apsis on orbit 2. The ground analysis de-
rives T, by fitting a theoretical function
to the points measured within the ex-
ponential portion of the curve 2); N, is
derived from the amplitude of the elec-
tron current collected when a fixed posi-
tive potential is applied after each curve
is obtained (not shown in Fig. 2).

Although the spacecraft travels both
horizontally and vertically through the
ionosphere, its horizontal uniformity and
the eccentricity of the orbit are probably
sufficient to permit us to view the mea-
surements in terms of altitude structure.
Thus, after the onboard temperatures are
normalized to those derived by computer
fitting of stored curves, the inbound mea-
surements from two orbits were plotted
against altitude in Fig. 3. These orbits
were selected to illustrate the ionosphere
response to both quiet and disturbed so-
lar wind conditions. Orbit 4 correspond-
ed to a nominal solar wind pressure of
1.9 X 107 dyne c¢cm™2, and orbit 9 oc-
curred after a solar flare when the solar
wind pressure was 1.8 X 1077 dyne cm 2
“@).

The smooth profiles of orbit 4 suggest
that during times of low solar wind pres-
sure direct solar wind heating may be
taking place only at the top of the iono-
sphere. The T, profile is consistent with
the deposition of an energy of 3 x 10
eV cm™? sec”!' at the ionopause, with
vertical heat conduction maintaining the
steep gradients of T, observed through-
out the ionosphere. This profile is similar
to the theoretical ones calculated by
Chen and Nagy (5) and Cravens et al.
6), which assumed that the ionosphere
contains no magnetic field. Since the qui-
et solar wind energy flux at Venus is
probably about 10" eV c¢cm ™ sec™!, the
observed T, could be maintained if less
than 5 percent of this energy is coupled
to the ionosphere. Russell (7) has esti-
mated that 29 percent of the solar wind
energy may be absorbed by Venus at
times. The more disturbed profiles of or-
bit 9 illustrate the havoc that was
wrought upon the ionosphere by intense
solar winds that followed a solar flare on
11 December. The ionopause moved in-
ward, and wavelike structure was evi-
dent in both the T, and N, profiles.

The various mechanisms for solar
wind-ionosphere interactions were re-
viewed by Michel (8), and more recently
by Bauer (9). Most such mechanisms in-
volve a magnetic field induced at the ion-
opause by compression of solar wind
magnetic fields or by currents flowing in

the ionosphere itself. Thus it may be in-

structive to compare the static magnetic
field pressure from Pioneer Venus orbit-
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er magnetometer measurements (/0)
with the static plasma pressures calcu-
lated for OETP measurements. In Table
1 we show the calculated plasma pres-
sure at the inner edge of the ionopause,
N.k (T, + T), and the magnetic pres-
sure, B8, just outside the ionopause
for four inbound crossings; B (the local
magnetic field strength), N, and T, were
measured, and the ion temperature (7))
was assumed equal to one-half of T, (/7).
It is clear that the magnetic pressure bal-
anced the ionospheric pressure within a
factor of 2, thus suggesting that the in-
duced magnetic field plays an important
role in the transfer of solar wind pressure
to the ionosphere.

Large variations in ionopause height
and shape have been noted during the 3-
week period for which we now have
data. Figure 4 records the ionopause
heights as a function of solar zenith angle
for all orbits available at this writing. The
bars indicate the thickness of the iono-
pause, with the top of the bar indicating
the N, background and the bottom of the
bar indicating the knee at the top of the
ionosphere. The height of the ionopause
varied from 250 to 1000 km, and its thick-
ness varied from a few kilometers to
many hundreds of kilometers. The height
variation of the ionopause with solar ze-
nith angle, if any, was smaller than the
day-to-day variation observed. The be-
havior was equally variable inbound and
outbound. The apparent lack of iono-
pause height variation with solar zenith
angle is perhaps surprising, as the iono-

pause had been expected to rise near the
terminator where solar wind flow is tan-
gential to the ionosphere, thus exerting
reduced pressure (/2).
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The Polar Ionosphere of Venus Near the Terminator from

