. 11. Mie polarization versus particle size. 

The resolution in x (=2iTa/X) is 0.1 (0.1) 50.0 (1.0) 99.0. 
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But such discrete particle sizes do not occur alone in nature; 

smooth size distributions are the rule. Nor are the observations 

monochromatic. Figure 12 shows the result of smoothing with a size 

_ 2  
distribution n(x)~x , from 0.75x to 1.25x , in the manner of van de v ' ' o o' 

Hulst(1957, p. 446). The physically realistic dependence of polariza

tion on size is now apparent. This size distribution has the property 

that,within a unit volume, the total cross-sectional area presented 

to the incident beam by all particles vof a given radius is independent 

of the value of the radius, for all sizes present. The inset in Fig. 

12 shows the corresponding number frequency per unit volume per unit 

interval of size. 

Plots of polarization versus refractive index (for a given size 

and scattering angle; Fig. 13) or of polarization versus scattering 

angle (for a given size and refractive index; Fig. 14) also show many 

oscillations in polarization, but again these are partially the result 
u 

of using discrete sizes. A distribution of sizes can smooth these 

fluctuations with refractive index and scattering angle. Any spread 

over scattering angle (and over refractive index, probably) is quite 

small for single scattering in the clouds of Venus so no smoothing will 

be done over these parameters directly. 

Figure 15 was developed to present the two-dimensional variation 

of polarization, for a size distribution of spheres of a given refrac

tive index (1.335 in this case). The major theoretical results are 

similarly summarized in Fig% 16. Here the polarization from the above 

size distribution is plotted as a function of scattering angle and 

size x for a number of real refractive indices. The hachures on the 
o 
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contours of zero polarization point into domains of negative polariza-

tion. The resolution in refractive index is sufficient to shov; smooth 

variations of the gross polarization features with refractive index. 

Typical Rayleigh polarization- is found for small x with all the re

fractive indices, but with an interesting pattern such that for 

scattering angles less than 90° (a > 90°) the smallest particles have 

the greatest positive polarization, but for scattering angles greater 

than 90° the maximum positive polarization obtains at size parameters 

1.0 - 1.5. The polarization isopleths show a domain of negative 

polarization at small scattering angles for the smallest refractive 

index, which domain grows with increasing refractive index until at 

m = 1.45 it closes to cover all scattering angles. At somewhat 

greater refractive indices the isopleths show major variations with 

index only at extreme (large and small) scattering angles, the most 

consistent effect being a growing positive polarization domain at small 

scattering angles. It is important to notice that the amounts of 

polarization resulting from scattering by size distributions of Mie 

spheres are not necessarily smaller than those resulting from Rayleigh 

scattering. The positive and negative polarizations, separated by the 

contours, usually exceed 10%, and exceed 80% in certain regions. 

Figure 17 shows an alternate presentation of the same calcula

tions; here the single-scattering Mie polarization at 150° scattering 

angle is plotted versus refractive index and size parameter. The 

dashed line is one of constant x(m-l); note that polarization is far 

from constant along such a line. The concept that "scattering 
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Fig. 17. Mie polarization versus size and refractive index. 

The dashed line is one of the hyperbolae of constant x(m-l). 
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properties are the same for two particles having the same value of 

x(m-l)" is thus too general. Nor is it true that the directionally 

scattered intensities are the same for two such particles (see the 

"altitude chart" by van de Hulst, 1957, p. 189). What is true is that 

the total scattering efficiences are qualitatively similar for two 

non-absorbing spheres having equal :x(m-l) (ibid., p. 177). _ 

The effect of introducing an imaginary component in the refrac

tive index is shown in Fig. 18. The domains of negative polarization 

diminish until with a sufficiently large imaginary component the 

polarization is positive for all sizes at all scattering angles. This 

is understood since the coefficient of -!_ is related to the attenua

tion of a wave entering the sphere, and with enough attenuation the 

observer will no longer see twice-refracted rays which have passed 

through the particle (and which typically have negative polarization 

by Fresnel refraction), yet he still can see externally reflected 

(positively polarized) rays. Numerical examples of the relative in

tensities of these various rays are given by van de Hulst (1957, p. 

220) for large dielectric spheres. This general effect of increased 

positive polarization with increased "absorptive" index has been dis

played by Deirmendjian, Clasen, and Viezee (1961). 

All the above calculations were for spheres. Particle shape is 

an important parameter in seeking a fit to the observations, but no 

scattering theory is available for arbitrary shapes. Yet some infor

mation is obtained from laboratory measurements. A cloud of 

aspherical particles, randomly oriented, but all of the same shape, 

can have photometric and polarimetric phase functions quite different 



67 

20 

1.50-0.01 i 

20 

1.50-0.1 i 

30 60 90 120 150 
a 

Fig. 18. Mie polarization contours for complex refractive indices. 



from those of any spheres (consider the 22° solar halo from hexagonal 

ice prisms). Similarly the polarization-phase curve of a fine, dry, 

ice crystal fog given by Lyot (1929) is not matched by any of the 
i 

water-sphere curves. Measurements of intensity and polarization phase 

functions on essentially monodispense silver bromide sols at x~4 by 

Napper and Ottewill (1963) show only qualitative agreement with cal

culations for spheres of the same size and refractive index, with, 

larger deviations for uniformly cubic particles than for octahedra. 

Another semiquantitative fit was possible between calculated scatter

ing diagrams for size distributions of spheres and measurements of 

size distributions of small, spike-shaped, zinc oxide crystals by 

Donn and Powell (1963). Richter (1956) has measured the polarization 

and brightness of clouds of larger particles (including quartz grains, 

steel grains, glass splinters). Little, O'Hara, and Aller (1965) were 

able to match Mie calculations to some of Richter's observations for 

dielectrics but not for metals. Additional measurements on quartz 

aerosols were made by Hodkinson (1963). 

