
from its cloud top value of 100 m/sec (the 
so-called 4-day rotation), which reflects 
a balanced cyclostrophic flow, to nearly 
zero by about 80 km. This decrease (Fig. 
3) is balanced by an increase in the ad- 
vection and viscosity terms in the merid- 
ional momentum equation, and it reflects 
the diminishing role of cyclostrophic 
forces. This causes the mean meridional 
component of the wind to become large 
(60 m/sec) above 80 km, as shown in Fig. 
3a. 

Infrared imaging of the planet (Fig. 4) 
has revealed a great deal of fascinating 
structure, especially at the cloud top and 
in the polar region. Dark bands of high, 
cold cloud containing spiral filaments 
form a "collar" around the pole centered 
on approximately 65?N. The thickness of 
this feature varies with longitude and its 
detailed structure with time; its widest 
part is some 2000 km across, and this 
maximum appears to be phase-locked to 
the sun. The polar collar clouds in gener- 
al are optically thick in the infrared and 
extend up to altitudes of 75 km. In- 
version of multiple zenith measurements 
shows that this increase in effective 
cloud height is due either to an increase 
in the scale height of the cloud, from 
around 2 km, which is typical of most of 
the planet, to around 6 or 7 km in the po- 
lar collar, or to a second discrete layer 
overlying the main deck. The cloud 
opacity shows a marked wavelength de- 
pendence in the region 11 to 15 gum: 
everywhere outside the collar region the 
11.5-tLm brightness temperature is higher 
than that observed at 13 ,um, but in the 
collar cloud this situation reverses. Nu- 
merical simulations in which multiple 
scattering algorithms are used to solve 
for the radiated intensity as a function of 
wavelength and angle show that the re- 
fractive index of an aqueous solution of 
75 percent H2SO4 is sufficiently different 
at 11.5 and 13 ,im to account for this ob- 
servation. In particular, a model cloud 
with droplets 1 to 2 ,um in radius is ca- 
pable of fitting the data for certain distri- 
butions of number density with altitude. 

Within the collar clouds, two bright 
features are located to either side of the 
pole. Fourier analysis of maps from suc- 
cessive orbits shows that the motion of 
this "dipole" can be interpreted, on av- 
erage, as a retrograde motion about the 
pole with a 2.7-day period. This period 
matches well the observed average peri- 
od of rotation of small-scale ultraviolet 
features seen at high latitudes in Mariner 
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10 images (8). However, both the rota- 
tion period of the dipole and the position 
of its axis relative to the pole appear to 
be variable from day to day. The 11.5- 
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,um temperatures within the bright 
"eyes" approach 260 K, the highest ob- 
served anywhere on the planet in this 
wavelength region, suggesting that they 
correspond to a lowering or clearing of 
the main cloud deck (9). Temperatures 
are higher in the atmosphere overlying 
the hot regions up to altitudes of at least 
80 km, probably due to heating by ther- 
mal radiation from below. The two eyes 
are joined, in some of the images, by a 
bright S-shaped filament that passes near 
the center of rotation. Other bright fila- 
ments are sometimes seen extending 
across the cold collar cloud from one or 
the other eye. No ready explanation of- 
fers itself for these phenomena, but it is 
apparent that a simple vortex structure is 
no longer sufficient to explain the cloud 
structure at the pole. At the very least, 
such a circulation must be modified by a 
wavenumber 2 phenomenon surrounding 
the pole. We note in passing that wave- 
number 2 disturbances are present in the 
terrestrial stratosphere in the form of 
Kelvin waves and tides (10), and that 
they play an important role in such phe- 
nomena as sudden warmings and the 
quasi-biennial oscillation. Furthermore, 
there is preliminary evidence for wave- 
number 2 structure in equatorial and 
midlatitude regions on Venus from our 
temperature maps. 