Early Pioneer Venus Orbiter Radio Occultations

Abstract. Fourteen profiles of electron density in the ionosphere of Venus were
obtained by the dual-frequency radio occultation method with the Pioneer Venus
orbiter between S and 30 December 1978. The solar zenith angles for these measure-
ments were between about 85° and 92°, and the latitudes ranged from about 81° to 88°
(ecliptic north). In addition to the expected decrease in peak electron density from
about 1.5 X 10°t0 0.5 X 10° per cubic centimeter with increasing solar zenith angle, a
region of almost constant electron density above about 250 kilometers was observed.
The ionopause height varies from about 300 to 700 kilometers and seems to be influ-
enced by diurnal changes in solar wind conditions. The structures of the profiles are
consistent with models in which O," dominates near the ionization peak and is re-

placed by O at higher altitudes.

The Pioneer Venus orbiter mission,
described elsewhere in this issue (/),
provides an opportunity for the observa-
tion of approximately 80 consecutive ra-
dio occultations. These observations will
eventually provide the means for deter-
mining temporal and spatial trends in the
ionospheric and atmospheric structure of
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Venus from the comparisons of profiles
derived from adjacent occultations.
Four separate types of measurements
can be derived from the analysis of the
downlink S- and X-band radio signals
from the orbiter: (i) the frequency of
each of the two signals is precisely re-
corded, yielding changes in the Doppler
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shift due to refraction in the planetary at-
mosphere; (ii) the difference between the
two downlink frequencies can be com-
puted, vyielding an indication of the
plasma concentration along the ray path;
(iii) the strength of the two signals is
measured to determine how much ener-
gy is lost through absorption and scatter-
ing in the atmosphere at two different
frequencies; and (iv) the scintillation of
the media. We present here results ob-
tained from only the differenced Doppler
data from the phase-locked-loop receiv-
ers at Deep Space Net station 14 at Gold-
stone, California.

The spacecraft orbit is highly eccen-
tric, with a periapsis altitude as low as
150 km and an apoapsis altitude of about
67,000 km. The projections of the orbiter
trajectories on a plane normal to the
Earth-Venus line of sight are shown in
Fig. 1; also shown are the disk of Venus
and the position of the terminator at the
beginning of the mission. The occulta-
tion data reported here were obtained
from the entry portion of the first 26 or-
bits, which occurred between 5 and 30
December 1978 and covered ecliptic
northern latitudes ranging from about 81°
to 88° (see Table 1). Because the first 80
occultations occur near periapsis, the

OCCULTATIONS
REPORTED
HEREIN ——.

SPACECRAFT
DIRECTION OF

VENUS AS
SEEN FROM

Fig. 1. Projections of the Pioneer Venus or-
biter trajectories on a plane normal to the
Earth-Venus line of sight (first occultation
season).

spacecraft is quite close to the planet and
the limb-to-spacecraft distance ranges
from about 3600 to 4500 km. The radial
velocity of the Earth-spacecraft line of
sight relative to Venus is approximately
6.5 km/sec. The latitude-longitude cov-
erage expected from the Pioneer Venus
orbiter occultations is presented in Fig.
2.

The orbiter spacecraft, which is de-
scribed in more detail in (2), contains
two features designed specifically for ra-
dio science, namely, (i) a coherent X-
band transponder and (ii) a despun, two-
axis, steerable high-gain antenna which
is programmed by commands to fol-
low the direction of the refracted ray
throughout each occultation.

The results described here were ob-
tained from 14 of the first 26 occultation
entries. The dual-frequency (3) differen-
tial Doppler ¢) method was used for a
combined analysis of the S-band (2294
MHz, 13.06 cm) and X-band (8411 MHz,
3.56 cm) data. The differenced Doppler
observable is sensitive only to plasma
content along the propagation path,
which includes the interplanetary medi-
um and Earth’s ionosphere along with
the objective of the measurement, the
ionosphere of Venus. The small, long-
term fluctuations in the differenced Dop-
pler observable caused by effects other
than plasma in the ionosphere of Venus
are first removed by least-squares fitting
a straight line to a portion of the data
well outside the Venus ionosphere. Typi-
cally, the phase fluctuations in free-
space data relative to a straight-line fit
show maximum excursions of less than

Table 1. Selected parameters of the Venus polar ionosphere.

