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ABSTRACT

A dust insulation model for the atmosphere of Venus is proposed in which the high surface tempera-
ture results primarily from a shielding of energy escaping from the planetary interior. The insulation is
provided by micron-sized dust particles which may be kept airborne by mild turbulence. For an outflow
of planetary heat of the same order as that on Earth, the required infrared opacity of the dusty atmos-
phere is ~ 10° and the same atmospheric structure accounts for the observed microwave spectrum. The
dust insulation mode! predicts a systematic variation of radar reflectivity with wavelength and the ob-
servations are in good agreement. The otherwise anomalously low value of the differential polarization
measured at 10 6 cm is expected in this model due to atmospheric absorption. The results indicate that
the microwave phase effect is primarily an atmospheric phenomenon and hence the conclusions which
have been drawn from it on the assumption that it is a subsurface effect are in doubt. If the cloud par-
ticle properties observed in the visual region (high particle albedo and strong anisotropy of scattering)
exist throughout the atmosphere then it is possible for the incident solar energy to cause a small surface
temperature variation despite the huge optical thickness of the atmosphere.

I. INTRODUCTION

It is now well known (Fig. 1) that from 3 cm longward the radio emission from Venus
has a brightness temperature of about 600° K in sharp contrast to the 235° K tempera-
ture determined from bolometric measurements in the infrared and the 235° K ex-
pected for radiation balance with absorbed solar energy (for a bolometric albedo of
0.73).

Our meager knowledge of the atmospheric and surface conditions on Venus has per-
mitted vastly different hypothesis for the origin of this high brightness temperature.
The ionosphere model, proposed originally by Jones (1961) attributes the centimeter
emission to bremsstrahlung radiation from a Cytherean ionosphere, but this model
has various weaknesses such as the required high electron density (~10° cm™3), the
limb-darkening observed at 1.9 cm by Mariner IT (Barath, Barrett, Copeland, Jones
and Lilley 1964), the relatively constant value of the radar reflectivity with wavelength
for A > 12 cm (§ IV), and the differential polarization measured at 10.6 cm (§ V). In
the aeolosphere model proposed by Opik (1961) the visible clouds are composed of par-
ticulate matter held in the atmosphere by a continuous dust and sandstorm and it is
assumed that 2 per cent of the solar radiative input is dissipated by friction at the sur-
face of the planet. The mechanism by which this heat engine operates was not worked
out by Opik, but recently circulational models have been calculated by Goody and
Robinson (1966) and by Hess (1967) for optically thick atmospheres; these indicate
that the wind speeds at the surface would be much too mild to cause the frictional heat-
ing. Since it is difficult to construct an effective greenhouse model in the form originally
proposed, Sagan and Pollack (1965, 1967) favor a cloud-greenhouse model in which the
cloud particles enhance the greenhouse effect and provide the microwave opacity.
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However, we find in §§ IV and V that the radar reflectivities and the differential polari-
zation at 10.6 cm indicate that the microwave opacity is concentrated most heavily
near the planetary surface and not in a low temperature cloud region. The nonthermal
mechanisms which have been proposed for the microwave emission have not been justi-
fied by experimental or theoretical studies showing that they can duplicate the observa-
tions.

Although the hot surface models have been considered the most promising, they have
a common difficulty in trying to explain how the atmosphere can simultaneously transmit
incident solar energy and trap planetary thermal radiation. It is the purpose of this paper
to examine the possibility of a source internal to Venus providing the energy to heat the
surface. A heat source comparable to that on Earth is assumed, and the required infra-
red optical thickness of the atmosphere in that case is great enough to suggest that the
opacity is provided by dust particles. Some characteristics of the dust insulation model
which cannot otherwise be accurately determined are specified by the requirement that
the predicted centimeter brightness temperatures for that model corresponds to obser-
vations. The remaining observables are then used to test the hypothesized model.

MICROWAVE BRIGHTNESS TEMPERATURES
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Fic 1.—Observed and theoretical microwave brightness temperatures of Venus The dots correspond
to values tabulated by Barrett and Staelin, 1964, while the crosses are values published subsequently
and listed by Hansen (1967). H is the scale height for the dust distribution, # is the exponent giving the
wavelength dependence of the loss tangent, and N\ is the wavelength at which the optical thickness of
the atmosphere is unity.
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II. DUST INSULATION MODEL

The brightness temperature measurements, including those of polarization (§ V),
strongly suggest that most of the flux observed at wavelengths greater than approxi-
mately 3 cm is of thermal origin and originates at the planetary surface. If the ultimate
energy source is the Sun, it is difficult to understand how the atmosphere can allow solar
energy to reach the surface and at the same time prevent the thermal energy from
moving in the opposite direction in any significant quantity. For this reason Deirmend-
jian (1964) and Kuzmin (1965) suggested, in connection with cloud models, the possi-
bility of the energy source being below the atmosphere, that is, within the planet itself.
Although an arbitrarily large source of energy within the planetary interior could cause
any surface temperature, we have little basis for hypothesizing an energy source much
greater than that on Earth. For a small energy source to heat the planetary surface
significantly the atmosphere would have to be much more opaque than in any of the
present models, and for the anticipated surface pressure it is not possible for known
molecular constituents to provide the required opacity. But particulate matter, due to
its essentially unlimited screening ability, can provide a very large opacity. Water and
ice particles exist in Earth’s atmosphere but not in quantities sufficient to cause the
effect in which we are interested and the observations suggest that water is less abundant
on Venus. However, the absence of condensates would raise the strong possibility of
there being a considerable quantity of solid particulate matter, i.e., dust, in the atmos-
phere of Venus, since it is the continual process of water-vapor condensation upon dust
nuclei that keeps Earth’s atmosphere swept reasonably clean of dust. Moreover, the
absence of water on the surface of Venus would allow the ground to be a very efficient
source of aerosols as compared to Earth, where water causes the formation of minerals
which play the role of cement and transform dust particles into coherent rock. Although
we do not observe extreme dustiness on the other planets or satellites, another require-
ment for the existence of an extensive amount of airborne dust is the presence of an at-
mosphere dense enough to hold up the dust and to contribute to the grinding and frag-
mentation of the particles.