Finally, a preliminary analysis of data 
from the observations of reflected sun- 
light in the 0.4- to 5.0-Aum albedo and 2.0- 
uim cloud height channels is strongly 
suggestive of the presence of a thin haze 
high above the main cloud deck. This 
haze covers the entire planet, including 
the polar collar and dipole features. The 
particle size is less than 0.5 tim, assum- 
ing spherical particles with refractive in- 
dices appropriate to a 75 percent H2SO4 
solution. This haze presumably is the 
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In this report we present a more com- 
plete set of backscattering data than was 
available earlier (1, 2). In addition, we 
present data from the ultraviolet (UV) 
and visible channel radiometer experi- 
ments that were incorporated into the 
nephelometer instrument. 
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The results of the backscattering neph- 
elometer measurements in the cloud re- 
gions are shown in Fig. 1. For com- 
parison purposes, the data from each of 
the probes are plotted as a function of al- 
titude above the sounder probe landing 
site (3). Although the protective window 
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covers of each of the probe nephelome- 
ters were deployed at approximately the 
same time after the deceleration pulse, 
the different entrance trajectories gave 
rise to deployment altitudes of about 66, 
64, and 61 km for the day, night, and 
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Fig. 1. Plots of the 175? backscattering cross sections versus altitude for the sounder, night, 
north, and day probe nephelometers. Altitudes have been referenced to the elevation of the 
impact location of the sounder probe. 
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north probes, respectively. The sounder 
probe nephelometer was deployed auto- 
matically when the heat shield was jetti- 
soned, at an altitude of about 65 km. 

In accord with our results and the re- 
sults of Marov et al. (4) the cloud data 
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show gross features that appear to be 
planetary in nature, although details ap- 
pear to vary from one location to anoth- 
er. The cloud at the sounder probe loca- 
tion was clearly stratified into four dis- 
tinct regions (1, 5, 6); the essential 
structure of this stratification appears to 
carry over to the other probe locations. 

The backscattering measurements per- 
mit five observations: 

1) At the highest altitudes (earlier la- 
beled region D or upper cloud) the data 
obtained for the sounder and day probes 
indicate an inhomogeneous or patchy 
consistency (as is also hinted from the 
results of the radiation experiments dis- 
cussed below), with a sharp increase in 
the backscatter signal evident at 63 km 
for the day probe and at 64 km for the 
sounder probe. The night probe descend- 
ed from its deployment altitude of 63.6 to 
61.7 km in a relatively particulate-free at- 
mosphere before it encountered any ap- 
preciable backscattering material. Our 
data for the corresponding region in the 
sounder probe are consistent with a val- 
ue of 1.44 for the index of refraction for 
nonabsorbing spherical particles at a 
wavelength of 900 nm. This number is 
derived by computing the 175? backscat- 
tering cross section for the particle-size 
distribution given by Knollenberg and 
Hunten (5, 6) for this region, with the 
same index of refraction used as a pa- 
rameter for all of the particles and com- 
parison of these calculations with our 
data shown in Fig. 1. 

2) The next lower region (earlier la- 
beled region C or middle cloud) appears 
to be a planetary feature. It is separated 
at 56 to 58 km from region D by a 
"trough" and is characterized through- 
out its extent-except at the sounder 
probe location, where the backscattering 
intensity is constant with altitude-by an 
increase with diminishing altitude. On 
the sounder probe, a comparison of our 
data with the tabulated size distribution 
of particles obtained by the cloud par- 
ticle size spectrometer (5, 6) shows an 
excellent fit when an index of refraction 
of 1.40 is used for the large particles 
[mode 3 of (6)] and one of 1.44 for the 
smaller particles [modes 1 and 2 of (6)] 
and under an assumption of nonabsorb- 
ing spherical particles. The marginal ef- 
fect of small particles on scattering prop- 
erties makes possible a larger domain of 
values for their index; the same is true 
for region B. For these calculations, 
however, we have assumed that the 
smaller particles in cloud regions B, C, 
and D are similar in composition. This 
assumption has little effect on the index 
derived for the larger particles in region 
C. 
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3) Below, the region earlier labeled re- 
gion B or lower cloud (about 51 to 48 
km), appears to be the most variable. It 
is the densest at the sounder and night 
probe locations (50 percent larger for the 
sounder probe) but is nearly absent at 
the day and north probe locations. Com- 
parison with data obtained from our ra- 
diometer channels seems to indicate that 
the material present in this region at the 
sounder probe locations may be found 
lower in the atmosphere, at least for the 
day probe. From the particulate size dis- 
tribution obtained on the sounder probe 
(5, 6) and by comparison with our data, 
we compute a value of 1.32 for the index 
of refraction of the large particles [mode 
3 of (6)] present in this location, using 
1.44 for the small and medium-sized par- 
ticles [modes 1 and 2 of (6)] (or slightly 
above 1.33 if all the particles are as- 
sumed to have the same index), if all the 
particles are spherical and nonabsorbing. 
If the large particles are solid and their 
symmetry far from spherical, this index 
may be larger. 