A definitive answer to the question of the similarity between 

scattering by spheres and scattering by various irregular particles 

cannot yet-be given on the basis of laboratory measurements, primarily 

because of (1) uncertainties in the characteristics of the laboratory 

particles studied, and (2) insufficient ranges of particle parameters 

in the calculations, so that the best fit is never found. Certainly 

for small particles (x < 3) the polarization is rather independent of 

both composition and shape. Thus Witt (1960) obtained a very close 
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fit to noctilucent cloud observations. 

For an assembly of larger, irregular, transparent particles 

Hodkinson (1963) argues that the total diffracted and externally-

reflected light will resemble that from spheres, but that for irregu

lar particles the doubly-refracted light will be more concentrated 

in the forward direction. Furthermore internal reflections will be 

more common for the irregular particles than for spheres, and these 

differences will be greater for higher degrees of irregularity. These 

conclusions by Hodkinson permit qualitative statements about the 

polarization by large, irregular particles. Van de Hulst (1957, p. 

232) tabulates the fractional intensities of the various rays as a 

function of scattering angle for a large water drop. In the forward 

hemisphere most of the scattered light comes from twice-refracted rays 

with negative polarization. At 90° the positively polarized 

externally-reflected rays dominate. And the back-scattered light is a 

combination of externally and internally reflected rays, both posi

tively polarized. Thus the polarization of large, irregular particles 

(with m = 1.33) may resemble that of spheres but with the negative 

polarization at large phase angles being compressed to only the 

largest phase angles, and with a general addition of positive polariza

tion (by internal reflections). 

A Test. Comparison of Scattering Theory with Observation 

Before proceeding to an analysis of the observations of Venus, 

a worthwhile test of the technique is to compare the Mie calculations 
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for single water spheres with Lyot's (1929) laboratory measurements 

of water droplets. Lyot published the upper solid curve in Fig. 19 as 

the measured polarization-phase angle dependence for five-micron 

diameter water droplets. But perhaps the size and refractive index of 

the particles observed-can be deduced from this polarization-phase 

function. The fact that positive polarization was observed from 20° 

through 70° phase angle immediately rules out all sizes of all re

fractive indices shown in Figs. 15 and 16, except for size parameters 

between 16 and 23 for a refractive index of 1.335 or 1.350. Comparison 

at other phase angles further narrows the range of size parameter to 

17 through 19, equivalent to diameters of about 3 [A for 5550 A light. 

Five-micron water droplets simply cannot reproduce Lyot's observations; 

at 20° phase angle they would give -57% polarization compared to Lyot's 

observation of +20%. This is seen even more clearly in Fig. 11 which 

shows the polarization of water spheres as a function of size, for a 

phase angle of 20°; this alone excludes sizes 4.2 ̂  - 7.0 p.. Thus 

Lyot was indeed looking at water droplets but at somewhat smaller sizes 

than he concluded. 

One must be aware of the limitations of the above application of 

the technique. Absorbing particles were not even considered, and few 

calculations were made for size parameters greater than 24. The calcu

lations had a resolution in refractive index of 0.5, so the deduced 

refractive index is known only to that precision. Also the calcula

tions were made for only one particular size distribution about the 

mean size parameter, x^hich probably accounts for some of the small 
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discrepancies between the calculations and observations in Fig. 19. 

The only remedy for these faults would be further calculation. 

The lower plot in Fig. 19 shows the best fit between the water-

sphere calculations of Fig. 15 and Lyot's observations of 2.25 water 

droplets. This fit is obtained for the computed size distribution 

centered about 2.1 n, and the inadequacy of the fit apparently stems 

from (1) the difference betv/een the assumed and actual distribu

tions of sizes, and (2) the experimental scatter due to the variable 

particle size (a result of laboratory condensation and replenishment). 



SECTION VI 

VENUS CLOUD PARTICLES 

Polarimetric Implications 

The Mie results of Fig. 16 must be compared with the observed 

wavelength dependence of polarization of Sec. III. The observed nega

tive polarization between 10° and 150° phase angle at one micron is 

evidence that most of the scattering is from particles comparable to 

or larger than a micron in size, and having low absorption at one 

micron. Particles small compared to the wavelength (Rayleigh 

scatterers) would show positive polarization, as would highly absorb

ing particles. 

The fact that the scattered intensities depend on a size para

meter which is a unique function of both size and wavelength is here of 

great advantage, for the size parameter scales in Fig. 16 can be con

sidered as simultaneous size and wavelength scales. Thus the observed 

polarization-phase angle variations, made at each of several wave

lengths and therefore at several values of (2TTa0/X), must be compared 

as a whole with various ranges of size parameter (corresponding to 

various sizes aQ) in each diagram of Fig. 16 separately. 

Any variation of the aerosol sizes with height in the atmosphere 

would appear as a variation of the matched sizes with scattering 

angle; at the smallest phase angles (largest scattering angles) the 

observed photons have penetrated the most deeply into the atmosphere. 
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But the observed polarization is primarily a consequence of the polari

zation by single scattering combined with an unpolarized dilution by 

multiple scattering (discussed below), so that at all phase angles the 

polarimetric observations are most sensitive to the characteristics of 

only those particles at the cloud tops (T <• 1). Furthermore, the 

possibility that light of different wavelengths penetrates to different 

depths and therefore could represent different particle sizes, is 

acknowledged, but is ignored in this first analysis (as are multi-

component aerosol systems). 

Multiple scattering in the aerosol cannot be ignored. The top

most particles can effect single scattering with its associated 

polarization. But at greater depths the particles are~ illuminated from 

all directions. Photons which have had a history sufficiently deep 

within a particulate cloud will emerge with zero net polarization. The 

major assumption now being made is that for intermediate scatterings 

(i.e., second and third order) the polarization integrated over the 

observed disk is zero. This must be true for a uniform disk at phase 

angles of 0° and 180° since there will be perfect symmetry. Consider 

any intermediate phase angle. Depending on its location, a given 

primary scatterer will be almost equally visible from secondary parti

cles at all azimuths, yielding all azimuths of polarization in the 

secondary scatterings which reach the observer, and therefore almost 

zero polarization. After integration over the disk (and over all higher 

orders of scattering) it seems probable that this residual polarization 

will be negligible*, although it is not- necessarily zero since there is 
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no longer the symmetry about the sub-earth point. No quantitative 

results will be available until transfer calculations are done for 

polarized radiation using the appropriate scattering functions (as 

begun by Herman and Browning, 1965, and by Kattawar and Plass, 1967). 

