
expected to remain for at least another 
243 days of operation following 5 August 
1979. An extended mission has been ap- 
proved and planning is proceeding to op- 
timize the anticipated scientific bonus. 

Multiprobe. Table 1 contains semifinal 
data on the impact locations of all multi- 
probe spacecraft (5). These locations are 
extremely close to the targeting points 
that were planned before release of the 
probes from the bus in November 1978. 
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Since our initial report on the atmo- 
sphere structure data from the four Pio- 
neer Venus probes (I) we have worked 
toward more precise analysis of the data, 
filled data gaps, received and interpreted 
data for an extended altitude range, 
worked on joining the entry and descent 
mode data, and attempted initial inter- 
pretations of the dynamical significance 
of the measured contrasts among the 
probes. The process is still far from com- 
plete. 

We present here the results for the 
troposphere in altitude plots to show 
measured contrasts, discuss the stability 
of the atmosphere and factors which ap- 
pear to be affecting it, present improved 
profiles of the lower stratosphere and 
compare them with those derived from 
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is presented to Earth at each interior con- 
junction. 

4. Occultation and eclipse periods are based on 
tangents at radii of 6139.5 and 6130 km, respec- 
tively. 

5. These data were obtained as follows. All probes 
turned on automatically about 22 minutes prior 
to entry at 200-km altitude and were tracked by 
the Deep Space Network stations. Trajectory 
computations were performed at Jet Propulsion 
Laboratory to provide entry boundary condi- 
tions at that altitude. Further computations were 
performed along a vacuum trajectory to 65 km; 
that is, no atmospheric drag was assumed. The 
listed impact locations in Table 1 are in fact 
these 65-km-altitude locations. Future plans call 
for (i) refining the 200-km-altitude boundary 
conditions and (ii) providing trajectory computa- 
tions through a model static atmosphere all the 
way to the surface. Eventually, results of the 
wind dynamics experiments (differential long- 
baseline interferometry and the large- and small- 
probe atmospheric structure experiments) will 
permit determinations of descent variations 
from the locations given by the static model. 
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and providing most of the data herein. I would 
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processing. 
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orbiter remote-sensing (orbiter infrared 
radiometer experiment). We also discuss 
some indications of wind oscillations in 
the upper troposphere. Finally, we make 
some observations concerning possible 
dynamical significance of the structure 
measurements. 

The current state of the temperature 
(T) data is shown in Fig. 1. The descent 
data from all four probes are shown to a 
maximum altitude (z) of 66.3 km. Al- 
though the first-order result remains that 
the thermal contrast is small, significant 
temperature differences are present 
above 45 km, within the clouds. At the 
north probe site, the atmosphere is cooler 
than at the day probe site, by 25 K at 60 
km and by 18 K at 50 km. The order of 
the probes in the upper level tempera- 
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tures corresponds reasonably to the 
order of the simultaneously observed in- 
frared radiance at the sites (2). Below the 
clouds, the four curves coalesce to a 
band with a maximum width of 7 K at 
20 km. 

All the probes exhibit a temperature 
offset in the clouds, as compared to the 
profile below the clouds. This offset is as 
great as 20 K, defined relative to an ex- 
tension of the temperature slopes below 
40 km. The warming in the clouds is at- 
tributed to the absorption of thermal ra- 
diation from below as well as to solar ab- 
sorption, since it occurs on the night 
probe but to a lesser degree than on the 
two dayside probes. It is interesting, but 
probably a result of opposing influences, 
that the night probe profile tracks the 
sounder profile very closely at the higher 
altitudes. The north probe profile, unlike 
the other three, is warmer than the ex- 
tended lower atmosphere profile for only 
a limited altitude range from 40 to 53 km 
and then cools and drops below it. This 
may be a consequence of the entry of the 
north probe into the circumpolar cloud 
(3). Although it is not easy to see in Fig. 
1 because of size reduction, there is also 
a sharp slope change in T(z) at the 270 K 
levels of all four probes (this slope change 
is especially noticeable on the sounder 
profile). It could indicate a phase change 
in the cloud material, perhaps ice forma- 
tion, or a change in species beginning at 
this level (56 to 59 km), which corres- 
ponds to the bottom of the upper cloud. 
[It is noteworthy that 80 percent H2SO4 
solution freezes at 270 K (4).] 