Thus, we make the following proposition: There is a quantity of dust in the Cytherean
atmosphere such that it provides an optical depth of unity at the knee of the radio fre-
quency brightness temperature curve (Ao ~ 3 cm). It is not possible to define precisely
the structure of the dusty atmosphere on only the above assumption, but some of the
unspecified parameters may be determined by examining the shape of the microwave
brightness temperature spectrum.

The most essential of the unknown characteristics are the vertical distribution of the
particles and their extinction coefficient as a function of wavelength. To determine the
first of these it is helpful to specify the mechanism which keeps the dust particles or
aerosols suspended. We will find that the total mass of aerosols above each square centi-
meter required to fulfil the condition of unit optical depth at the knee of the brightness
temperature curve is on the order of 10 gm/cm? Although the accretion of meteorites
and zodiacal dust might supply this mass in ~107-10% years (Millman 1952), a 1-p
particle would fall to the surface in ~10? years and hence this source of par-
ticles would be insufficient without some means of continuously relifting the particles.
Volcanoes also appear to be an inadequate source since only on the rare occasion of a
major eruption on Earth does their contribution exceed that of meteorites.

Thus we will assume that for the atmosphere of Venus to be in a continual state of
extreme dustiness there must be a balance between particle sedimentation and uplifting
by turbulent or eddy diffusion. Average velocities an order of magnitude or so greater
than the particle sedimentation velocity should be sufficient for the eddy diffusion proc-
ess to be efficient, and this would require velocities only on the order of a centimeter
per second for micron sized particles. It is also necessary for particles which sediment
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out to be replaced at some time by lifting from the surface and this requires a certain
minimum “drag velocity,” v+ which is a characteristic velocity associated with the
turbulent air motion. On Earth if v+ exceeds about 15 cm sec™ and if there are grains
present on the surface of optimum size (~0.01-0.1 mm) then grain motion results and
smaller-sized dust particles may become airborne (Gifford 1964; Ryan 1964). However,
the required value for v* may easily be an order of magnitude less on Venus since it is
proportional to p~°/% where p is the surface air density (Gifford 1964). »* may be con-
verted to the horizontal wind speed at 1 meter altitude if the degree of surface roughness
is known. For v* = 1.5 cm sec™® and a roughness characteristic of Earth the required
horizontal wind speed on Venus is 10-20 cm sec™ (Gifford 1964). Since the depolariza-
tion of radar signals reveals some areas of extreme roughness the required wind speed
may be still less and this wind speed would only need to occur in occasional “‘gusts.”

The vertical distribution of the particles is approximately determined by the assump-
tion of a balance between particle sedimentation and turbulent uplifting. If the dust
particles are well mixed with the molecular constituents then they would have an ap-
proximately exponential distribution with a scale height of 15-20 km near the surface.
Although particle fallout would prevent complete mixing, it might be possible to approxi-
mate the true distribution by using some smaller value of the scale height. The
theoretical calculations of Junge, Chagnon, and Manson (1961) for the distribution of
particles in the terrestrial atmosphere under an equilibrium between eddy diffusion and
sedimentation yielded an approximately exponential distribution with a scale height
of ~4 km for a particle size of 0.15 u and an eddy diffusion coefficient ~2000 cm? sec™.
Also an approximately exponential distribution with a scale height ~3.3 km has been
found in an analysis of the dust distribution in Earth’s atmosphere by Matsushima
(1967) which was based on direct samplings of aerosols by Rosen (1964). Under similar
circumstances on Venus the scale height would be perhaps twice as large due to the
larger molecular scale height.

The size distribution of the particles is determined largely by the simultaneous action
of sedimentation, which controls the upper size limit, and coagulation, which controls
the lower size limit. We may again examine Earth’s atmosphere since these processes
would not be too seriously affected by changes in the atmospheric conditions. In the
terrestrial case under normal conditions the atmospheric aerosols have a fairly sharp
upper limit for the size distribution at a radius of about 20 u over both land and sea
(Campen 1961), and theoretical computations by Junge (1963) indicate that this limit-
ing size does not change greatly when the eddy diffusion coefficient, the surface rough-
ness, and the mean wind speed are varied. Hence it seems safe to conclude that there are
few solid particles larger than ~50 u suspended in the atmosphere of Venus. For the
present computations of microwave observables the upper size limit and the total vol-
ume of particles above unit area are the only characteristics of the size distribution re-
quired.

We may now estimate the extinction coefficient for the dust particles. For scattering
in the microwave range the Rayleigh approximation is valid since A >> ¢ (¢ = particle
radius), and hence the scattering cross-section of a single spherical particle is

6
oy = 27 (2a)°

)\4

e— 12

e+ 2

cm?, 1)

where e, = €, — t¢; is the complex dielectric constant of the particle. The cross-section
for absorption by the same particle is

_ 372(2a)® €

2
X (€r+2)2+€¢2 cme. (2)
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Below we show that for plausible constituents of the Cytherean surface

0001 <e <1 (3)
and
3I<e <10 (4)
and hence
IS o 27ra>3 (e,—1)2
g4 §( A €; ) ©®

From expressions (3)-(5) it is apparent that in the region of interest o5 K 04 and
hence the optical thickness above unit area is closely approximated by

T(>\)~“—’f0 ‘/O.n(a;h>0'.4((l,>\,éc)d(ldh (6)

o] [o0]

=>\{(e,,+€2i)2+e£2}fofo ¢'n(a,h)dadh, Fen

where ¢’ is a constant, independent of both A and ¢.. The latter form neglects the possible
dependence of o4 on % and although this is not strictly legitimate since e may be tem-
perature dependent, we do not have theoretical or experimental data on e/(7) at the
wavelengths of interest adequate for a more detailed consideration, Using equation (7)
we can determine the optical thickness of the atmosphere as a function of wavelength
from a knowledge of the complex dielectric constant of the absorbing particles along
with the condition that 7 = 1 at X = Aknee = Mo.