However there is observational evidence that the assumption is valid 

near dichotomy. The uniformity of polarization position angles over 

the disk in Figs. 6, 7, and 8 puts an upper limit on the polarization 

by higher order scatterings, since the position angles.of such polari

zation will be modified by the planetary geometry (as opposed to the 

plane of single scattering). For limb regions one then expects these 

position angles to be either radial or tangential to the limb, and so 

the smallness of the observed rotations in regions six and seven (in

terpreted as secondary scattering in Sec. Ill) implies that such 

polarizations are second-order effects compared to the single scatter

ing. Furthermore such polarizations tend to cancel out when 

integrated over the disk. Thus, the primary effect of extensive 

multiple scattering is to dilute the single-scattering polarization, 

and this dilution is phase angle dependent. The dilution is clearly 

seen in Lyot's laboratory measurements of colloidal solutions of vary

ing concentration (1929, English p. 122), as well as in the 

calculations for a semi-infinite Rayleigh atmosphere (Horak, 1950) and 

in the several model calculations of Herman (1964), of A'Hearn (1966), 

and of Kattawar and Plass (1967). 

Keeping in mind these multiple-scattering effects, a fruitful 

comparison can now be made between the disk observations and the single-

scattering results of Fig. 16. For this purpose the upper plot in 
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Fig. 20 is presented as a compilation of the disk observations from 

the following sources: (1) Table II, (2) Lyot (1929, with an assumed 

wavelength of 5550 X), and (3) Dollfus (1966). The lower plot is 

identical but for the removal of polarization by the Rayleigh 

scatterers, using the simplified theory at the end of Sec. IV;, (The 

remaining feature of positive polarization at a =• 60° has little sig

nificance; it would disappear with the choice of a slightly greater 

Rayleigh optical depth.) The polarization values are plotted at ap

propriate wavenumber and phase angle positions, though a continuum of 

sliding scale factors (corresponding to a continuum of different 

particle sizes) must be mentally applied to the wavenumber scale in 

comparing it with Figs. 15 and 16. For a satisfactory fit the computed 

polarizations must without exception be greater than the observed, 

since multiple scattering is expected to dilute the polarization by 

single scattering. But the amount of such dilution is an unknown 

function of both wavelength and phase angle (Sec. VII), so the best 

comparison between observation and theory will be a consideration of 

the patterns of zero polarization. 

Thus the first stringent condition set by the observations is 

that the infrared polarization is negative at all phase angles between 

10° and 150°. But this situation is lacking in all the calculations 

for refractive indices ^ 1.425. including 1.335. Only when n reaches 

1.45 does the positive polarization disappear at intermediate phase 

angles. Then for all values up to 2.50 it is possible to find a 

particle diameter for which the polarization is everywhere negative. 
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Fig. 20. Compilation of observed disk polarizations. 

The data are plotted as a function of inverse wavelength and 
phase, before and after removal of the Rayleigh-scattering 
polarization using the simple theory of Sec. IV. 
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For a wavelength of one micron these possible diameters are already 

restricted to a range 0.5 tx - 3.5 jX. 

Perhaps the next criterion should be the observed existence of 

negative polarization at 130° phase angle at all wavelengths (and 

therefore spanning a range in x of a factor three). This is incom

patible with the calculations for real indices greater than 1.55. 

The fit is also restricted by the observed positive polariza

tion peak near 15° phase angle, and a final comparison with the full 

observations of Fig. 20 indicates the best fit is for 1.43 < n < 1.55 

and diameter = 2a^-= 2.5 |X. The fit appears adequate without invoking 

a wavelength dependence or a phase dependence of either the refractive 

index or the particle size. Here the restriction on particle size is 

only that most of the scattered light (at these optical wavelengths) 

come from particles about 2.5 microns in diameter. A large number of 

smaller particles could be present without violating this requirement. 

A study of the imaginary component of the refractive index will be de

ferred until the albedo discussion. 

It is interesting to digress and discuss Lyot's (1929) fit to 

his observations of Venus, for which he suggested a composition of 

water (n •= 1.33) and a mean particle diameter of ~2.3 p.. Comparing 

O 
the observations at 5550 A (Fig. 20) with the calculations in Fig. 15, 

mean size parameters less than 3 and greater than 16 are easily ruled 

i out. But for 10 < Xq < 15 the agreement is remarkably good. A fit at 

Xq = 12.0 (2aQ - 2.1 p-) reproduces the observed positive polarization 

peaks at large and small phase angles as well as the broad negative 



domain. The polarization by water spheres is everywhere greater than 

that observed, which Lyot correctly attributed to dilution by multiple 

scattering. The detailed discrepancies (e.g., at 40° water is +, 

Venus is ~) seem minor when one considers the dozens of other 

polarization-phase curves observed in the laboratory, none of which 

resemble that of Venus. Only by measuring a wider variety of 

materials, as clouds of transparent spheres, would Lyot have seen the 

implication of Fig. 16 — that a variety of refractive indices can 

resemble the observations in visible light. It is only with the power 

of wavelength dependence that a refractive index discrimination has 

been possible. Lyot's technique was sound, but his conclusion was too 

strong for the limited scope of the data before him. 

In a more recent study Kuiper (1957) compared his own two-micron 

infrared polarization observations of Venus with Mie calculations for 

micron-size water spheres. Similar infrared observations were at

tempted by myself, and have recently been made by F. Forbes (1967, 

personal communication). The outstanding feature in all three sets of 

data is that the polarization has become less negative (or even posi

tive) in going from a wavelength of one to two microns. This effect 

is exactly what one predicts for micron-size particles on the basis of 

Figs. 15 and 16. In going toward longer wavelengths one approaches 

the positive polarization by Rayleigh scattering (at all phase angles) 

from the cloud particles themselves, since the wavelength finally ex

ceeds the particle size. This is true for all materials, so the long 

wavelength observations can provide no discrimination between 
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refractive indices, yet they provide an excellent indication of size. 