Date  Solar Peak Peak Plasma top side  lono-  Lower IB(;V;’EF
Orbit  (De-  zenith Lati-  alti- elect(on scale height pause peqk electron
num- cem- angle, tude tude density (km) alti- alti- density Remarks
bers  ber X (deg) 9z, (oS x Lower  Unner “‘de” tude, o
p <p -
1978)  (deg) (km) 10-5) H. Il_';i km)  (km) (crl% _: )><
1 S 84.8 80.7 138 20.4 70.8 ~300 125 6.0 “*Normal’’ appearance
3 7 85.2 81.1 141 18.1 59.9 ~700 128 7.2 Unusual *‘scalloped’” structure, 270
to 660 km; three broad peaks of
~3 X 103cm™3, at ~380, 470,
and 590 km
4 8 85.4 81.3 139 1.62 16.3 40.0 ~550 126 6.9 “*Normal”
5 9 85.5 81.5 141 1.58 16.2 45.1 ~500 126 6.8 “*Normal”’
9 13 86.3 82.4 153* 1.7 18.8 32.5, ~530 140* 7.8 Vertical ledge at 6.7 X 10* cm™3, 200
52.3 to 215 km, day of the solar flare
10 14 86.5 82.7 143 1.55 37.0, 32.3 ~470 127, 7.1, Ledge at 260 km, constant
18.3 113 1.6 at 1.1 X 10*cm™, 230 to 260 km
13 17 87.2 83.7 145 1.38 20.4 131.6, ~630 126 6.5 + Ledge at 260 km, constant at 6.8 X
32.4+ 103cm™3, 350 to 500 km
14 18 87.5 83.9 145 1.23 13.5 46.7 ~450 129 4.7 **Normal’’ appearance, similar to
orbits 1, 3, and 4
17 21 88.3 84.9 145 1.10 18.3 57.1 ~450 128 4.1 Ledge at 330 km, constant at 3.2
X 10% cm™3, 330 to 430 km
18 22 88.6 85.2 147 0.97 19.2, + ~570 134 4.0 + Varying between 1 X 10%and 3.2 X
31.3 103 cm™3, 250 to 500 km
19 23 88.9 85.6 144 0.87 15.9 + ~560 132 3.5 + Varying between 2 X 103and 6 X
103cm™3, 250 to 550 km
21 25 89.7 86.7 145 0.76 18.6, + ~450 129 1.7 + Varying between 3.2 X 10% and 5
35.1 X 103cm™3, 250 to 430 km
23 27 90.6 87.7 147 0.69 23.7 + ~470 131 2.2 + Nearly constant at ~ 10* cm™3,
230 to 390 km
26 30 91.7 88.3 144 0.52 14.5, + ~510 128 1.1 + Nearly constant at ~3.2 X 103
44.3 cm™3, 250 to 430 km

*May not be significant because of uncertainties in the orbit solution introduced by solar activity (/0).
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0.1 cycle at S-band (1.3 ¢m), although on
days of high solar activity these fluctua-
tions have been observed to increase by

about a factor of 5. The data are then in- ’

verted by means of the Abel integral
transformation method (5) to obtain elec-
tron density profiles of the Venusian ion-
osphere. In the inversion technique com-
plete spherical symmetry is assumed,
and, although the ray paths are almost
parallel to the plane of the terminator,
the results show some evidence of asym-
metry.

Seven of the profiles, representing or-
bits 1, 4,9, 13, 17, 21, and 26, are shown
in Fig. 3. This composite of profiles
shows graphically the changes in the
structure of the ionosphere as the solar
zenith angle (x) changes from 84.8° for
orbit 1 to 91.7° for orbit 26. The most ob-
vious change is the appearance of a re-
gion of nearly constant electron density
between altitudes of about 250 to 500 km
in the near-terminator profiles beginning
with orbit 17. Some quantitative parame-
ters as well as qualitative remarks de-
scribing all 14 of the profiles that were
analyzed are given in Table 1. The main
ionization peak remains in the range
from 138 to 147 km throughout the obser-
vation, whereas the peak electron den-
sity, which at first ranges from about
1.5 X 10° to 1.7 X 10°> cm™, rapidly be-
gins to decrease when x falls below 87°
and reaches a value of about 5 x 10¢
cm™ at a x of 91.7°. There is also in
every case a subsidiary lower peak
which ranges in altitude from about 125
to 134 km and which decreases in density
from about 7 x 10* cm™ for the initial
orbits to about 10* cm~ for the measure-
ment for orbit 26.