Equation (7) indicates the dependence of the absorption coefficient of the dust par-
ticles upon ¢, and hence upon the composition of the dust. Since we do not have meas-
urements of ¢, for all possible dust constituents we note the physical significance of the
dielectric constant (see, e.g., von Hippel 1954a; Pollack and Sagan 1965a). The real part
of the dielectric constant, e,, is a measure of the polarizability of the material and the
four primary sources, electronic, atomic, orientation, and space charge polarization,
have characteristic frequencies in the ultraviolet and visible, in the infrared, in the micro-
wave, and in the radio frequency regions, respectively. Since in a solid the molecular
dipole moment is not free to rotate, orientation polarization does not operate in dust
particles, and e, must be independent of wavelength in the microwave region.

Although e; is generally much less than e,, its value and wavelength dependence are
as significant as those of €,. Barrett and Staelin (1964) implicitly assumed that e. was
wavelength independent for dust particles and Kuzmin (1965) explicitly made that as-
sertion. To determine the possible wavelength dependence of €; we resort to the few ex-
periments which have been made in the microwave domain. The results have generally
been expressed in terms of the loss factor £ defined by

k= g—, €:))
v
where » is the frequency and o the electrical conductivity. Since o is treated as a measure
of all energy loss mechanisms it includes a magnetic dissipation term, but for non-
magnetic materials % is the same as ¢; and hence we will examine % directly for wave-
length dependence.
Using the measurements of # made at wavelengths 10, 3, and 1.2 cm (von Hippel
19545; Westphal 1963) we can determine an exponent n(\,\e) specifying the average
wavelength dependence over the interval A to A,

k_( D) _ ﬁ)-"()‘l')‘z)
k(N\:) Ao )

9)

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1967ApJ...150.1139H&amp;db_key=AST

1144 JAMES E. HANSEN AND SATOSHI MATSUSHIMA Vol. 150

For a number of materials having the required measurements of % available we have
calculated # and tabulated the results in Table 1; at least some of the materials may be
relevant to Venus. The table also includes values of ks cm. If the primary constituent
has a small value of %, then impurities may be very important in determining the cor-
rect value of & and its wavelength dependence. The measurements upon which Table 1
is based were made at room temperature, but £ may have a significant temperature de-
pendence. At higher temperatures £ would be larger (Pollack and Sagan 1965¢), but
laboratory measurements in the microwave region are not available. It appears from
Westphal’s (1963) measurements at lower frequencies, though, that # is probably smaller
at higher temperatures and it would be desirable to have the requisite measurements
performed. We note here that for most of the materials # is in the range 0 < # < 1 and
may differ significantly from zero.

TABLE 1*
MATERIAL PROPERTIES IN THE MICROWAVE REGION

3cm

. 71 2-3 em 73-10 om

Material Referencest Losl;s;la(;tor (eq. 19)) (eq [9])
Sulfur (sublimed).. . . (a) 1.5 .. 109
Magnesium sxhcate (a) 26 042 0 30
AlSiMag (939 A1203, 6% Ssz, 1% MgO) (a) 97 0 40 ..
Magnesium titanate (titanium alloy) (a) 28 092 0 31
Aluminum oxide ... . . . . . (a) 27 .. 0 43
Glass (96% Si0s) . ... .. . (a) 94 0 36 027
SiO; (fused quartz) . (a) 1 1 00 043

Soda-silica glass (20% NaO 80% SlOz) (a) 200 0 37 R
Selenium (amorphous) . . . (a) 67 072 109
Mica glass e (a) 48 0 57 019
Limonite (powder, 2Fe203 3H20) . (b) 3700 . 031
Magnetite soil (Fe;Oy) ... . (b) 810 . . 0 58
Enstatite (ceramic, MgSiO;). . (b) 300 0 31
Wollastonite (ceramlc, CanO) . (b) 170 R 0 31
Steak (round)..... . (a) 3700 009 017

* The values in this table apply for room temperature.
t (a) von Hippel, 1954
(b) Pollack and Sagan, 1965a.

1II. MICROWAVE BRIGHTNESS TEMPERATURES

In computing the brightness temperature spectrum a method similar to that used by
Barrett and Staelin (1964) was employed. The planetary surface was assumed to be
smooth and to have a dielectric constant of 6. The first assumption is accurate at long
wavelengths as shown by radar reflections (§ IV), and although the planet becomes
rougher toward the shorter wavelengths of interest, the error introduced would not be
important since at those wavelengths almost all of the observed radiation originates in
the atmosphere and not from the planetary surface. The value used for the dielectric
constant is also a result of the radar measurements (§ IV) and since the low values of the
reflectivities indicate that the Cytherean surface material is not a good conductor, we
could use the following expressions (Stratton 1941) to specify the angular dependence
of the surface reflectivities

- (e—sin29)1/2“€C059]2
pr(0) = [(e—sin20)1’2+6 cosd (10)
and /
_ [cosd — (e—sin%d)! 2]2
p:1(0) = [c050+ (e—sin2g)172] ° (11)
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where p, and p; are the reflectivities for waves having the electric field vector respectively
perpendicular and parallel to the surface. In these expressions the dielectric constant, e,
is the ratio of the permittivity of the surface to the permittivity of free space and 6
is the angle between the direction of incidence and the surface normal. The above
reflectivities were also used to determine the surface emissivities, e, and ¢;, by Kirchhoff’s
law.

For each atmospheric model the computations were made as follows. From the cloud
tops, where T, = 235° K, to the planetary surface, where T, = 700° K, the atmos-
phere was divided into layers each 1 km thick. The flux density incident upon the surface
was then calculated in terms of the brightness temperature of the downward-moving
radiation by means of the following equation valid for pure absorption

T4,h=ah,0) T, (h,0) 6= +1(h =5 ) (1= e=ar) a2
where

AT=AT(}L,9)=/h

h—

k(h,0)dh (13)
Ap

and « (%, 6) is the absorption coefficient per vertical kilometer. At the planetary sur-
face T%(0, 6) and p (6) were used to find the amount of energy reflected upward and
this was added to the thermal energy emitted by the surface;

TrT.l(O) 0) = Trl.(l(oy 0) p (0) —l_ € (0) TS . (14)

The flux of radiation emerging from the top of the atmosphere was then calculated by
means of an equation similar to (12).
The optical thickness of the atmosphere was taken as

7(\) = INTO) (15)

with ¢ a constant. The temperature optical depth relation in the atmosphere was specified
obliquely by temperature-altitude and optical depth-altitude relations. In the dust in-
sulation model, at least the lower atmosphere should be in a dry adiabatic state (§ VII),
so that
ar_ —g. (16)
dh  ¢p '’
since the variation of ¢, with temperature and pressure is not large, d7'/dh was taken
to be constant with a value (8.7° K/km) appropriate for nitrogen. Any error in d7/dh
would have a small net effect since it would only modify the angular factor in A7 (see
below). Finally, dr/dk was found from

iiloc e——h/H a7

dh
as discussed in § IT.