Photometric Implications 

An attempt will be made to combine the above conclusions with 

available photometry of Venus, with the goal of setting limits on the 

imaginary component of the cloud particle refractive index. 

Near dichotomy Venus is yellower than the sun, as shown by the 

photoelectric measurements of Harris (1961), Knuckles et al. (1961), 

and Irvine (1968). Extensions to the ultraviolet by Evans, Boggess, 

and Scolnik (1965; and Evans, 1966) and by Jenkins and Morton (1968), 

and to the infrared by Moroz (1963, 1965) and Low, Gillette, and Stein 

(1968) show that the reflectivity increases continuously from 2500 A to 

a broad maximum near one micron, and then drops continuously (ignoring 

the Cytherean C02 absorption regions) to 3.8 (J.. 

At each wavelength the Bond albedo is found by observing the 

photometric phase function. The various phase curves in the green 

agree only qualitatively; resultant Bond albedoes range from 0.59 to 

0.87 (see Knuckles ejt al., who obtained Bond albedoes of 0.53 (U), 

0.78 (B), and 0.87 (V)). The color-phase functions provided by the 

UBV measurements indicate that Venus is reddest near 60° phase angle, 

and becomes actually bluer than the sun at 170°. This same trend was 

present in earlier data (discussed by Link and Neuzil, 1957). The 

smoothed phase curves tabulated by Knuckles £t a_l. , are plotted in 

Fig. 21 after division by the illuminated fraction of the observed 

disk (0.5(l+cos or))-, and normalization at a = 90°. Two effects are 
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Fig. 21. Photometric scattering diagrams of Venus. 

The curves are adapted from the work of Knuckles at £l. (1961). 
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noticed as the wavelength is decreased — the phase function becomes 

more elongated (greater back- and forward-scattering), and the ratio 

of forward to backward scattering increases. Both effects are present 

in the Mie calculations for single spheres. Of course at sufficiently 

short wavelengths molecular scattering modifies the phase function, 

but even in the ultraviolet observations the contribution from single 

Rayleigh scattering is only six per cent (Sec. IV), 

Thus the photometry indicates: a very high bolometric albedo 

(such that Venus removes from the incident sunlight less energy than 

the earth removes), a "yellow" color at dichotomy extending from 2500 

Angstroms to nearly one micron, and a forward-scattering phase func

tion (quite non-Rayleigh, and characteristic of the scattering 

functions of transparent Mie particles). Assuming no internal emis

sion, a Bond albedo approaching unity can be obtained by three 

mechanisms (or by a combination of these mechanisms): (1) reflection 

from a nonabsorbing continuous surface, (2) pure scattering from an 

opaque layer of opaque non-absorbing particles, (3) pure scattering 

from anopaque layer of transparent particles. The first possibility 

is excluded by the atmospheric opacity. And assuming no preferential 

alignment mechanisms in the Cytherean atmosphere, white opaque 

scattering particles cannot explain the observed negative polarization, 

which must result from transmission of the refracted beam through the 

particle. This is seen in Fig. 18, showing Mie calculations for dif

ferent absorptions with a real refractive index component of 1.50. If 

the imaginary component exceeds 0.1, -the polarization is so strongly 

positive at intermediate phase angles that a fit to the observations 
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is impossible. A similar plot for k = 1.5 shows positive polariza

tion for all combinations of mean size and scattering angle. But for 

k £ 0.01 the contours are relatively insensitive to the value of k. 

These results, and similar calculations for a real component 1.335, 

set an upper limit on k at least as low as 0.05. 

The combination of Rayleigh, aerosol, and surface scattering 

must also explain the wavelength dependence of the albedo. Since 

most familiar ground surfaces have low albedo, one possibility is that 

the cloud optical depth decreases sufficiently in the ultraviolet to 

permit a significant light leakage to the ground. A wavelength de

pendence of the scattering efficiency of aerosol particles does not 

impart color to a semi-infinite layer of such scatterers, and although 

a thin cloud layer (above a neutrally absorbing surface) can appear 

yellow if the scattering efficiency decreases into the ultraviolet, 

the maximum wavelength range of such a decrease for Mie scatterers is 

a factor two (van de Hulst, 1957, p. 151) which is insufficient to 

explain the observed Cytherean albedo decrease over a factor four in 

wavelength. 

An absorption term in the particle albedo could of course ex

plain a color, even for a semi-infinite scattering layer. If the 

typical observed photon had been scattered ten times by particles 

with a single-scattering albedo of 0.90, then the cloud albedo would 

be (0.90)"^ = 0.35. Neglecting ground reflection, the albedo of an 

optically thick cloud layer can be no greater than the single-

scattering albedo of its particles, but can be much less if absorption 

is present. To match the observed visual phase function with multiple 
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scattering calculations Sobolev (1964) found a particle albedo of 

0.987. In a study of thermal radiative transfer in cloudy atmospheres 

Samuelson (1967, pp. 153, 290) deduces values of 0.998 (V) and 0.990 

(U). Using a cloud model for water droplets (with a mean diameter of 

eight microns) Arking and Potter (1968) match the observed Bond alb£~ 

does of Venus with particle albedoes of 0.999 (V) and 0.979 (U). Thus, 

because of the large number of multiple scatterings, very slightly 

colored particles can impart a strong color to the scattering layer. 

But by visual inspection the Cytherean cloud substance itself would 

appear colorless. 

The consequent limitations on the imaginary part of the refrac

tive index depend to some extent on the particle size and on the real 

component of the refractive index. Samuelson (1967, p. 67) demonstrates 

some of these effects by plotting contours of constant in an n, k 

diagram (refractive index n-ik). An example which includes small 

imaginary components is shown in Fig. 22, after computation from the 

Mie theory. The particle albedo, U)q, at first decreases (i.e., the 

amount of absorption increases) with increasing imaginary term, and then 

increases to approach unity as k"-^-03. This is qualitatively understood 

since at first the increasing attenuation results in absorption of 

energy, until the attenuation becomes so great that there is little 

penetration of energy-carrying waves into the particle, and therefore 

again little absorption. If either n or k becomes infinite, the 

particle becomes perfectly reflecting (van-de Hulst, 1957, p. 158). 