The day-night temperature contrast at 
30? south latitude is less than 1K at alti- 
tudes between 18 and 48 km, that is, be- 
low the clouds. A single curve is drawn 
(Fig. 1) to represent the day and night 
probes in this range. Below 18 km, the 
atmosphere at the night probe site is 
shown to be about 2 K warmer than it is 
at the day probe site, a somewhat puz- 
zling finding which may be due to in- 
accuracy. There is work yet to be done 
in refining these data. 

Temperature data in the stratosphere, 
extending to 110 km, are also shown for 
the north and day probes in Fig. 1. These 
were obtained from deceleration mea- 
surements during high-speed entry (1) 
and have now been better joined to the 
descent data. To a first approximation, 
altitude and velocity are matched at the 
intersection of entry with descent mea- 
surements. The wave structure suggest- 
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descent data. To a first approximation, 
altitude and velocity are matched at the 
intersection of entry with descent mea- 
surements. The wave structure suggest- 
ed in (1) is still present, with an ampli- 
tude of about ?20 K. The waves at 
the two entry sites are out of phase at 
an altitude of 97 km. The temperature 
minimum, including the wave minimum, 
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Thermal Contrast in the Atmosphere of Venus: 

Initial Appraisal from Pioneer Venus Probe Data 

Abstract. The altitude profiles of temperature and pressure measured during the 
descent of the four Pioneer Venus probes show small contrast below the clouds but 
significant differences within the clouds at altitudes from 45 to 61 kilometers. At 60 
kilometers, the probe which entered at 59.3? north latitude sensed temperatures 25 K 
below those of the lower latitude probes, and a sizable difference persisted down to 
and slightly below the cloud base. It also sensed pressure below those of the other 
probes by as much as 49 millibars at a mean pressure of 200 millibars. The measured 
pressure differences are consistent with cyclostrophic balance of zonal winds rang- 
ing from 130 + 20 meters per second at 60 kilometers to 60 + 17 meters per second 
at 40 kilometers, with evidence in addition of a nonaxisymmetric component of the 
winds. The clouds were found to be 10 to 20 K warmer than the extended profiles of 
the lower atmosphere, and the middle cloud is convectively unstable. Both phenome- 
na are attributed to the absorption of thermal radiation from below. Above the 
clouds, in the lower stratosphere, the lapse rate decreases abruptly to 3.5 K per ki- 
lometer, and a superimposed wave is evident. At 100 kilometers, the temperature is 
minimum, with a mean value of about 170 K. 
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is 160 K, whereas the minimum in the 
mean profile might be -170 K. The at- 

mospheric densities determined from en- 
try mode data in the altitude range from 
60 to 64 km (north probe) and 65 to 69 km 

(day probe) are affected by the presence 
of winds. Entry mode temperatures at 
these altitudes are still uncertain and are 
omitted. 

Comparison is shown in Fig. 1 of these 
profiles with the remote infrared sound- 
ings from Pioneer orbiter, indicated by 
the two dashed curves, each defined by 
four data points taken at appropriate lati- 
tudes from figure 2 of (3). The restric- 
tion to four points requires a smooth fair- 
ing, but the infrared data may give a 
fundamentally smoother approximation 
as a result of averaging over finite alti- 
tude spans. The infrared temperatures 
are perhaps 10? higher than a mean curve 
through our data between 75 and 95 km. 
The atmospheric density is 10-5 kg/m3 at 
106 km, increasing to - 0.4 kg/m3 at 60 
km, in slightly wavy profiles. The density 
ratio of the day probe to the north probe 
is near unity at 84 and 105 km but in- 
creases to 1.5 at 95 km. 