This method yielded the brightness temperature at points on the disk specified by the
angle @ for each of the two linear polarizations, T,(6) and T(6). The brightness tem-
perature for a triangular slice of the planet’s disk, was then found by weighting the
brightness temperature at each 6 by the solid angle seen at Earth:

x/2
T,,,=f0 T,.(0)sin 2646 . (18)

Then, for an isothermal planetary surface, the average temperature which would be ob-
served over the entire disk was the arithmetic mean of 7, and 7.
In the calculation of A7(%,6) the effect of planetary curvature on the path lengths

© American Astronomical Society * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1967ApJ...150.1139H&amp;db_key=AST

1146 JAMES E. HANSEN AND SATOSHI MATSUSHIMA Vol. 150

through each layer was accounted for as follows: From Figure 2 we see that, neglecting
refraction, the correct angular factor is sec (§ — a) but a must be put in terms of the
variables of the problem. From the triangle including § — a

da/tan (6 — a) = dh/(R, + %),
where R, is the radius of Venus. Integrating from 2 = 0to b = %

R, sinf "1"2
sec(f —a) = 1-- Rk . (19)

In some of the computations #(\) was assumed to be constant over the frequency
range of interest. In Figure 1 are given the results of the brightness temperature compu-
tations for » = 0, and it is seen that regardless of which vertical distribution is used for
the particles, the steep rise in the observed spectrum cannot be reproduced. From Figure
1 we see that # = 0.5 cannot necessarily be ruled out, although # = 1 seems to provide

« 10
EARTH

VENUS 7

F16. 2.—Coordinate system used for the derivation of the term giving the angular dependence of the
absorption optical depth.

a better fit to the observations. In both cases the models with H = 12 km and H = 16
km fit the observations about equally well but it is apparent that small values of H
(<8 km) cannot be correct.

The approximation # = constant was examined. Figure 1 shows the computed bright-
ness temperatures for

n=05 for N<lcmand\>3cm,
=10 for 1em<A<L3cm,

which corresponds approximately to the measured values for SiO; at room temperature
(Table 1). The results indicate substantial agreement with the observations and when
other values of # were used for A < 1 cm and X > 3 cm it was found, as might have
been anticipated, that these changes had little effect on the computed brightness tem-
peratures. Hence, as far as the microwave brightness temperatures are concerned, it is
probably sufficient to take » as a constant equal to its value in the 1-3 cm range.

It may be noted in Figure 1 that a certain decrease in the brightness temperature oc-
curs in the dust model for A > 10 cm and the observations suggest that such an effect
does exist. It occurs in the dust model since the emissivity of the ground is less than unity
and since the radiation in the interval 3-10 cm arises mainly from the atmosphere just
above ground level where the temperature is nearly equal to the surface temperature,
but a cloud model would not produce such an effect.

Thus, we see that it is possible for the dust insulation model to provide an adequate
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fit to the observations of brightness temperature and this conclusion differs from the
results obtained earlier by other investigators for a dusty atmosphere (Barrett and
Staelin 1964; Kuzmin 1965). Our calculations differ in this respect primarily because
we include a variation with wavelength of the imaginary part of the dielectric constant,
and we have shown that such a variation could be expected. In the process of showing
that the insulation model can match the observed spectrum we found that the unknown
parameters, H and #, are probably in the ranges

8km < H < 16 km (20)
and
0.5<n<1 (21)

and these are within the ranges which we found in § II to be the most likely.

IV. RADAR CROSS-SECTIONS

In Figure 3 we have plotted the published radar cross-sections of Venus obtained
during the 1962 conjunction and subsequently. The two very low values between 3 and 4
cm are in agreement with a previous unsuccessful attempt by Karp to measure the re-

RADAR CROSS SECTIONS INCLUDING ATMOSPHERIC ABSORPTION
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F16. 3.—Observed and theoretical radar cross sections of Venus. H, #, and )\, are the same as in Figure
1. The two curves in the upper left were determined from equation (23) while the remaining curves
include the effect of scattering from the entire disk.
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flectivity at 3.6 cm (Barrett and Staelin 1964) which established an upper limit of 1 per
cent. The difficulty in finding planetary surface materials to provide such a low intrinsic
reflectivity and the much higher reflectivities measured at longer wavelengths together
suggest atmospheric absorption as the primary cause of the low reflectivity.

The reflectivity at long wavelengths should correspond to the intrinsic reflectivity of
the planetary surface material as a consequence of the fact that all the atmospheric
models predict negligible absorption in that region. In addition, at long wavelengths it
is expected that the planet should appear smooth in which case the measured reflectivity
would be equal to p (0), the reflectivity at normal incidence. From equations (10)
and (11)
e1 /2 1 2

pr(0) = 1(0) = (Sy) =00 22
Then from the measured value for p (0) the reflectivities at any angle may be found by
expressing e in terms of p(0) in equations (10) and (11). The radar cross-sections as they
would be measured on Earth may then be obtained provided that the absorption co-
efficient of the atmosphere is known at each wavelength. The problem is complicated
somewhat by the fact that at shorter wavelengths the Cytherean surface appears rough-
er, and hence part of the reflection is returned from even the limb region. Since the at-
mospheric absorption is greater for the slant paths, the distribution of reflected power
over the planetary disk must be obtained at each wavelength.

We may make a first-order approximation by assuming that the planet is a smooth
sphere, in which case all of the reflected radar signal would be returned from near the
center of the disk. Then the measured cross-section is given by

g
g _ )
raz_”(o)e ) 23)

and in Figure 3, @, we have graphed this function for the insulation model and for the
cloud-greenhouse model assuming that the reflectivity of the solid surface at normal in-
cidence is approximately wavelength independent in the region of interest, p (0) = 0.18.