With these results the photometry excludes values of the complex 
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Fig. 22. Single particle albedo versus absorptive index. 



component between about 0.001 and 15. Using the polarimetric upper 

limit of 0.05. an upper limit of 0.001 is adopted for the Venus cloud 

particles. 



SECTION VII 

MULTIPLE SCATTERING 

These results lead immediately to an analysis of the effects 

of multiple scattering, since not only is there a dilution of the po

larization of single scattering, but there is a smoothing-out of the 

forward-scattering photometric phase function characteristic of single 

scattering by the cloud particles. As suggested by van de Hulst (1952, 

p. 105), the photometry and the polarimetry give independent handles 

on the same multiple-scattering influence. Thus the observed radia

tion can be subdivided into the portions received after single and 

after multiple scatterings: pi = PgIg + Pm*m» an<̂  assuming that after 

integration over the disk p^ = 0, then (p/pg) = (Ig/I). If the model 

is correct this equality xcill hold.at each phase angle. Here p and I 

are the observed values, and p is given by the Mie calculations. 
s 

But I (the total intensity received from single scatterings) equals, 
s 

at each phase angle, the scattered intensity received from a single 

particle (given by the Mie calculations) multiplied by the number of 

observed single scatterings. Our ignorance of this latter quantity 

means that a curve of (I /I) versus a would have to be shifted ver-
s 

tically into correspondence with a (p/p ) curve, the shift being a 
s 

measure of the number of single scatterings. Thus only the (p/pg) 

values are known absolutely. However, it will be important to compare 

the shapes of the (I_/l) and (p/p_) curves as a test of the model, 
s s 
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once the phase-angle dependence of the relative number of single scat-

terers is computed. Clearly, this problem must be pursued, but here 

only the polarization ratios will be presented. 

Taking the observed polarizations (after subtraction of Ray-

leigh effects) from the lower plot in Fig. 20, and the single-scatter-

ing values from the Mie results (as in Figs. 15 and 16), the ratios 

are plotted for three wavelengths in Fig. 23. The values of (p/p ) 
s 

are uncertain for small polarizations, so a somewhat arbitrary deci

sion was made to ignore any such ratios for which either pg < 0»10 or 

p < 0.01. The remaining values show polarization reduction factors 

between 2.5 and 20, with a trend of greater dilution at smaller phase 

angles. This may be compared with the reduction factors of 3 to 4 

observed in laboratory clouds (Lyot, 1929, English p. 122) and of 2 to 

6 in calculations for a semi-infinite Rayleigh atmosphere under speci

fic geometries (van de Hulst, 1952, p. 105). 

Another source of information on the ratio of single to multi

ple scattering is the variation of the strengths of absorption lines 

with phase angle. Chamberlain and Kuiper (1956) present such measure

ments, and indeed the equivalent width of the COg band studied (8689 $) 

increases with decreasing phase angle; it is strongest nearest superior 

conjunction where the geometry favors deep penetration of photons with 

attendent multiple scattering before emergence. And the same phase 

dependence was discovered by Moroz (1964, 1968) for the stronger CO^ 

bands at 1.578 and 1.606 p,. But I do not- know how to obtain quantita

tive single-to-multiple ratios from the mean strength of a line at a 

given phase angle. 
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Fig. 23. Multiple scattering polarization dilution. 

The observed aerosol polarizations p are taken from the lower plot in Fig. 20; the 
values pe from Mie calculations of size distributions of spheres with m = 1.475. s 
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Cloud Optical Depth 

Twomey, Jacobowitz, and Howell .(1967) calculated scattered 

intensities for thick clouds of several realistic size distributions 

of water spheres, and they determined single-to-multiple scattering 

ratios (for a distribution centered on. size parameter x - 50 with a 

standard deviation of ~ 4) as a function of the zenith angles of inci

dence and emergence (i.e., scattered intensities are averaged over 

azimuth). Similar calculations were kindly run by Twomey and Howell 

(1967, personal communication) for a refractive index of 1.50 and 

size parameters of 11 and 16. These results permit an estimate of 

the magnitude of polarization dilution by multiple scattering and of 

its phase angle dependence. Their Fig. 15 (Twomey et_ a_l., 1967) gives 

the singly scattered fraction of diffusely reflected radiation. For 

any given geometry this ratio decreases monotonically with increasing 

optical depth. For grazing incidence the singly scattered percentage 

is greatest for grazing emergence, and is in general greater for this 

geometry than for normal incidence and normal emergence; these two 

cases correspond approximately to large and small phase angles, respec

tively, and demonstrate that the greater polarization-dilution by 

multiple scattering occurs at the smaller phase angles (it is here 

that the penetration of photons into the cloud deck is most efficient). 

Fig. 24 presents some of the single-scattering fractions cal

culated by Twomey and Howell for particles implied by Sec. VI (m e 1.50, 

x - 16), as a function of total cloud optical depth. These results 

were then integrated over the disk at 15° phase angle (as in Sec. IV), 
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The ratio of the intensity of singly-scattered reflected radiation to total reflected 
radiation is plotted for a plane-parallel cloud as a function of the cosines of the 
angles of incidence and reflection ( (Jr and JJ, ) and the normal optical depth T. The 
cloud particles are nonabsorbing spheres with m = 1.50 and x = 16. vo 
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to yield theoretical (I /I) ratios, at the respective optical depths, 
s 

of: 0.18 (4.2), 0.105 (8.4), 0.085 (16.8), and 0.070 (33.6). The only 

real limitation is that the initial calculations are averaged over 

azimuth so that points cannot truly be obtained for discrete phase 

angles, but this problem is minimal near 0° and 180° phase angle. 