The atmospheric pressure (p) data 
taken by the four probes during descent 
are plotted in Fig. 2 against derived alti- 
tudes. The temperature differences re- 
sult in measurable pressure differences 
above 34 km, which become very large 
at the higher levels. At 60 km, for ex- 
ample, the difference between the north 
probe and the day probe is 49 mbar at a 
mean pressure of 200 mbar. Three of the 
data sets are clustered at cloud levels to 
within a few percent of pressure. The 
north probe data set diverges from the 
other three. The day-night differences 
are of the order of 4 mbar at 100 mbar, 6 
mbar at 200 mbar, 26 mbar at 400 mbar, 
and 20 mbar at 1000 mbar (comparable 
to pressure differences on Earth), with 
the higher pressures at the morning ter- 
minator. At the sounder location, upper 
lever pressures are closely comparable 
to those at the night location. 

Below 40 km the north and night probe 
data still differ by about 4 percent (0.2 
bar at 5 bars), but below 30 km a single 
curve, drawn through the sounder data, 
represents all the data, typically within 1 
percent. Pressure differences at touch- 
down were interpreted as elevation dif- 
ferences (1), and all altitudes are refer- 
enced to the sounder landing site. 

We have considered the possible influ- 
ence of altitude errors on these com- 
parisons. Below 30 km, it appears that 
the correspondence of the four data sets 
would be a highly improbable coinci- 
dence, and that altitude is determined to 
better than our estimated accuracy of 1 
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percent, or 0.3 km at 30 km. This corre- 
spondence builds confidence that the dif- 
ferences at the higher levels are real, but 
the possibility remains that details of the 
comparisons could be altered by further 
refinements in the determination of alti- 
tude. 

The local atmospheric static stability 
against overturning, calculated from the 
sounder pressures and temperatures, is 
plotted in Fig. 3 as a function of pres- 
sure. The adiabatic lapse rate (F) is for 
an atmosphere consisting of 96.5 percent 
CO2 and 3.5 percent N2 (5, 6). As we 
reported earlier (1), much of the atmo- 
sphere is statically stable, except for an 

E 
Pr 

unstable layer in the middle cloud (7, 8) 
at 50 to 55 km. There appears to be 
another local region of instability at 20 to 
28 km. (A more recent evaluation shows 
that this latter layer may be close to 
neutrally stable.) The destabilizing trend 
which results in instability in the clouds 
begins just below the lower cloud, pos- 
sibly a result of precloud layers or in- 
creased water vapor (5). The relatively 
high stability at 49 km corresponds al- 
most exactly with the gap between the 
lower cloud and the middle cloud. Thus, 
the clouds appear to be controlling the 
static instability at the upper levels. The 
uppermost cloud (above 56 km) does not 

TATM, K 

Fig. 1. Temperature profiles in the atmosphere of Venus from four Pioneer Venus probes. 
Abbreviations: IR, infrared; S.Z.A., solar zenith angle. Data below 65 km are from direct 
sensing; data above 65 km are from measurements of probe deceleration. Altitudes were 
reconstructed for each probe from the equation of hydrostatic equilibrium (1). 
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Fig. 2. Pressure profiles. Below 30 km, the four probes define a single variation; at higher 
altitudes, sizable differences develop. Altitudes are referred to the sounder landing elevation. 
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produce instability, however, probably 
because it is too tenuous. The instability 
in the middle cloud is probably one 
source of the turbulence measured by 
Mariners 5 and 10 (9) and could be re- 
lated to convection cells seen in the 
clouds in the ultraviolet photographs (10). 
The convection cells in the photographs 
are, however, of very large scale com- 
pared to the depth of the unstable layer 
in the clouds. 

The stability diagram for the small 
probes was the same qualitatively and 
about the same quantitatively as that 
plotted in Fig. 3, including both probes 
entering on the nightside of the planet. 
Thus, solar energy deposition cannot be 
the mechanism leading to instability in 
the clouds. The most likely mechanism is 
absorption by the clouds of thermal radi- 
ation from below (11). 