The assumption of a smooth surface, which introduces an error which is a function of
wavelength, may be eliminated if the distribution of reflected power over the planetary
disk is specified. This has been done by Hansen (1967) who assumed that a fraction, f,
of the reflected radiation was scattered quasi-specularly and the remaining part was
scattered diffusely. This f was determined at each wavelength having sufficient observa-
tions available, and the results of numerical calculations for the reflectivity are shown
in Figure 3, b—f. These results do not differ greatly from those obtained using the simpler
equation (23), and this is largely a consequence of the fact that there are two effects in
the more detailed approach which work in opposite senses. Toward shorter wavelengths
the increased planetary roughness causes more reflection from the limb region and hence
more atmospheric absorption of the signal, but at the same time the backscattering
function for the diffuse component reflects preferentially toward the radar. The absorp-
tion effect is generally larger and hence the more exact theory reduces the predicted
cross-section, but the change was significant only at short wavelengths where it was as-
sumed that almost all of the reflected energy was scattered diffusely (e.g., at A = 5 cm
the detailed computations reduced the fractional cross-section from 9 to 6.5 per cent).
Moreover, the most recent observations (Evans, Ingalls, Rainville, and Silva 1966) in-
dicate that the surface roughness at A < 12 cm is much less than that used by Hansen
and hence equation (23) should be adequate.

From Figure 3, b, we see that » = 0 predicts a too low reflectivity at all wavelengths
and this model had previously been rejected on other counts. Figure 3 shows that the
dust insulation model is in good agreement with the observed radar reflectivities if #
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averages 0.5 to 1 in the 1-10-cm range and if H ~ 12 km and these values are just those
demanded by the brightness temperatures (§ III). We note finally that radar measure-
ments in the 3.6-12.5-cm transition region would be helpful in determining the atmos-
pheric properties and additional measurements are needed at long wavelengths to better
define the reflectivity for no absorption.

V. POLARIZATION OF THERMAL EMISSION

Measurements of differential polarization over the surface of Venus were made re-
cently at a wavelength of 10.6 cm by Clark and Kuzmin (1965). The absolute fringe
visibilities were limited to an accuracy of 3 per cent by gain variations, but the differ-
ences between perpendicular measurements had a probable error only one tenth as
great, and hence we will consider the differential polarization measurements.

In the following we first consider Venus as being a smooth homogeneous planet hav-
ing a uniform temperature 7, a dielectric constant ¢, and a magnetic permeability equal
to that of free space. In this approximation we may use the brightness temperatures in
two polarizations computed in § ITI, 7.(6) and T:(6). We will compute the brightness
temperature T’ or T/, which would be observed by a radiotelescope accepting a single
linear polarization oriented on the planet’s disk at an angle ¢, with respect to the planet’s
equator. The planet’s equator is defined by the orbital plane. T’ and T are each a
linear combination of T, and T'; depending upon the location of the baseline projected
onto the disk:

T'1(6,0) = T1i(8,0) cos? (o — @o) + T1,:(0,0) sin® (¢ — ) . (24)

Rectangular coordinates on the apparent disk of Venus are also defined with the
origin at the center of the disk. The y direction is specified by the angle ¢, and the z-direc-
tion is orthogonal to the y-axis and in the plane of the apparent disk. Then the fringe
visibility, F, which is the ratio of the brightness temperature seen by the interferometer
to the brightness temperature of the unresolved disk, is given by (Heiles and Drake
1963; Pollack and Sagan 19655):

[ T'ra(8,0)cos[v(y/R,) 1d2/Q
F _ is

il ’

T,,:(0,0)dQ/Q
"

dis (25)

where

D is the distance from Venus to the observer, R, is the radius of Venus, b is the inter-
ferometer spacing projected onto Venus, and € is the solid angle subtended by Venus
at the observing point.

The measurements of Clark and Kuzmin, in the form F, — F;, are plotted in Fig-
ure 4. In the same figure we have plotted the differential visibility functions for an at-
mosphereless planet with different values for the surface dielectric constant, and ac-
cording to Clark and Kuzmin a least-squares fit of the observational results with the
calculated functions yields

e=22+02.

This value would be raised somewhat by considerations of surface roughness and non-
uniform surface temperatures, but these effects should be small (Clark and Kuzmin
1965) and a spatial variation of e could not be expected to have an effect much different
from that due to a variation of 7. Hence, there is clearly a serious discrepancy between
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the values of ¢ as determined by the visibility functions and as determined by the radar
reflections (e = 2.2 corresponds to a reflectivity of only 3.75 per cent), and it is of in-
terest to examine whether the inclusion of atmospheric effects will reduce the dis-
crepancy.

Using the values for T', and T calculated in § IIT we computed the values of F, and
Fy corresponding to the model atmospheres considered in that section. It should be noted
that since we expressed the equations for F, and F; in terms of T, and T, rather than in
terms of the surface temperature and emissivity, the effect of the atmosphere was auto-
matically included. The differential polarizations shown in Figure 4 were obtained from
equations (24) and (25). Since at 10.6 cm the atmospheric absorption is negligible in
the cloud-greenhouse model, the results shown in Figure 4 for no atmosphere apply to
mospheric absorption and Figure 4 reaffirms that the most probable value for the scale
height is H = 12 + 4 km. Thus, we conclude that the differential fringe visibilities
which are predicted by the insulation model are in substantial agreement with the ob-
served values. :

DIFFERENTIAL POLARIZATION VISIBILITY (I0.6cm)

T T T T T T T T T
NO ATMOSPHERE n=|l —— H=l6km (x y=2cm)

—e6 | e H= 8km (xg =4cm)
...... €=4 —=-— H= 4km (xg=8cm)
—-= €222

10 eI --- €15
Ut _ ‘\\\“ N
| = ‘\\
w l l i -1~
B E I S Ty
ﬂ Sa - \
| T T T T T T T T T T e e ‘I ~ I ¥_ ’
——— H=20km (Xo=5¢cm) . -
n=Q - H=12 km (Ao=5em) N=0 for A > 3cm —— H=i6km (o= 2cm)
——— H=8km (Ao=5cm e - H=12km (A¢ =3cm)
N=1 for icm<) <3cm - H = 8km(rgzdcm
o) N
w
s
w