As indicated by Fig. 24, a measure of polarization actually 

sets an upper limit to the cloud optical depth (at that wavelength) 

when compared with the calculations since a greater optical depth 

would yield so much polarization dilution that even 100% single-parti

cle polarization could not match the observations. At 15° phase angle, 

a comparison of the above calculations with the points in Fig. 23 

suggests maximum optical depths of 8 and 30 at 3400 & and 9900 A, 

respectively. But the calculations were made with a particle albedo 

of unity. And as pointed out by D. Hunten (1968, personal communica

tion), the same mean number of scatterings per photon could have occur

red even in a semi-infinite cloud layer provided the probability of 

absorption per scattering is high enough (i.e., the single particle 

albedo is low enough). By Monte Carlo calculations for a water drop

let cloud (with a distribution of particle diameters centered on 8 p,) 

Plass and Kattawar (1968) find that, for normal incidence, the reflec

ted mean optical path is the same for an optical depth of ten and a 

single particle albedo of unity as it is for an optical depth of 30 

and albedo of about 0.73. Thus the upper limits demand only that the 

numbers of scatterings per photon do not exceed those for purely scat

tering clouds having the optical depths stated above. 
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The calculations of Twomey and Howell also specify the cloud 

albedo (ratio of upward emergent intensity to total incident) as a 

function of angle of incidence and optical depth, as shown in Fig. 25. 

Thus an upper bound on the optical depth sets an upper limit to the 

cloud albedo. 

A lower limit on the cloud optical depth cannot be specified 

without a knowledge of the ground albedo (i.e., if the ground is non-

absorbing then no clouds are needed to satisfy the observation of high 

Bond albedoes). Fig. 26 was prepared by treating the cloud and ground 

separately, the cloud having a reflectivity a for light incident from 

either top or bottom (regardless of angle of incidence), and the ground 

having a reflectivity £. At each of 100 points covering the diagram, 

the total reflectivity of the cloud-ground system was calculated for 

light incident from outside, allowing for the continued cycling of 

some photons between the cloud and the ground. The contours are lines 

of constant total reflectivity. 

In principle a lower limit on the ground reflectivity could be 

found. If the maximum cloud optical depth (Fig. 23) cannot supply the 

necessary reflectivity (Fig. 25), then a surface reflection must be 

invoked according to Fig. 26. But for an optical depth of 8, a rough 

integration of cloud reflectivity over the disk gives an albedo of 0.6 

at quarter phase, which jis in fact sufficient to explain the observed 

albedo at 3400 X, even with a black surface. Conversely, if the sur

face is black it is difficult to explain the observed UV albedo if the 

cloud optical depth is less than 3. (If it had been necessary to 
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Fig. 25. Cloud albedo versus cloud optical depth and angle of 
incidence. 

The radiative transfer calculations for this and for the pre
ceding figure were made by Twomey and Howell (1967, personal 
communication). 
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The cloud layer is assumed to have the same, reflectivity for 
sunlight (incident from above) as for surface reflection 
(incident from below), regardless of the angle(s) of incidence. 
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invoke surface reflection the situation would have become more compli

cated since the optical depth deduction is actually coupled to the 

surface. A surface contribution would dilute the single-scattering 

polarization, thus lowering the optical depth upper limit). 



SECTION VIII 

PHYSICAL IMPLICATIONS 

The studies in the previous sections have suggested that the 

Venus cloud mantle is a multiple-scattering medium consisting of par

ticles having a distribution of diameters centered on 2.5 ± 0.5 microns, 

with a refractive index n-ik, where 1.43 < n < 1.55 and k < 0.001 for 

wavelengths between 0,3 and 1.0 micron. Perhaps this refractive index 

range should be extended to 1.43 < n < 1.70 in view of the uncertain 

effects of particle shape and multiple scattering. And the gas pres

sure at a cloud optical depth of unity is about 55 mb (unless an appre

ciable fraction of the Rayleigh scatterers are particulate in which 

case the gas pressure is less). 

Accepting the wider limits on the optical refractive index, 

and remembering that the comparison was strictly valid only for spher

ical particles, numerous materials can be excluded as dominant cloud 

particle species. Table V presents a selection of a few visibly-non-

absorbing compounds along with their real refractive indices (Hodgman, 

1958). Thus excluded are condensed I^O and CO^ as well as common 

metallic oxides, etc. Included are numerous organic liquids as well 

as common carbonates, chlorides, and silicon dioxide. 

A study of the physical environment of the clouds can further 

limit the choices. This study will begin with a brief discussion of 

relevant observations of Venus. Further details can be found in the 
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Table V. Refractive Indices. 

liquid solid 

C02 1.20 H20 1.31 

HC1 1.26 NaF 1.34 

NH3 1.33 H2S04 1.43 

H20 1.33 CaF2 1.43 

D20 1.33 KCl 1.49 

CH3CH2OH .n 1.36 NaCl 1.54 

S02 Ml C12H22011'H20 X'54 

H202 1.41 Si02 (crystalline quartz). 1.55 

C302 1.45 Mg(0H)2 1.57 

CCl^ 1.46 CaCO^ (calcite) 1.60 

C,H, 1.50 CaSiO_ (wollastonite) .... 1.63 
0 0 J 

C..H CH:CH„ 1.54 NH.C1 1.64 
o j Z 4 

CS2 1.63 MgO 1.74 

AgN03 1.76 

CaO 1.84 

C (diamond) 2.42 
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references listed in the works of Moore (I960), Sagan (1960), Bronsht^n 

(1967), and Koenig, Murray, Michaux, and Hyatt (1967). 

Many direct measurements have been made of the energy emitted 

by Venus. Assuming an emissivity of unity at all wavelengths, the 

effective temperatures vary from 226°K at 10 microns (Sinton and 

Strong, 1960) to 600°K at 10 centimeters (Barrett, 1965). The 10 

temperatures show considerable limb-darkening about the sub-earth 

point, and are equal in the day and night hemispheres (Murray, Wildey, 

and Westphal, 1963). The increase of brightness temperature toward 

longer wavelengths is explained by a decreasing atmospheric opacity 

(e.g., Ho, Kaufman, and Thaddeus, 1966) such that lower, hotter levels 

are seen at longer wavelengths. For emissivities less than one, the 

true temperatures will be greater than the effective temperatures. 