The unstable region around 15 bars al- 
so appears on the small probes, although 
the details differ somewhat from probe to 
probe. At pressures exceeding 40 bars 
we did not compute the stability since 
the temperature measurements were lost 
in this region (1). 

The pressure differences in Fig. 2 are 
primarily but not entirely meridional. We 
have interpreted these differences to de- 
fine zonal flow velocities as a function of 
altitude, based on the assumption of cy- 
clostrophic balance, in which the pres- 
sure difference balances the meridional 

component of the centrifugal acceler- 
ation due to the zonal wind, Uw (12). 
Then, under the assumption of constant 
zonal flow velocity (13) at a given alti- 
tude (over the colatitude interval 0, to 
02), the equation 

Uw2 = (Ap/1p)RT/(ln sin 0)e,?2 (1) 

relates the observed meridional pressure 
difference Ap to the velocity (14). Here,p 
and T are, respectively, the mean pres- 
sure and the mean temperature across 
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Fig. 3. Static stability of the 
atmosphere against over- 
turning. Negative values in- 
dicate instability. The atmo- 
sphere is stably stratified ex- 
cept for limited regions, one of 
which is in the dense cloud. 
Digital resolution uncertainty 
(~1 K/km) could affect the 
magnitude of instability, but 
not the general character of 
the variation. 

the interval at this altitude, and R is the 
gas constant, 190.3 J kg-' K-1. Pressures 
at north and south latitudes are for this 
purpose assumed to be symmetrical 
about the equator. 

Equation 1 is applied to pressure dif- 
ferences between two probes, one of 
which is always the north probe, to ob- 
tain the wind velocities in Fig. 4. The 
three profiles obtained agree to within 
about ? 20 m/sec, which is a measure 
of neglected contributions of other terms 
in the complete equation of motion, 
variability of winds over the planet, and 
errors in the data. The profiles may be 
compared with the initial wind measure- 
ments of the Pioneer Venus differential 
long-baseline interferometer (DLBI) ex- 

periment (15) and with the Venera 8 data 
(16). The indication is that cyclostrophic 
balance is approximately satisfied and is 
the major source of meridional pressure 
difference between 40 and 65 km. 

That the other advective terms in the 
meridional momentum equation are not 
negligible, however, is indicated by the 
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Fig. 4. Zonal winds deduced from the mea- 
sured pressure differences, under the assump- 
tion of cyclostrophic equilibrium. 

pressure difference between +4? and 
-30? latitude (the sounder and day 
probes), which is opposite in sense to 
that required for cyclostrophic balance 
and implies flow toward the equator at 
40 to 65 km in the southern hemisphere 
(17), and by the day-night pressure dif- 
ference at almost the same latitude 
measured by the day and night probes. 
Since the mean meridional wind veloci- 
ties are indicated to be small compared 
to the mean zonal wind (13), one is led 
to the conclusion that significant plane- 
tary scale nonaxisymmetric motions are 
present at latitudes below about 30?. 
Such a conclusion is consistent with the 
day-night pressure difference. On the 
basis of the curves in Fig. 1, this eddy 
activity may'extend into the lower at- 
mosphere. 

A further interesting feature of Fig. 2 
is that the day probe exhibits an inflection 
in p(z) between 1.7 and 1.9 bars, such 
that the day-night probe pressure dif- 
ference changes phase. Such a crossover 
implies either a height-dependent phase 
or perhaps places where there are nodes 
in the amplitudes of the waves or eddies. 