—— H=16km (Ag=3cm N=5 for A\>3cm ——- H=16km (X\q= 2cm)
n=y5 e H=12km (xo=4cm) N for emr<zem T H=|2km()\:=3cm)
— =~ H=8 km(Ag=5cm) or kem<A< 3cm —-— H=8km(\q=4cm)

Fr-Fi

Fic. 4.—Observed and theoretical differential fringe visibilities of Venus at 10.6 cm. H, #, and X are
the same as in Figure 1 and e is the dielectric constant of the surface. In all curves e is taken as 6, except
those in the upper left.
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VI. MICROWAVE PHASE EFFECT

The microwave phase effect provides another potential source of information about
the Cytherean surface. If the brightness temperature as a function of phase angle ® is
expressed as

Te(\) = To+ Tycos (® — &),

where T, T, and &' are independent of phase angle, then the published values for the
phase amplitude T, with a minus sign indicating a lower temperature on the illuminated
side of the planet, are: T (3.4 mm) = —12° (Wilson, Epstein, Oliver, Schorn, and Soter
1966); T (8 mm) = 41° (Basharinov, Vetukhnovskaya, Kuzmin, Kutuza and Salomo-
novich 1964); T (3.15 cm) = 73° (Mayer, McCullough and Sloanaker 1963); T (3.75
cm) = 60° (Dickel 1966); T, (10 cm) = 41° (Drake 1964); T (10.6 cm) < 15° (Kuz-
min 1966); and T, (21.2 cm) < 12° (Davies and Williams 1966). The probable errors
given by the authors are generally small, but there are possibilities of systematic errors
perhaps even as large as the phase amplitudes themselves.

It has generally been assumed that the phase effect should be interpreted mainly in
terms of the properties of the surface of the planet. A temperature variation at the sur-
face would be communicated to the subsurface region but with depth it would be damped
in amplitude and thus, since the longer wavelengths are generally less penetrating, the
decrease of the phase amplitude toward longer wavelengths would be qualitatively ac-
counted for. However, we have shown that the systematic variation of radar reflectivity
with A (§ IV) and the unexpectedly low value of the differential fringe visibility at 10.6
cm (§ V) together argue forcefully that there is non-negligible atmospheric absorption
not only at 3 cm, but also at 10 and 12 cm regardless of whether it is provided by dust
particles or some other opacity source. Another reason for rejecting the unmodified
subsurface interpretation is the sharp decline of the phase amplitude 7', from 3 to 20 cm.
If the subsurface interpretation is valid and if the thermal parameters estimated by Kuz-
min (1966) are accepted, then a brightness temperature amplitude of 60° K at 3 cm
would imply amplitudes of ~50° and ~40° at 10.6 and 21.2 cm, respectively, in con-
tradiction to the observations. Moreover, the quantity of excess heat stored in the at-
mosphere of the hot hemisphere is at least on the same order as that radiated from the
dark hemisphere in one Cytherean night if the temperature difference between the two
hemispheres is only ~50° K and if the surface pressure is ~10 atm, and hence it is not
necessary to assume that thermal waves from the subsurface communicate or store any
of the radiated energy.

For the above reasons we believe that the microwave phase effect should be inter-
preted as primarily an atmospheric phenomenon with the surface conditions entering
as perturbations. For the atmospheric opacities found in §§ IV and V and for reason-
able surface thermal parameters it follows that at wavelengths great enough for the
emission to penétrate that atmosphere it comes from a depth where the thermal wave
is already damped to a negligible value. Consequently the decrease of the phase ampli-
tude toward long wavelengths is a result of the decreasing optical thickness of the at-
mosphere toward large N and the sharp drop from 3 to 21 cm is more readily understood.

Although the inverse phase effect found at 3.4 mm is a surprising result, it is easier to
interpret in the dust model than in most of the others. A greenhouse model with CO,
or H,0 as the microwave absorber would predict a strong positive phase amplitude since
the absorption coefficients of these gases depend on an inverse power of the tempera-
ture. However, the absorption in dust particles increases with temperature, and hence
it may be that on the dark side of the planet we see to a greater depth and hence a higher
temperature. The actual situation, however, may be considerably complicated by
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changes in the lapse rate and in the cloud altitude between the bright and dark hemi-
spheres.

We emphasize finally that the conclusion drawn from the microwave phase effect on
the basis of its subsurface interpretation are not necessarily valid. In particular the
differences of several hundred degrees in the surface temperature deduced by Pollack
and Sagan (1965a) are not required if the phase effect refers mainly to the lower atmos-
phere rather than to a subsurface level where the thermal wave is damped and where
the emissivity is less than unity.

VII. SURFACE TEMPERATURE

For the calculations in § IV to § VI it was assumed that the surface temperature of
Venus is on the order of 700° K. In order to test the self-consistency of the dust insula-
tion model, it is necessary to examine whether the same model which was found to pro-
duce the observed spectrum in the microwave region would indeed cause the planetary
surface to have a high temperature. For this purpose we would like to find the tempera-
ture distribution in an atmosphere which is bounded below by a surface supplying a con-
stant flow of thermal energy =f (ergs cm™2 sec™) while the upper boundary of the
atmosphere receives solar radiation in the visible region of amount #F (ergs cm~? sec™)
normal to the direction of incidence. We may neglect conduction since the energy trans-
ferred by that means would be small (see, e.g., Kuzmin 1965). Although some convec-
tion must operate and in fact we have argued that the existence of turbulent or eddy
diffusion is required in order for the atmosphere to maintain its dusty state, the energy
transferred by this process need not be large. With a strictly adiabatic lapse rate there
would be no heat transfer by turbulence even if it were serving to relift dust particles.
Hence we will consider the case of radiative equilibrium. Then in regions in which the
lapse rate is calculated to exceed the adiabatic value, the true gradient must be near
the adiabatic one and a certain amount of heat must be transferred by the turbulence.
We will here neglect the atmospheric heat capacity and possible horizontal advection
although the model for the atmospheric circulation proposed by Goody and Robinson
(1966) will be mentioned below.