By measuring (X^ absorption spectra of scattered solar photons, 

Chamberlain and Kuiper (1956) found a rotational temperature of 285°K. 

In another CO2 band Belton (1967) measured 270°K. 

These terrestrial observations are beginning to fit into place 

now that the preliminary results are in from Venera-4 (Pravda article, 

1967; Avduevslcy, 1968) and Mariner V (Kliore, Levy, Cain, Fjeldbo, and 

Rasool, 1967). Figure 27 includes a compilation of the pressure, and 

temperature measurements from the two spacecraft. Apparently the 

observed 10 ̂  emission originates above the 20 mb altitude. The polari-

metric upper limit of 55 mb for the gas pressure at the cloud tops in

dicates a corresponding temperature of less than 235°K. But the CO^ 

rotational temperatures refer to much lower altitudes (pressure > 500 mb 
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Fig. 27. Pressure versus temperature for Venus and for various 
condensation equilibria. 

Melting points are indicated by short marks on the curves. The 
conditions on Venus were measured by V'enera-4 and Mariner V. 
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for T > 270°K). The rotational temperature is an average over all 

photon travel, whereas the polarization by single scattering occurs 

only at the cloud tops. 

One may now set exclusion limits on the possibilities for con

densation in the Venus atmosphere, analogous to the work of McDonald 

(1964J>) for the terrestrial atmosphere. Thus Fig. 27 shows the run of 

saturation vapor pressure with temperature for various materials 
i 

(Hodgman, 1958). All points lying below such a saturation vapor pres

sure curve represent pressure—temperature conditions for which 

condensation is not impossible, since at a given temperature the am

bient pressure is then greater than the saturation vapor pressure. For 

points immediately below the curve condensation can occur only if the 

fractional abundance of that species is unity. 

Consequently COg, HCl, NHg' etc. can exist on Venus only in a 

vapor phase, at least below the 10 mb altitude. Liquid water would be 

unstable below the 6 atm altitude. But Kuiper's measurement (1968) of 

the abundance of water vapor sets a much more stringent limit. A 

number mixing ratio of 10 would make condensation (of pure water) 

impossible (between the detected pressure levels of 20 mb and 20 atm). 

This is seen in Fig. 27, where the curve for Venus (water vapor) would 

be raised by five orders of magnitude. Not all condensables are ruled 

out as cloud particle candidates; for example, CCl^ has both an accep

table refractive index and a sufficiently low vapor pressure. A 20% 

fractional abundance (by mass) of carbon tetrachloride would auto

matically condense near the 400 mb altitude (since for a mixture of two 
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ideal gases the partial pressures are in the ratio of number densities, 

which equals the ratio of mass-densities-per-molecular-weight). A fur

ther constraint is given by the chemical analyses of Venera-4 

(preliminary results, in per ceht'by volume: C0^ = 90 ± 10, Ng < 2.5, 

0^ > 0.4, 02 + H^O < 1.6, 0.1 < K^O < 0.7; Vinogradov, 1968). Many 

liquid cloud species can be excluded by their refractive indices or by 

condensation physics, but choices remain whose exclusion (or acceptance) 

must await a concentrated spectroscopic study. 

The situation is less clear for dust clouds of solid minerals, 

since neither vapor pressure arguments nor spectroscopic line absences 

can set significant constraints. Broad-band absorption features may 

help; it is noted that the low ultraviolet albedo, the drop in reflec

tivity longward of 2.5 (i<, and even the suggestion of an 11.2 p, 

absorption band, on Venus, are also present in some terrestrial minerals.. 

But the sharp drop in the albedo of Venus from 2.5 to 3.5 |J< (Moroz, 

1965) is absent in the transmission spectra of dry Si02, CaCO^, and 

NaCl (Coblentz, 1905, 1906), although the weak 2.9 absorption by Si02 

could be enhanced by multiple scattering. The most common cause of 

strong 3 absorption in nature-is probably the 0-H bond (the C-H bond 

has a similar strong absorption, but shifted by several thousand 

O 
Angstroms to longer wavelengths). Again a systematic survey of cloud 

particle possibilities is indicated. 

Finally, one should consider the general characteristics of 

the several cloud particle injection mechanisms -- condensation from 

the vapor phase, stirring of surface dust, and photochemical production. 
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If a condensable vapor has a sufficiently large latent heat of vapori

zation, the release of this heat upon condensation might lower the 

lapse rate below the adiabatic (vjhich would be observed in the space

craft measurements). On the other hand, if. the latent heat is low 

enough (viz., if the molar entropy of vaporization of the condensable 

is less than the molar specific heat of the carrier gas) then conden

sation will occur in downdrafts rather than in updrafts (McDonald, 

1964a). Although unusual, this situation is not impossible (e.g., 

condensation of traces of CH^ in an Ng atmosphere), and would result in 

a rather different convective cloud morphology (ibid.). For typical 

latent heats, the considerably subadiabatic lapse rate in the vicinity 

of the clouds (Fig. 27) is perhaps evidence for an absence of convection. 

The diffuse nature of the cloud top (concluded spectroscopically 

by Moroz, 1968, and by Belton, 1967, and photometrically by Dollfus, 

1966) has been used by Goody (1967) as a suggestion for a non-condensing 

aerosol layer, since familiar convective clouds have-rather sharp upper 

boundaries. But Squires (1968) points out that the observed turbulence 

(e.g., Boyer and Guerin, 1966) and cloud-top irregularities (Edson, 

1963) need a driving force, for which he suggests the release of latent 

heat by condensation. 

Particles 2.5 H in diameter will have a terminal velocity of 

fall of about 0.04 p cm/sec' (P = specific gravity of particle) at 55 mb 

(Ruiper, 1967). Quartz grains, for example, would have vfc < 0„1 cm/sec, 

or less than 1 kilometer per day. The observed cloud motions on Venus 

suggest velocities -four orders of magnitude greater. Similar vertical 

/ 
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winds would practically eliminate gravitational settling. The en-

traihment of such small particles at the ground may require surface 

velocities of 1 m/sec (Bagnold, 1941, pp. 88, 89), though this could be 

modified by the conditions of high temperature and high pressure. 