There have been several other indica- 
tions of flow oscillations in the lower at- 

mosphere. The mean axial accelerations 
of all four probes show small-amplitude, 
long-period oscillations that may in- 
dicate vertical or horizontal flow oscilla- 
tions. On the sounder, the deepest of 
these occurs at an altitude of 9.5 km, 
with another at about 21 km. On the 
night probe, these are accompanied by 
quieting of the unsteadiness in the accel- 
eration. On the north probe, the trajec- 
tory reconstruction in descent has re- 
vealed long-period (3- to 5-minute) os- 
cillations in the Doppler residuals, cor- 
responding in one instance to a vertical 
wavelength of 5.2 km. These observa- 
tions support the inference of wave 
motions in the lower atmosphere. 
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pense of sulfur dioxide. 

The mass spectrometer on the Pioneer 
Venus sounder probe, which entered the 
Venus atmosphere on 9 December 1978 
(1), measured the atmospheric composi- 
tion relative to CO2, the dominant con- 
stituent, from an altitude of 61 km to the 
surface. The instrument, a single-focus- 
ing, magnetic-sector spectrometer (2), 
scanned the mass range from hydrogen 
through mercury with a dynamic range 
of six decades. Because the instrument 
was designed to measure atmospheric 
composition rather than density, a gate 
valve (3), operated by the increasing at- 
mospheric pressure encountered during 
descent, was installed to control the ion 
source pressure to a relatively constant 
value as the inlet leak throughput contin- 
ually increased. The result was as fol- 
lows: (i) a sensitivity of 1 part per million 
(ppm) was attained throughout most of 
the descent while the atmospheric pres- 
sure changed by four orders of magni- 
tude and (ii) the instrument output sig- 
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(-40 km) where the measured wind velocities 
become small. 

18. We thank O. B. Toon for helpful discussions 
concerning the relative importance of latent heat 
release and infrared radiation in the mainte- 
nance of the thermal structure in the clouds. We 
thank L. Pfister for many helpful discussions 
concerning the dynamical implications of the 
data. 

15 May 1979 

in total droplet mass per unit volume with 
height, which is not seen in the data (7). 

12. C. B. Leovy, J. Atmos. Sci. 30, 1218 (1973). 
13. V. E. Suomi, NASA Spec. Publ. 382 (1974). 
14. The magnitude of the derived wind depends on 

the distribution UwO assumed. Thus, for ex- 
ample, for solid body rotation, equatorial 
velocities are increased by about 50 percent. 

15. C. C. Counselman III, S. A. Gourevitch, R. W. 
King, G. B. Loriot, Science 205, 85 (1979). 

16. M. Ya. Marov et al., J. Atmos. Sci. 30, 1210 
(1973). 

17. This is consistent with the wind measurement at 
the day probe site (15). Furthermore, this pres- 
sure difference becomes small at the altitude 
(-40 km) where the measured wind velocities 
become small. 

18. We thank O. B. Toon for helpful discussions 
concerning the relative importance of latent heat 
release and infrared radiation in the mainte- 
nance of the thermal structure in the clouds. We 
thank L. Pfister for many helpful discussions 
concerning the dynamical implications of the 
data. 

15 May 1979 

nals are not related directly to atmo- 
spheric density but are relative to CO2. 
Figure 1 is the altitude profile of CO2 in 
terms of instrument output signal (re- 
lated to counting rate). Since this is not a 
density profile but a measure of the par- 
tial pressure of CO2 in the ion source, all 
other data will be presented as mixing ra- 
tios relative to this CO2 profile. 

The decrease in signal starting at 51 
km is caused by a blockage of the inlet 
leak, which occurred after the probe 
passed through most of the cloud layer 
designated region C of the nephelometer 
data (4). This blockage occurred presum- 
ably as a result of an overcoating of 
cloud materials (hydrated H2SO4 drop- 
lets) which lasted 'until the probe 
emerged from the lower haze layer at 31 
km (5), at which time the flow of atmo- 
spheric gases resumed. 

The isotopic ratios of C and 0, 13C to 
12C, and 180 to 160 have been found to be 
close to Earth values. The C ratio from 
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the CO22+ peaks at mass 22 and 22.5 is 
about 0.012, approximately 5 percent 
higher on Venus than on Earth, with a 
standard deviation of + 5 percent. The 
45/44 mass peak ratio (CO2+) yields, on 
the average, a similar number. The 180/ 
'60 ratio was within 1 percent of the 
Earth value (0.00204), also with a stan- 
dard deviation of + 5 percent. 