4) The lowest region (earlier labeled 
region A or precloud) is composed of 
small particles [mode 1 of (6)] inferred to 
be concentrated H2SO4 at the sounder 
probe location (1). Thin strata appearing 
below the main cloud bank at other 
probe locations are presumed to be simi- 
lar in composition to those found at the 
sounder probe location. The base of 
cloud region B occurs at all of the loca- 
tions at altitudes of about 47 to 49 km. 

5) The region below about 45 km-that 
is, below the main cloud deck-is rela- 
tively free of 175? backscattering materi- 
al with the exceptions noted below. The 
night probe nephelometer detected a 
very thin stratum at about 44.3 km and a 
very small amount of material at an alti- 
tude between 6.0 and 5.8 km. A similar 
very small signal of less than 0.2 x 10-4 
m-1 sr-1 was obtained at an altitude of 
about 6.5 km by the north probe in- 
strument. A very small but significant 
fluctuation in the baseline signal, per- 
haps indicative of small amounts of scat- 
tering material, was noted for the day 
probe data from the main cloud deck 
base of about 49 km down to altitudes of 
about 30 km or lower. The hazes report- 
ed by Knollenberg and Hunten (5, 6) in 
the 31- to 40-km region for the sounder 
probe location (of the order of one par- 
ticle per cubic centimeter of radius 0.5 
um) do not have sufficient backscatter- 
ing cross sections to be detected by our 
nephelometer. 

The observations on particle indices 
and stratification at the sounder probe lo- 
cation are in essential agreement with 
those of Marov et al. (4), who have in- 
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ferred cloud particle characteristics from 
multiple-angle light-scattering experi- 
ments conducted during the Venera 9 
and 10 missions. The nearly simultane- 
ous measurements at four widely sepa- 
rated locations of the Pioneer Venus mis- 
sion, including high and low latitudes 
and day and night locations, have in- 
dicated the planetary nature of the strati- 
fication as well as the local variability in 
the details of this stratification. The alti- 
tudes at which the various strata occur 
differ by a few kilometers from one 
probe site to another, and the backscat- 
tering profiles of the lowest cloud regions 
(region B), which interact most strongly 
with light, are different at each location. 
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Marov et al. (4) have also reported ob- 
taining strong signals in their backscat- 
tering nephelometer channels during the 
descent of the Venera probes into the 
lower portion of the atmosphere of Ve- 
nus below the main cloud base. At the 
time of this publication the difference be- 
tween our results and those of Marov et 
al. are unexplained. 

The nephelometer experiments also 
embodied two channels for measuring 
ambient radiation, a "visible" channel 
centered at about 530 nm with a pass- 
band of about 70 nm full width at half 
maximum and a UV channel centered at 
365 nm with a passband of 40 nm full 
width at half maximum. The UV channel 
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Fig. 2. Plots of ambient radiance versus altitude for the visible and UV channels. Altitudes have 
been referenced to the elevation of the impact location of the sounder probes. Absolute values 
of radiance are under continuing investigation and should be used with caution. (A) For the day 
probe, the observation angle is 98.5? with respect to the upstream-facing probe axis of symme- 
try, and the fields of view are approximately 11.5? to half-responsivity points. Ultraviolet and 
visible channels are separated in azimuth by 9?. (B) The observation angle for the sounder probe 
is 94.5? with respect to the upstream-facing probe axis, and the fields of view are approximately 
11.5? to half-responsivity points. Visible and UV channels are separated in azimuth by 9?. No 
visible-channel data above 23 km are available for this probe. 
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was also found to have a response at 745 
nm with a passband of 30 nm full width at 
half maximum and a response of about 
28 percent of that of the 365-nm channel 
when exposed to a source whose power 
output was constant with wavelength. 

