
such as He and N., are expected to yield 
the most reliable values of temperature. 

The He and N., data of Fig. 2, orbit 17 
(solar zenith angle, -- 88?) lead to scale 
heights of about 57 km and 8.4 km, re- 
spectively, which correspond to a tem- 
perature of 230 K. The CO, CO, and 0 
data indicate similar temperattires but 
are not considered as reliable. The He 
and N., data for orbits 3, 4, and 5 (solar 
zenith angle, = 69?) when the periapsis 
was near 180 km (above exobase altitude 
of -170 km) (6) give a temperature of 
about 400 K. 

These temperatures support the con- 
cept of a relatively "cool" upper atmo- 
sphere as deduced most recently from 
the temperatures inferred from Mariner 5 
(7) and Mariner 10 (3) airglow measure- 
ments as well as those suggested by the- 
oretical models of the ionosphere (8, 9). 
A rather strong decrease in temperature 
with increasing solar zenith angle also is 
observed, leading to a temperature gradi- 
ent three times larger than predicted by a 
global thermosphere model (10). 

The CO., density and gas temperature 
decrease with increasing solar zenith 
angle. If we assume that the global cir- 
culation model of Dickinson and Ridley 
(10) is valid, then we can compare our 
measurements made near the evening 
terminator with those of the BNMS (11) 
made near the morning terminator, since 
the model invokes cylindrical symmetry 
about the sun-planet axis. Thus, com- 
paring our temperature of 230 K and CO.2 
density of 1.1 x 10" cm-:3 at 150 km and 
a solar zenith angle of 88? with the 
BNMS temperature of 253 K and CO.) 
density of 6 x 10" cm-3 at the same alti- 
tude and a solar zenith angle of about 
60?, we see that both the density and 
temperature decrease with increasing so- 
lar zenith angle. If this comparison is fea- 
sible then a kinetic pressure imbalance is 
present which must be balanced by a dy- 
namical pressure resulting from horizon- 
tal flow from day to night as suggested 
originally by Dickinson and Ridley (10). 
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Atmospheric drag measurements ob- 
tained from the orbital decay of Earth 
satellites have been used since the begin- 
ning of the space age to determine upper 
atmosphere density from which compo- 
sition and temperature are inferred. The 
atmospheric characteristics derived from 
those satellite drag measurements have 
formed the basis of a number of standard 
upper atmospheric models of the earth 
(1). From the present study of the orbi- 
tal decay of Pioneer Venus 1 (orbiter) 
comes the first detection of atmospheric 
drag from a spacecraft orbiting another 
planet (2). In this report we discuss the 
determination of atmospheric densities 
from satellite orbital decay, and then de- 
scribe an atmospheric composition mod- 
el that is consistent with the observed 
variation of density with altitude. Final- 
ly, we use a model with variable exo- 
spheric temperature to study the nature 
of the diurnal variation of the upper at- 
mosphere of Venus. The measurements 
were all obtained near 18.4?N latitude 
between 7 December 1978 and 1 January 
1979 at altitudes of 150 to 190 km. 

The density PA (in grams per cubic 
centimeter) at a distance 1/2 H` above 
periapsis (position of closest approach to 
planet surface), where H` is the estimate 
of density scale height at periapsis (in 
centimeters), can be determined from 
the following equation if one assumes 
nominal Pioneer Venus 1 values of orbit- 
al eccentricity (0.84) and semimajor axis 
(39,600 km) (3). 

4.35 x 10-14 AT nm 
PA= CS (1) 
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where AT is the change of orbital period 
per revolution caused by atmospheric 
drag, in seconds per revolution; in is the 
mass of the spacecraft, in grams; Cl, is 
the coefficient of drag; and S is the ef- 
fective cross-sectional area, in square 
centimeters. In practice, densities are 
determined by numerical integration 
through an atmosphere (4). The densities 
are evaluated above periapsis at the "ef- 
fective" altitude of the drag effect to 
minimize errors associated with assumed 
value of H-. With this technique, an er- 
ror of 25 percent in H* results in only a 
1.2 percent error in the density a half 
scale height above periapsis. 

The value of in, C,,, and S were ap- 
proximately 361.7 kg, 3, and 6.15 x 104 
cm2, respectively. The mass of Pioneer 
Venus 1 decreased from 361.9 to 361.5 
kg because of the expenditure of fuel in 
orbital maneuvers. The Cl5 value of 3 was 
determined after we considered experi- 
mental results consistent with values 
close to 3 as well as theoretical extremes 
of 2 and 4. The effective satellite cross 
section was constant at periapsis. Within 
50 km altitude of periapsis where drag ef- 
fects can be relevant, this cross section 
ranged from 6.06 x 104 to 6.20 x l04 
cm2. 

