tional potential (AU) for Earth, moon,
and Mars are approximately described
by the Kaula rule (I5): V% (AU) =
AQ¢ + 1D1071°¢~1, where A is a con-
stant. Such a power law can be explained
by a random distribution of density anom-
alies (16). Mars departs significantly from
this rule for the second and third har-
monics because of the Tharsis gravity
anomaly (10, 11). The best fit of the Kaula
rule for the Earth harmonics plotted in
Fig. 4 shows an excess of gravity in the
vicinity of the sixth harmonic. This cor-
responds to the second harmonic Fourier
spectral peak shown in Fig. 3 and can be
considered a nonstochastic component,
related to, as previously discussed, plate
boundaries and regions of enhanced man-
tle flow. The Venus harmonics are also
fairly well described by a Kaula rule; the
constant A is about 1.5 times that for
Earth, but we do not consider this signif-
icant. There is a deficiency of power
around the sixth harmonic for Venus and
an excess for higher harmonics. If the
gravity field of the region of Venus thus
far sampled arises from dynamic pro-
cesses in the mantle, such processes
must take on a different planform than
for the whole Earth. Certainly, anoma-
lies comparable in magnitude and spac-
ing to the largest dynamically related
anomalies on Earth are absent from this
portion of Venus. The enhanced Venus
spectrum for harmonics greater than
eight may indicate a shift to shorter
wavelengths for these phenomena. Al-
ternatively, this enhanced portion of the
spectrum may indicate an origin from a
lithosphere thicker than that of Earth.
Further elucidation of the origin of these
long-wavelength anomalies must await
detailed comparison with the surface tec-
tonics as revealed by radar imagery and
altimetry.
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Ionosphere of Venus: First Observations of

Day-Night Variations of the Ion Composition

Abstract. The Bennett radio-frequency ion mass spectrometer on the Pioneer

Venus orbiter is returning the first direct composition evidence of the processes re-
sponsible for the formation and maintenance of the nightside ionosphere. Early re-
sults from predusk through the nightside in the solar zenith angle range 63° (dusk) to
120° (dawn) reveal that, as on the dayside, the lower nightside ionosphere consists of
F, and F, layers dominated by O,* and O*, respectively. Also like the dayside, the
nightside composition includes distributions of NO*, C*, N*, HY, He*, CO,", and
28% (a combination of CO* and N,%). The surprising abundance of the nightside
ionosphere appears to be maintained by the transport of O" from the dayside, lead-
ing also to the formation of O," through charge exchange with CO,. Above the exo-
base, the upper nightside ionosphere exhibits dramatic variability in apparent re-
sponse to variations in the solar wind and interplanetary magnetic field, with the
ionopause extending to several thousand kilometers on one orbit, followed by the
complete removal of thermal ions to altitudes below 200 kilometers on the succeed-
ing orbit, 24 hours later. In the upper ionosphere, considerable structure is evident in
many of the nightside ion profiles. Also evident are horizontal ion drifts with veloci-
ties up to the order of 1 kilometer per second. Whereas the duskside ionopause is
dominated by OF, H" dominates the topside on the dawnside of the antisolar point,
indicating two separate regions for ion depletion in the magnetic tail regions.

An investigation of the composition of the period December 1978 through

the nightside ionosphere of Venus has
been performed with results from the
Pioneer Venus orbiter ion mass spec-
trometer (OIMS) experiment. These re-
sults are based on data obtained during

March 1979. In this period, the location
of periapsis (fixed in latitude at 18°N)
precessed from a solar zenith angle
(SZA) of ~63° at insertion on 5 Decem-
ber 1978, through the highest SZA
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(~165°) on 16 February 1979, to the
dawnside (SZA = 100°) on 24 March
1979.

The initial characteristics of the day-
side ionosphere observed in the SZA in-
terval of 70° to 90° have been presented
(1). Relative to the earlier dayside re-
sults, perhaps the most significant night-
side feature observed to date is the re-
markable abundance and extent of the
ionization observed deep in the nightside
region, in spite of the long Venus night
(equivalent to 58 Earth days). As shown
in Fig. 1, a comparison of representative
dayside ion distributions from orbit 12
(SZA = 80°) with those from the night-
side orbit 59 (SZA = 150°) reveals a
nightside composition surprisingly simi-
lar in several ways to that of the dayside,
with the ions O* and O,* forming the
nightside F, and F, layers, respectively,
as was the case on the dayside. Both the
heights and concentration levels of the
peak layers are found to vary relative to
the dayside values.

Aside from the obvious similarities,
several important differences are noted
in the day-night composition results.