The radiation data obtained as a func- 
tion of altitude for the day probe and 
sounder probe are shown in Fig. 2 for the 
UV and the visible channels. Work is in 
progress on the absolute scales of the 
radiances, and, at present, such values 
should be used with caution. The relative 
behavior of these radiances, however, is 
as shown. As a first approximation, the 
altitude dependence of the UV intensity 
in the 365-nm passband has been deter- 
mined by assuming that the altitude be- 
havior of the portion of the signal in the 
UV channel attributed to 745-nm light is 
identical to that of the 530-nm radiation. 
Making this correction to the signal in 
the UV channel for the day probe, we 
obtain the data of Fig. 3, which indicate 
that very little UV light remains at alti- 
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light appears to penetrate to below the 
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Fig. 3. Percentages of readings remaining for 
the UV (365-nm) channel of the day probe af- 
ter correction for the 745-nm contribution. Al- 
so plotted are percentages of the readings re- 
maining at each altitude for the 530-nm chan- 
nel of the same probe; the assumed behavior 
for the 745-nm contribution (valid down to 25 
to 30 km) to the UV channel follows this 
curve. 

scattering calculations are in progress (7) 
to help elucidate these data. 

4) If the radiation remaining at 26 km 
as detected by the UV channel is primar- 
ily at a wavelength of 745 nm, the faster 
rate of change with altitude of the 530- 
nm radiance compared to the 745-nm 
radiance is evident. Golovin et al. (8) 
have observed that radiation in spectral 

e \ iDAY PROBE 
60 60 

50 
VISIBLE 

< 
40 _ L CHANNEL 

:: 40- 

I 30 z 

20 
< 

20- 

0 UJ 10 IUV 

70 60 50 40 30 20 10 0 

ALTITUDE, km 

Fig. 3. Percentages of readings remaining for 
the UV (365-nm) channel of the day probe af- 
ter correction for the 745-nm contribution. Al- 
so plotted are percentages of the readings re- 
maining at each altitude for the 530-nm chan- 
nel of the same probe; the assumed behavior 
for the 745-nm contribution (valid down to 25 
to 30 km) to the UV channel follows this 
curve. 

scattering calculations are in progress (7) 
to help elucidate these data. 

4) If the radiation remaining at 26 km 
as detected by the UV channel is primar- 
ily at a wavelength of 745 nm, the faster 
rate of change with altitude of the 530- 
nm radiance compared to the 745-nm 
radiance is evident. Golovin et al. (8) 
have observed that radiation in spectral 

regions below 600 nm is strongly ab- 
sorbed starting below 20 km, an ex- 
tinction perhaps attributable to molecu- 
lar vapors such as sulfur or bromine. 
Calculations are in progress for our data 
to separate the Rayleigh scattering con- 
tributions to our signals in order to con- 
firm this absorption. 
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Clouds of Venus: A Preliminary Assessment of Microstructure 

Abstract. The multimodal microstructure of the Venus cloud system has been ex- 
amined. In addition to confirmed H2SO4 droplets and suspected elemental sulfur, a 
highly concentrated aerosol population has been observed extending above, within, 
and below the cloud system. These aerosols appear to cycle through the cloud drop- 
lets, but can never be removed by the weak precipitation mechanisms present. All 
cloud particles are likely laced with aerosol contaminants. Sedimentation and de- 
composition of H2SO4 in the droplets of the lower cloud region contribute more than 
7 watts per square meter of heat flux equaling one-fourth of the solar net flux at 50 
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The particle-size distribution measure- 
ments by the Pioneer Venus large cloud 
particle size spectrometer (LCPS) re- 
vealed that the Venus cloud populations 
were inherently multimodal (1). Three 
modes are observed in the raw data cen- 
tered approximately at 1, 3, and 8 gum di- 
ameter in the number density spectra. 
Table 1 summarizes the populations ob- 
served in each of three cloud and one 
haze regions. We have indicated that the 
observed multimodal size distributions 
were of fundamental importance with 
each mode suggesting different chemical 
composition or at least a different origin 
(2). Continuing reduction of Pioneer Ve- 
nus results requires only slight adjust- 
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ment of our ideas on the identities of the 
three groups of particles. It has become 
apparent, with final data on the descent 
profile of the probe, that temperatures 
are higher than was originally supposed, 
which raises questions of just how dilute 
the H2SO4 can be in the lower cloud re- 
gion. Optical absorption data from the 
large probe solar net flux radiometer 
(LSFR) have provided additional con- 
straints on the probability that mode 3 in 
the middle cloud region is elemental sul- 
fur. 

We have sought to separate and exam- 
ine these modes in detail, treating them 
as distinct sizes as well as combined pop- 
ulations. The analysis involves removing 
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