The orbital elements, used to deter- 
mine the change of orbital period (AT), 
were computed by a differential correc- 
tion orbit determination program applied 
to S-band Doppler data received by the 
Deep Space Network (5). In order to iso- 
late the atmospheric drag effect, which is 
concentrated near periapsis, changes in 
the orbital period due to other phenome- 
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na were taken into account. During the 
data interval discussed here, Pioneer Ve- 
nus I did not enter shadow and thus the 
solar radiation force effects on the orbital 
period were second order and very small 
( 10-2) second per revolution). Second- 
order solar gravitational effects were 
more significant (-10-' sec/rev) but 
were accurately calculated. The calcu- 
lated effects of solar radiation and solar 
gravitational perturbations were sub- 
tracted from the total change in period 
from one apoapsis to the next to yield the 
change in period due to atmospheric 
drag. It was found that the major phe- 
nomenon causing changes in orbital peri- 
od was atmospheric drag. The orbital 
decay per revolution that was caused 
by these drag effects ranged from 
-0.72 ? 0.02 to -8.32 ? 0.06 second. 
Care was taken to avoid the effects of 
maneuvers. In some cases large standard 
deviations occurred where full revolu- 
tion fits could not be used because of ma- 
neuvers or lack of tracking data (see er- 
ror bars on Figs. 1 and 2). 

The final parameter required to solve 
Eq. I is H*, the density scale height at 
periapsis. Appropriate values of H` were 
determined by taking into account the al- 
titudinal variation of density which was 
consistent with the drag measurements 
obtained during the period when the alti- 
tude of periapsis was being rapidly de- 
creased (8 through 16 December). The 
corresponding observed atmospheric 
densities (in grams per cubic centimeter) 
are shown on the right of Fig. 1. 

Composition models were generated 
consistent with the observed altitudinal 
variation of atmospheric density, an exo- 
spheric temperature of 350 K being as- 
sumed (6). Conditions at 45 km were as- 
sumed to be the conditions at the tem- 
perature minimum in the Dickinson- 
Ridley terminator model (solar zenith 
angle 90?) (7). The n(O)/n(CO) ratio was 
assumed to equal one at the turbopause 
(6). For a 124-km turbopause, the result- 
ing profiles of n(O), /i(CO), and u1(CO2) 
(per cubic centimeter), which fit the ob- 
served density variations, are shown by 
the dashed lines on the left of Fig. 1, and 
the resulting total density (in grams per 
cubic centimeters) is shown by the solid 
line on the right. 

This drag model gives a mixing ratio of 
n(O)/n(CO,) of 0.023 at 124 km where the 
eddy diffusion coefficient is estimated to 
be 107 cm'/sec. This 124-km turbopause 
model gives the following number den- 
sities at 144 km: n(CO2) = 3.5 x 10", 
ii(O) = 1.8 x 10', and /i(CO) = 4.7 x 
108. On the other hand, if the turbopause 
is assumed to be 144 km, the following 
number densities are required at 144 km 
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Fig. 1. Variation of density (solid line, bottom scale) and composition (dashed lines, top scale) 
of the Venus upper atmosphere model with exospheric temperature of 350 K, turbopause at 124 
km, and mixing ratio of O/CO2 of 0.023 and of O/CO of 1 at the turbopause. Tracking error bars 
(1 o-) are shown for the drag data points when errors exceed 2 percent. The P numbers represent 
the daily periapsis number from 8 to 16 December 1978. 

to fit the observed total densities: 
n (C,02) = 2.5 x 10 , n (O) = nI(CO) = 
1.5 x 10". If one assumes a 144-km tur- 
bopause, the eddy diffusion coefficient 
exceeds 10" because of the low densities. 
For the range of assumed turbopauses 
between 124 and 144 km, in order to fit 
the observed density profile atomic oxy- 
gen must be the major species above 160 
km and the mixing ratio n(O)/n(CO.,) at 
144 km is between 0.5 and 0.6. Mixing 
ratios are insensitive to assumed con- 
stant values of CJ), m, or S. If the as- 
sumed exospheric temperature is low- 
ered, the required mixing ratio at 144 km 
increases. Decreases of density with 
time during this 8-day interval could re- 
sult in an overestimate of scale height 
and mixing ratios, but data clustered 
near 188 km, 177 km, and 161 km do not 
show evidence of such a temporal varia- 
tion. Furthermore, a comparison of pre- 
liminary measurements of the orbiter 
neutral mass spectrometer of n(CO) and 
n(CO2) from 7 and 8 December 1978 (8) 
indicate that if the density of CO plus 
CO., is substracted from the drag-deter- 
mined total density, the oxygen values 
deduced near 179 km are within 25 per- 
cent of the 124-km turbopause drag mod- 
el and within 10 percent of the 144-km 
turbopause drag model. 

The high mixing ratio at 144 km may 
be the result of a low turbopause or cir- 
culation toward the nightside causing a 
buildup of atomic oxygen (7, 9) similar to 

the winter enhancement of atomic oxy- 
gen in Earth's atmosphere (10). A low 
turbopause altitude and a correspond- 
ingly low eddy diffusion coefficient 
would allow hydrogen to reach higher 
concentrations in the exosphere than has 
been observed unless a very effective 
nonthermal escape mechanism exists 
(11). An effective nonthermal escape 
mechanism for hydrogen could imply a 
major depletion of H.,O over geologic 
time (12). The high atomic oxygen con- 
centrations may lead to significant exo- 
spheric cooling through vibrational and 
rotational excitation of CO. and may par- 
tially account for the cool exosphere (7). 