Even with the above restrictions the problem is complex, but we will make simplifica-
tions in two directions: (e¢) exclude scattering, include absorption and internal heat
source; (b) exclude internal heat source, include scattering and absorption. We will then
argue that the two resulting solutions may be combined for an approximate evaluation
of the surface temperature.

We first consider the case of pure absorption which was recently treated by Wildt
(1966) in a paper on the greenhouse effect. Wildt finds the temperature distribution in
the case of pure absorption in an atmosphere in which both the absorption coefficients
for incident solar radiation and escaping planetary radiation are gray although their ra-
tio, #, may differ from unity. In fact the gray approximation should be more nearly
correct in the dust insulation model than in the greenhouse model since the absorption
by a size distribution of dust particles is not such a strong function of wavelength as
molecular absorption.

In the problem considered by Wildt a parallel insolation flux, #F, is incident at an
angle 6, to the surface normal of a semi-infinite plane-parallel atmosphere which has
absorption coefficients &, and k; in the visible and thermal infrared. The local rate of
isotropic emission is given by

47l'kiB(7',,U0) = 4kz‘0'T4(T) ’

T=lmkidx.

where
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Then the solution for the source function is (Wildt 1966)

B(r,u) = h(r)f + ng(r,n/po)F (26)
where
h(r) = 7+ ¢(7)[0.577 < ¢() < 0.710] and g(7,7/u0)

is the normalized Neumann solution of the non-homogeneous Milne equation. In equa-
tion (26) we may replace k(7) by 7 since the atmosphere of Venus is optically thick in
the infrared region. Since Venus radiates with nearly the same efficiency from both
hemispheres, we may write wF in terms of the effective temperature of the incoming
solar radiation 7, such that

7F = oTd = ¢To'Ro*(1 — Ay)/4d2, (27)

where To is the effective temperature of the Sun, Ro the solar radius, d the distance
from Venus to the Sun, and 4, the bolometric albedo of Venus. For 4, = 0.73 (Rasool
1963) we find T, = 235° K.
If the energy escaping from the planetary interior is represented by a parameter a
such that
7f = acT, (28)

then from equations (26)-(28)
T/T. = [2ar 4+ ng(r,n/po)]M4. (29)

The first of the two terms inside the brackets gives the contribution of the internal heat
source to the atmospheric temperature while the second term represents that due to a
greenhouse effect. Although a greenhouse effect may contribute partially to the high
surface temperature and although forward scattering can cause a similar effect (see be-
low), we would like to see if the internal source may provide the major contribution to
the high surface temperature. Hence we temporarily put g = 0 in equation (29) and find
that in order to cause 7'~ 600° K the product ar must be ~50. For an outflow of heat
similar to that on the earth (2 X 10~% cal/cm? sec, Allen 1963) a = 5 X 104 = @, and
hence the infrared optical thickness required for the dust model to “explain” the high
surface temperature is ~10° If we consider a heat flow 10 times that on Earth, ai,
the requisite infrared optical thickness of the atmosphere becomes ~10%.

The principal question which we must examine is whether the same atmosphere which
agreed with the microwave measurements actually predicts this huge infrared opacity
which is required for the insulation effect to operate. For spherical particles we may
write the infrared optical thickness of the atmosphere as (since we are considering the
case of pure absorption)

TIR=~/0. N(a)ma?Qa(a)da, (30)

where N(a)da is the number of particles above unit area with radii between a and @ 4 de
and ma?Q4(a) is the cross-section for absorption by the particle of radius a. For mono-
disperse aerosols of radius anm

1R = Nowan?Qa(am) . 31)

If %m = 27@m/N > 1(am > 1p for N in the thermal infrared) then Q4 is on the order of
unity, and we can write
TIR = 3V/4am , (32)

where V denotes the total volume of particles above unit area.
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From equations (2) and (6) the value of V which satisfies the condition that r = 1
at the knee of the brightness temperature curve is given by

)\0[ (€r+2)2+€12]
187e;

For aerosols on Earth ¢, is ~(1.5)? (Junge 1963) and it most likely differs by less than
an order of magnitude on Venus, but ¢; has a rather wide range of plausible values and
we will consider 1, 0.1, 0.01, and 0.001 which cover that range sufficiently well.

Although there would actually be a continuous range of particle sizes, we may esti-
mate 7rg if we know approximately the radius interval within which the true volume
distribution is concentrated. Polarization (Lyot 1929; van de Hulst 1952) and infrared
reflectivity measurements (Sagan and Pollack 1967) indicate that the atmospheric
particles are at least in the micron-size range, but sedimentation would prevent the
existence of many particles larger than 10 u so that the single particle sizes an = 1 g,
and 10 u should be representative of probable conditions. For these values we find (egs.
[32] and [33], No = 3 cm) the folowing values for the infrared optical thickness of the
atmosphere.

V= (33)

;=0 001 { e;=0 01 =01 ei=1
an=1pu Tir~5X 108 ~5X 108 ~35X104 ~5%X103
=10 p Tir~5X10% ~5X10¢ ~5X103 ~5X10?

The above values agree approximately with the value 77z ~ 105-10* found to be neces-
sary for the insulation effect to cause the high surface temperature and the model is
hence consistent in this respect.

In equation (29) if % is smaller than ~0.01, then ng(r,n/uo) is comparable to the
values we expect for 3a7/4 in the dust insulation model, and in that case temperature
variations of ~100° K could exist over the planetary disk. Even if the particles do not
absorb more strongly in the infrared than in the visible, the greater forward scattering
in the visible would cause a similar effect. Samuelson (1967) has determined the green-
house effect in an atmosphere which both absorbs and scatters (anisotropically) when
there is no internal heat source. For complete forward scattering in the visible and iso-
tropic scattering in the infrared the greenhouse effect is approximately the same as in
an absorbing atmosphere, but with # replaced by (1 — wo)Qr(Vis)/Qr(IR), where the
Q’s are extinction efficiency factors of the dust particles. With realistic deviations from
complete forward scattering no solar photons will reach the surface, but the surface
temperature is nevertheless increased significantly by the scattering greenhouse effect
(Samuelson 1967). We will use equation (29) to estimate the surface temperature dis-
tribution for a strongly forward scattering atmosphere with » primarily a measure of
(1 — wo*) since Qg(vis) and Qg(IR) would be on the same order of magnitude for
particles having @ > 1 u. For the particles scattering the visual radiation, wo > 0.99 at
least in the upper atmosphere (Hansen 1967), and hence # should be at Jeast as small
as 1072 but less than complete forward scattering in the visible would reduce the green-
house effect so that it is doubtful that the maximum greenhouse contribution to the sur-
face temperature could be any larger than that given by » = 13-