In order to determine the N2 abun- 
dance on Venus from the mass spec- 
trometer data, several methods were 
used. Because of the rather large produc- 
tion of CO from CO2 in the ion source, 
the 28 mass peak is comprised of both 
CO+ and N2+ (the majority being CO+). 
The CO+ peak amplitude is a function of 
the degree to which the gate valve to the 
ion source pump (a chemical getter 
pump) was open, and its ratio to CO2+ 
varied from 0.4 when the valve was 
closed to 0.12 when the valve was wide 
open. On the basis of data from the low- 
est part of the descent profile and correc- 
tions for the CO contribution, the N2 
mixing ratio was found to be approxi- 
mately 2.5 percent. However, the uncer- 
tainty in the result is fairly large, at least 
50 percent. 

A second method is to derive the N2 
content from the 29/28 mass peak ratio. 
If the nitrogen isotopic ratio is equivalent 
to that in Earth's atmosphere and if the 
29 mass peak consists entirely of the 13C 
and "1N isotopic peaks (which does not 
appear to be true between 20 and 5 km), 
the N2 mixing ratio was found to be 3 
percent below 5 km and approximately 4 
percent above the dense cloud layer. The 
uncertainty is of the order of 50 percent. 
Because of the magnitude of the uncer- 
tainties, there is no implication in these 
numbers that the atmosphere is anything 
but well mixed. If the nitrogen isotopic 
ratio were increased by 20 percent, the 
N2 mixing ratio would increase by 1.5 
percent. For a 70 percent increase in the 
15N/'4N ratio, as was found on Mars (6), 
the 29/28 mass ratios for both C and N 
would become equal and it would be im- 
possible to determine the N2 abundance 
by this method. However, since the 29/ 
28 mass peak ratio is 0.103, the maxi- 
mum allowed enhancement in the 15N/ 
14N ratio would be 35 percent. This value 
would require the entire 28 mass peak to 
be N2, which it clearly cannot be. It 
therefore appears that the most probable 
value of the nitrogen isotopic ratio is 
close to that on Earth. 

The third method for determining the 
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atomic mass units (amu), which consists 
of a mixture of '4N, CH2 from methane, 
and CO2+ and N22+. If corrections are 
made for methane and doubly charged 
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Composition and Structure of the Venus Atmosphere: 
Results from Pioneer Venus 

Abstract. Results from the Pioneer Venus sounder probe neutral mass spectrome- 
ter indicate that there is no difference in the isotopic ratios of carbon and oxygen 
between Venus and Earth to within ? 5 percent. The mixing ratio of nitrogen is 
3.5+3 percent with an isotopic ratio within 20 percent of that of Earth. The ratio of 
argon-36 to argon-40 is 85 percent, and the ratio of argon-38 to argon-36 is 20 per- 
cent. The mixing ratios of argon-36 and argon-40 are approximately 40 and 50 parts 
per million, respectively, with an error of about a factor of 2 (mainly toward a lesser 
amount) resulting from uncertainty in the response of the ion pump to rare gases. 
Hydrogen chloride cannot accountfor more than a few percent of the 36 mass peak, 
and therefore the large excess of primordial argon is a reasonable conclusion. The 
ratio of neon-20 to argon-36 of 0.5 ? 0.3 is definitely terrestrial in character rather 
than solar. These results indicate that there is a large excess of all primordial noble 
gases on Venus relative to Earth. There appears to be a considerably higher abun- 
dance of sulfur compounds below 20 kilometers than in or above the main cloud 
layer. The 32 and 60 mass peaks show a sharp increase below 22 kilometers, in- 
dicating the possible production of sulfur and carbon oxysulfide (COS) at the ex- 
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