The arguments of Bauer and Hartle 
(13) indicate that previously observed 
electron densities are not inconsistent 
with high concentrations of atomic oxy- 
gen when compression of the ionosphere 
by the solar wind is taken into account. 
Observations of 1304 and 1356 A emis- 
sions are also not inconsistent with the 
high atomic oxygen concentrations (14). 

It is of interest to compare total ob- 
served densities with various atmospher- 
ic models. The Kumar-Hunten model for 
350 K (6) gives total densities which are a 
factor of 15 greater at 160 km and a fac- 
tor of 4 greater at 190 km than indicated 
by the drag-measured densities. How- 
ever, that model is consistent with the 
atomic oxygen concentrations we have 
calculated. The NASA model 1 (15) is 
higher by a factor of 4.5 at 160 km and 
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Fig. 2. Variation of atmospheric density normalized to 155 km and inferred exospheric temper- 
atures based on the model of Fig. 1. Tracking error bars (1 cr) are shown when errors exceed 2 

3.9 at 190 km than the observed den- 
sities. The Dickinson-Ridley terminator 
model (solar zenith angle, 90?) (6) is 0.8 
of the drag model near 160 km. The Mayr 
model (9) is a factor of 4 denser than the 
drag model at 160 km. 

During the period 17 December 1978 
through 1 January 1979, the effective alti- 
tude of measurement remained within 4 
km of 155 km. As a result, during this pe- 
riod vertical structure could not be in- 
vestigated. However, by normalizing all 
the data to an altitude of 155 km, tempo- 
ral variations could be studied. To nor- 
malize the data to a fixed altitude, the 
exospheric temperature of the 124-km 
turbopause model was allowed to vary. 

The resulting atmospheric densities 
and inferred exospheric temperatures 
consistent with the drag measurements 
are shown in Fig. 2. The date and corre- 
sponding local solar time of the measure- 
ments are also shown. The effect of 16 
tracking errors is indicated. The most re- 
markable feature in this figure is the 
sharp drop in densities and inferred tem- 
perature between 22 and 23 December at 
exactly the local solar time of the eve- 
ning terminator. After the sharp drop 
(over only 6 minutes of local solar time) 
inferred exospheric temperatures re- 
mained below 200 K and averaged 118 
K. If one considers that the boundary 
condition temperature at 115 km was 149 
K, this low mean temperature at 155 km 
would not suggest a rise in temperature 
with altitude characterisitc of a planetary 
thermosphere or, in other words does 
not give evidence of a nighttime thermo- 
sphere. Apparently dynamical, chem- 
ical, and radiation processes on Venus 
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are not capable of maintaining a signifi- 
cant positive temperature gradient above 
115 km after sundown. 

Solar activity variations may play an 
indirect role in varying nighttime condi- 
tions. A sharp drop in solar proton peak 
speed from 730 to 380 km/sec occurred 
between 22 and 25 December (16) during 
the period of largest change in atmo- 
spheric density and inferred temper- 
atures. During that period densities at 
155 km dropped by a factor of 8.7. Fur- 
thermore, on the basis of provisional 
10.7 cm solar flux received at Earth, min- 
imum values in the direction of Venus 
should have occurred on 25 December, 
the day of minimum inferred exospheric 
temperatures. Although solar activity 
variations may indirectly affect the night- 
side of Venus, the sustained low den- 
sities and inferred temperatures are in- 
dicative of the diurnal variation. 

The "nighttime" (1802 to 1901 local 
solar time) average temperature of 118 K 
inferred from the drag data is in good 
agreement with Lyman a measurements 
of exospheric temperature from Mariner 
5 which indicate a temperature of 150 
? 50 K at solar zenith angles greater 
than 90? (17). On the dayside, all of the 
inferred exospheric temperatures deter- 
mined from the drag data exceeded 200 
K and the average value for the period 8 
through 22 December was 297 K, in 
agreement with preliminary estimates of 
275 to 350 K exospheric temperature 
from various Pioneer Venus experiments 
(18). 

These first satellite drag measure- 
ments have thus yielded substantial new 
information concerning the nature of the 

upper atmosphere of Venus. The high 
atomic oxygen concentrations detected 
may be indicative of a low eddy diffusion 
coefficient. A low eddy diffusion coeffi- 
cient suggests that the low hydrogen 
concentrations in the Venus exosphere 
must result from nonthermal escape of 
hydrogen. This in turn could cause large 
depletions of H2O over geologic time. 
The low exospheric temperatures on Ve- 
nus may also be partially due to the high- 
er atomic oxygen concentrations provid- 
ing increased excitation and radiative 
cooling of CO>. Our evidence indicates 
that dynamical, chemical, and radiation 
processes on Venus are not capable of 
maintaining a nighttime thermosphere. 
The disappearance of the thermosphere 
apparently occurs very near the evening 
terminator. There are indications that 
the neutral upper atmosphere may re- 
spond significantly to solar activity and 
solar wind variations. 
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