The plasma scale heights computed
from these electron density profiles are
quite variable from day to day, suggest-
ing considerable diurnal variability in the
plasma temperature above the maximum
of ionization. In Table 1, two values of
the topside plasma scale height are giv-
en, the lower and the upper scale height,
because in most of the profiles at least
two distinct regions of constant scale
height are discernible. The lower scale
height, ranging from 13.5 to 37 km, prob-
ably represents a region in which O, is
the dominant ion. The upper scale
heights are even less consistent than the
lower scale heights, ranging in value
from 32.4 to 70.8 km, and may represent
regions in which O* is dominant. Since
there is evidence that the regions of the
ionosphere between 140 and 220 km are
covered by chemical rather than dif-
fusive equilibrium (6), these scale heights
cannot be directly interpreted in terms of
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plasma temperatures. They are related to
neutral temperatures, but assumptions
regarding the ionization process must be
made in order to establish quantitative
relationships.

The ionopause altitude, interpreted
here as the height at which the electron
density reaches the noise level of these
measurements (typically from 102 to 103
cm™) has been quite variable, ranging
from about 300 to 700 km. In most cases
the ionopause appears to be in the range
of 450 to 550 km and appears to be gov-
erned more by diurnal changes in the so-
lar wind conditions than by the chang-
ing x.

The electron density profiles obtained
from orbits 1 through 5 appear qualita-
tively similiar to profiles obtained from
Mariner 5 (4) and Mariner 10 (7). These
profiles, which also compare well with
those obtained from Venera 9 and Ven-
era 10 (8), show a constant gradual de-
crease in the electron density. Instead of
a sharply defined ionopause, there is a
gradual blending of the measured density
with the free-space noise level. This then
can be interpreted as the typical behav-
ior of the daytime ionosphere at values
of x below about 86° to 87°. When x be-

comes greater and the solar illumination
becomes more and more horizontal,
there appears a region of very slowly
changing electron density above 250 km
which continues for 200 to 300 km and
terminates in a sharply defined iono-
pause boundary. All of the electron den-
sity profiles taken at values of x over 88°
showed this property (see Fig. 3 and the
remarks column of Table 1), which is al-
so evident in a profile taken by Venera 9
at a x of 83° (8). Such an extended pro-
file, featuring nearly constant electron
densities to the ionopause, is probably
characteristic of the daytime ionosphere
of Venus near the terminator.

The structures of the electron density
profiles compare well with the current
models of the atmosphere of Venus (6, 9)
in which O,* dominates near the iono-
sphere peak and is replaced by O* at
higher altitudes. These models are sup-
ported by the observation of two regions
of constant scale height above the ioniza-
tion peak with the scale heights differing
by roughly a factor of 2.

Future Pioneer orbiter radio occulta-
tions will make possible many measure-
ments of the nighttime ionosphere of Ve-
nus during the first occultation season
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Fig. 3. Electron density profiles (1,) from entry measurements of orbits 1, 4, 9, 13, 17, 21, and
26. The profiles are staggered by one decade, and the 10° cm ~% level is indicated for each profile.
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ending in February 1979. During the ex-
tended mission in the fall of 1979 over
100 profiles of the daytime ionosphere at
various values of x will be obtained.
ARVYDAS J. KLIORE, RICHARD W00
JOHN W. ARMSTRONG, INDU R. PATEL
Jet Propulsion Laboratory,
California Institute of Technology,
Pasdadena 91103
THoMAS A. CROFT
SRI International,
Menlo Park, California 94025
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Venus Thermosphere: In situ Composition Measurements, the

Temperature Profile, and the Homopause Altitude

Abstract. The neutral mass spectrometer on board the Pioneer Venus multiprobe
bus measured composition and structural parameters of the davside Venus upper
atmosphere on 9 December 1978. Carbon dioxide and helium number densities were
6 X 10 and 5 X 10° per cubic centimeter, respectively, at an altitude of 150 kilom-
eters. The mixing ratios of both argon-36 and argon-40 were approximately 80
parts per million at an altitude of 135 kilometers. The exospheric temperature from
160 to 170 kilometers was 285 = 10 K. The helium homopause was found at an

altitude of about 137 kilometers.