Lastly, photochemical production could supply the cloud 

material. At least a small amount of polymerized carbon suboxide 

should be present (Kuiper, 1957) and decomposition may occur after 

settling into higher temperature regions. 



SECTION IX 

CONCLUSION 

Summary 

A summary review of the logical development may aid in under

standing the limitations and successes of the several conclusions. 

Polarimetry was obtained over a v/ide range of phase angles as well as 

over a range of a factor three in wavelength. And detailed polari-

metric resolution of the disk was obtained near dichotomy. These 

ranges proved to be sufficient to disentangle the prevalent mechanisms 

of scattering. Certain observations near dichotomy argue strongly for 

two types of scattering and this conclusion led to interpretation of 

several observational clues as being the result of simple Rayleigh 

scattering from the highest Cytherean molecules. Then the shape of the 

remaining dependence of polarization on both wavelength and phase angle 

was matched by calculations for a single size distribution of a single 

species of cloud particle. The similar analysis (of fewer data) by 

Lyot (1929) is supported by the present work, but his deduction of the 

refractive index of the Cytherean cloud particles was incorrect in not 

considering transparent spheres of other refractive indices. The^__ 

present fit deduces permitted ranges for both the refractive index and 

the cloud particle diameters. 

Multiple scattering is negligible in the thin molecular layer 

above the clouds, whereas it represents the main source of scattered 

105 
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photons from the cloud layer. But even without the appropriate radia

tive transfer calculations, the understanding of the first order 

effects of multiple scattering continues to support the cloud particle 

fit. The possibility of aspherical particles must remain open, since 

there is as yet no strong evidence to defend the application of 

spherical Mie theory to irregular particles. An integration of the 

present conclusions with the known physical environment of Venus can 

exclude various cloud compositions, but many possibilities of both 

solid and liquid particles remain. 

Future Research 

Many desirable extensions of the observations are indicated by 

the present gross analysis. Very important will be the achievement of 

precision photometry of Venus as a function of phase angle, with em- ' 

phasis on the .extension to extreme phase angles as well as extreme 

wavelengths (the program initiated by Young and Irvine (1967) may con

siderably improve the present situation). Extensions of the 

polarimetry to extreme wavelengths promise further understanding of 

the scattering parameters. The polarization of the disk at dichotomy 

might reach 40% at 2250 Angstroms, and the measurement of this polari

zation will add information on the molecules and aerosols. Large 

polarizations are also expected at 5 p. (after allowance for thermal 

emission) since here the size parameter for the dominant cloud 

particles will be about 1.5, so that Rayleigh polarizations occur. A 

better understanding should result from extensions of the polarization 

observations to extreme phase angles, to greater resolution of the 
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disk, and to a search for temporal variations. A simultaneous program 

of polarimetry, photography, and spectroscopy at a single,phase angle 

could provide a good attack on understanding the ultraviolet cloud 

patterns. Spectro-polarimetry with a resolution in wavelength of at 

least 100 must be carried out to check on the narrowness of the cloud 

particle size distribution (a cloud with only one size would show re

markable polarization wavelength dependence). Finally, polarimetry in 

and out of strong CO^ features might help in unravelling the multiple-

scattering influences. 

A great advance in the theory will be the calculation of 

polarization radiative transfer for a thick scattering and absorbing 

atmosphere, with Mie particle phase functions and with at least some 

improvement over the plane-parallel approximation £ven if only by the 

substitution of a modified optical depth at large zenith distances). 

Such calculations must then quantitatively explain both the photo

metric and polarimetric phase functions as well as most of the 

regional variations. A successful fit to the improved theory might 

somev/hat improve the value of the refractive index of- the particles, 

but in particular should permit a determination of the various 

scattering and absorbing optical depths involved. The scattering 

diagrams (in both polarizations) for aspherical particles can be ob

tained by laboratory measurement if not by theory. (Farone, Kerker, 

and Matijevic, 1963, have made such calculations for single scatter

ing of light at perpendicular incidence to long cylinders, as a 

function of size and refractive index.) 
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All of the above- suggestions can be carried out from the earth, 

either from ground-based observatories or from balloons, rockets, and 

satellites. But with the introduction of planetary space probes one 

must reconsider the value of such terrestrial observations of the 

planets. Of course certain studies can be carried out only in the 

immediate vicinity of the planet, if not on its surface,, and some 

require the presence of man. Yet for some studies of Venus, the earth 

gives the superior vantage point. Thus the integrated disk presents 

itself all at essentially a single phase angle, our detectors are 

sensitive to global events, the gross meteorological changes are obser

vable, etc. The situation is similar to the recent exciting observa

tions of the earth from the moon. In the end both local and distant 

observations are necessary for the more complete understanding. 



APPENDIX A 

A FUNDAMENTAL THEOREM 

An important relation for the interpretation of polarization is 

that the product of linear polarization and intensity in a given beam 

is equal to the sum of the products of linear polarization and inten

sity in any fractions of the beam, provided all polarizations are 

"measured" by a fixed analyzing system (i.e., p = (I^-IB)/(I^+IB), 

where the orthogonal directions A and B are permanently fis:ed in 

space, regardless of the polarization position angles of any of the 

fractional beams). It is particularly significant that the relation 

is valid regardless of the criteria for selection of beam fractions; 

they may refer to different spectral domains, different mechanisms of 

polarization, different light sources, etc., provided only that the 

different fractions refer to physically different groups of photons. 

Consider a beam of linear polarization p and intensity I sub

divided into fractions i. Then by definition: 

- A B _ Ax Bx 
P 53 T 4-T » î~T +1 

A B Ai Bi 

X = I.+I,, , I. « 
A B ' 1 Ax Bx 

I « 5 I.. , I « S I_. 
A x Ax ' B x Bx 
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Therefore 

? l. - nD. i Ai 1 Bx 
p . _ 
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S (I.. - Iw.) E <p,I.) 
i v Ai Br' _ i Nri i 

I I 

Q.E.D. 
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