We may estimate the temperature lapse rate expected in the dust insulation model
by calculating the gradient appropriate for radiative equilibrium. Neglecting the second
term in (29) and assuming 7 = 7o exp (—#/H) we find
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For T, = 235°K, ar = 50, and H = 10 km, we find
d —h/4H

(d e

where (dT/dh)o ~ 14.5 km. Although the values for a and 7 are uncertain, they occur
only as a product which must have a value ~350 if the insulation effect is to operate.
Moreover, since arg occurs as a fourth root it appears quite definite that in the dust in-
sulation model the radiative lapse rate exceeds the adiabatic value [~7° K/km (Barrett
and Staelin 1964) depending on the atmospheric composition] at the planetary surface,
and hence the true lapse rate should be nearly adiabatic at least in the lowest several
kilometers. These conclusions imply the existence of mild turbulence near the planetary
surface and thus at least qualitatively justify the requirement of moderate surface winds.
Since dT'/dh decreases with altitude it is possible that a level may be reached below the
cloudtops at which the atmosphere becomes radiative. Since convection is required to
support the airborne dust, the dusty region in that case would have an upper limit at
that altitude and a relatively clear region would exist from there up to the clouds. If
the visible clouds are in fact dust then there should be no clear region.

We note finally that we have not attempted to derive a model for the global circula-
tion. Due to the possible large heat capacity of the atmosphere, it is not necessary for the
circulation to have a dominant influence on the atmospheric temperature structure. On
the other hand, even if we were to assign a dominant role to the global convection, we
should note that almost all of the computations which we have made may still have ap-
plication. For example, the circulational model of Goody and Robinson (1966) requires
the atmosphere to be completely opaque to both solar and planetary radiation and such
a condition is certainly supplied by our dusty atmosphere. By incorporating their model,
however, the existence of a subsurface heat source is less important, since the surface
temperature may be maintained by the forced adiabatic temperature gradient. Although
the average surface wind velocity in the model of Goody and Robinson is negligible, the
dust may be initially raised at the antisolar point where downward vertical velocities of
~10 m sec™! are obtained. The existence of an internal heat source with the requirement
of constant net flux could also contribute in this model to the raising of dust. It is also
clear that many of the computations may be considered as applying equally well to the
aeolosphere since the properties of the dust were not specified in detail by Opik.

VIII. CONCLUSION

Although there is considerable evidence that the surface of Venus actually is at a
high temperature, the atmospheric models which include this have a difficulty in explain-
ing how the solar energy can reach the planetary surface, and hence we have examined
the possibility of an internal heat source providing the main contribution to the high
temperature, It is assumed that the required atmospheric opacity is provided by dust
particles, and the model is based on the assumption that the quantity of airborne dust
is sufficient to cause an optical thickness of unity at the knee of the brightness tempera-
ture curve. The required volume of dust is ~4@,7rr/3 cm3 above unit area (eq. [32])
and, since 77z must be ~10° (~10* for a heat flow ten times that on Earth) for the in-
sulation effect to cause the high surface temperature, the dust quantity may be of the
order of 10 gm assuming a,, ~ 1 u. If the surface pressure is ~20 atmospheres, then
10 gm would represent a mass about 0.05 per cent as large as that of the atmosphere
above unit area.

The distribution of dust in the atmosphere is taken as exponential and the scale height
and the absorption coefficient of the dust particles as a function of wavelength are es-
tablished by requiring agreement with the observed microwave brightness temperatures.
The derived scale height (10 km < H < 15 km) and absorption coefficient (0.5 <
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73 em < 1, where absorption o« A1) are within the ranges which were anticipated
on physical grounds, and the agreement they provide with the observed brightness tem-
perature curve differs from the expectation of Kuzmin as well as of Barrett and Staelin
primarily because they assumed that there was no wavelength dependence (#(\) = 0)
in the imaginary part of the dielectric constant. This dust insulation model predicts a
significant atmospheric absorption of centimeter waves, and it is shown that the radar
reflectivities and differential polarization visibilities strongly support the existence of
the amount of absorption predicted. The evidence indicating significant absorption
throughout the centimeter range suggests that the microwave phase effect is largely an
atmospheric effect.

Thus in the dust model the surface temperature results from a blanketing of radiation
by the dusty atmosphere, although a small variation of temperature over the disk may
occur due to forward scattering by the dust particles. The temperature lapse rate is adia-
batic from the ground to the top of the dust layer, but the latter is probably located be-
neath the visible clouds. The turbulent velocities within the dusty region are probably
quite small partly because of the expected absence of any destabilizing condensing gas.
It is possible for this model to operate on a small energy source since, as opposed to
cloud models, it is not necessary to supply latent heat.

It is a pleasure to thank our colleagues at the Universities of Kyoto and Tokyo for
their hospitality during the year 1965-1966 where a part of this research was carried
out. We also sincerely appreciate the helpful suggestions, constructive criticisms and
encouragements offered by Drs. D. Deimendjian, A. Dollfus, S. L. Hess, E. J. Opik,
J. Pollack, C. Sagan, R. E. Samuelson, D. H. Staelin, P. Thaddeus, and S. Ueno on a
first draft of this paper.

Note added in proof—The most crucial question for the dust insulation model is wheth-
er significant wind speeds may exist near the planetary surface. S. L. Hess (1967 and
private communication) has recently applied numerical hydrodynamics to the circula-
tion problem on Venus assuming a dusty atmosphere. He concludes that the wind speeds
would be too small for Opik’s frictional explanation of the surface temperature to be
valid, but he is not able to conclude that surface wind speeds of a few tens of cm sec™?
can be ruled out. Hess also states (private communication) that it may be possible for
the heat from the planetary interior to have a significant effect if the atmosphere is
highly opaque to infrared radiation, as it would be in the dust insulation model, but he
feels that this question is too subtle for application of the present numerical methods.
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