The primary objectives of the neutral
mass spectrometer (BNMS) experiment
on board the Pioneer Venus multiprobe
bus were to study the composition and
temperature of the Venus upper atmo-
sphere. Of particular interest were mea-
surements near the homopause and the
ionospheric peak. The bus passed the
200-km level of the Venus thermosphere
on 9 December 1978 at 40°S celestial lati-
tude, at a local solar time of 0835 hours
and a local solar zenith angle of 60°. Al-
though it descended through the atmo-
sphere at a rather shallow angle the ver-
ticle velocity component of the bus was
still 1.4 km per second at the 150-km lev-
el where the atmospheric pressure scale
height was about 6 km.

The BNMS (/, 2) included a semiopen
electron impact ion source, double-fo-
cusing analyzing fields, four ion detec-
tors (two multipliers and two electrome-
ters), two pumps, and an in-flight cali-
bration system. The combination of

electrometers and ion-counting multi-
pliers together with differential pumping
between ion source and analyzing fields
made it possible to measure particle den-

Table 1. Temperatures as derived from the
measured CO, profile.

Altitude (km) Temperature (K)
200 284
180 281
160 269
150 253
140 221

Table 2. Altitude levels (in kilometers) on
dayside of terrestrial planets (7).

Level Venus  Earth  Mars
Exobase ~180 ~500 ~185
Ionospheric peak 142 270 132
Homopause 137 105 125
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sities over eight orders of magnitude.
Only the maxima of selected mass peaks
were sampled for each 0.1 second. The
mass numbers chosen included those ex-
pected on the basis of our pre-Pioneer
Venus knowledge of the composition of
the Venus atmosphere as well as masses
associated with anticipated impurities.

As the bus approached Venus, the first
gas to be detected was helium at an alti-
tude of about 700 km. Upon sensing a
predetermined level of the mass 28 signal
the instrument switched automatically to
a special low-altitude mass program at
206 km. Data were obtained down to an
altitude of approximately 130 km where
the ion source operated in the 10~* mbar
pressure range. Figure | shows particle
density profiles for CO, and He. The alti-
tude values are preliminary, but are be-
lieved to be accurate to 3 km below an
altitude of 250 km.

The mass 44 signals started to rise rap-
idly below 300 km with a gradient that
increased down to 200 km; at this alti-
tude the gradient stabilized, at a value
corresponding to a scale height of ap-
proximately 6 km. The smaller slope
above 200 km is tentatively attributed to
the contribution of impurities at the mass
44 position, possibly CO, produced by
the reaction of ambient atomic oxygen
with contaminants on the instrument sur-
faces. Below 200 km, however, the am-
bient CO, becomes the dominant con-
tributor to the mass 44 peak, the impu-
rity effect becoming negligible.

The smoothed CO, density profile was
used to derive a temperature for the up-
per thermosphere and exosphere (see
Table 1). Our “‘low”’ dayside exospheric
temperature of 285 K agrees fairly well
with that obtained from the orbiter 3)
and by the ultraviolet spectrometer on
Mariner 10 (4). The value is close to that
predicted by the low-heating-efficiency
model of Dickinson and Ridley (5). How-
ever, it emphasizes that the exosphere
temperature, 7T.., cannot be obtained
from the topside scale height of the iono-
sphere unless the ratio of oxygen atoms
to CO, molecules is known.

The instrument He sensitivity was
successfully calibrated in flight 2 days
before the bus entered the Venus ther-
mosphere. This enables us to place con-
siderable confidence in the absolute He
number densities reported here. At 145
km our absolute density is a factor of 3
greater than that found by Kumar and
Broadfoot (4). At 135 km our ratio for
n(He)/n(CO,), where n is the total num-
ber density, is about 130 ppm and is still
decreasing toward lower altitudes. The
10 ppm mixing ratio derived by Kumar
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