First, a general tendency is observed
for a depletion of the high-latitude iono-
sphere (inbound passes: northern hemi-
sphere) relative to lower latitudes (out-
bound passes: crossing equator, into
southern hemisphere). Owing to this rel-
atively greater abundance of low-latitude
ionization (2), in this report we have con-
centrated on the equatorial-southern
hemisphere observations.

A second day-night variation is a sig-
nificant increase in the relative role of
the light minor ion H*, with the ratio of
H*/O* increasing strongly with SZA, as
shown in Fig. 2. At 250 km this ratio in-
creases from about 3 x 1073 at SZA =
70° to a value approaching unity near
SZA = 180°. As the orbit moves dawn-
ward beyond the antisolar point, H*/O*
continues to increase, peaking near
SZA = 140°, decreasing thereafter. A
significant consequence of the asymmet-
ric diurnal variation in the ratio H*/O* is
that the nightside ionopause, defined as
the high-altitude depletion of the major
ion species, is identified by Ot as the
dominant constituent in the dusk to mid-
night sector and by H* as the major top-
side ion in the midnight to dawn sector.

A third composition change is that of
the relative prominence of NO* within
the group of molecular ions. With in-
creasing SZA, the ratio NO'/O,* in-
creases, approaching unity in the F, lay-
er, near the antisolar point. The fact that
on the nightside NO™ continues to in-
crease with decreasing altitude after the
O,* distribution peaks near 150 km in-
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Fig. 2. The variation of [H*]/[O*] observed at
250 km, as a function of SZA. Note that
this ratio peaks asymmetrically in the dawn
sector near 140°, and is declining rapidly
at 100°, the position of latest available data.

dicates that NO* may be the dominant
constitutent of an E-layer, peaking be-
low the orbiter periapsis, and perhaps
consistent with the occultation observa-
tions of an ionization peak near 140 km
(3). This compositional change is associ-
ated with the fact that whereas all of the
molecular ions, including O,*, NO*, 28+
(CO* + N,*), and CO,* decrease with
increasing SZA, the relative diurnal de-
crease of the other molecular ions ex-
ceeds that of NO*. In particular, in the
altitude range 150 to 200 km, the heaviest
molecular ion, CO,", falls on the night-
side to concentrations near the limiting
sensitivity of the OIMS (about five ions
per cubic centimeter).

Another outstanding feature of the

nightside ionosphere is the dynamic vari-
ability of the upper region, above about
160 km. Although the nightside ioniza-
tion occasionally reaches conditions of
relative calm resembling equilibrium
conditions, such as in the case of orbit 59
shown in Fig. 1, the nightside ion distri-
butions are at other times drastically re-
duced in concentration and highly struc-
tured in time and space. An example of
this extreme variability is given in Fig. 3,
in which the distributions of representa-
tive ions are plotted for three different
states of ionospheric stability. As exhib-
ited by the profiles obtained on orbits 55,
59, and 60, the ionosphere may be ob-
served to be in the extreme states of: (i)
reduced, barely detectable thermal ion-
ization down to about 160 km; (ii) well
established ionization, with features sim-
ilar to the dayside but with generally re-
duced concentrations (for example, orbit
59 of Fig. 1); and (iii) transition in which
the concentration of the dominant ion O
decreases to values between 10 and 103
ions per cubic centimeter with highly
variable space and time characteristics.
Further evidence of the nature of the
variability is given in Fig. 4, which
shows that within the spacing of succes-
sive orbits (24 hours), a well-established
nightside ionosphere (orbit 54) may be
depleted such that thermal ions are bare-
ly detected, in this case down to an alti-
tude of 160 km. In the case of orbit 54,
the profile of the dominant ion O% in-
dicates a substantial ionospheric enve-
lope extending to approximately 1000
km where the pronounced increase in
structure in the profile indicates the in-
tersection of the outbound leg of the or-
bit with a zone of streaming plasma ac-
celerated to high velocities by inter-
action with the solar wind. In the
intermediate region between the lower
ionosphere and the ionopause, pro-
nounced structures in the ion distribu-
tions are frequently observed. Associat-
ed with such structural irregularities is
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evidence of the presence of strong and
variable ion flow velocities, which may
range from hundreds of meters per sec-
ond to several kilometers per second.
Such variable ion flows are sometimes
superimposed on a general trend of in-
creasing ion flow velocity detected as the
satellite moves outward from the planet,
approaching the solar wind region. The
detection of these ion flows by the OIMS
is one-dimensional, along the axis of the
instrument.

Maintenance of the nightside ioniza-
tion. The foregoing characteristics pro-
vide important clues for understanding
the processes of formation and mainte-
nance of the nightside ionosphere. The
fact that (i) an extensive ionosphere is
sometimes observed, similar in composi-
tion to that of the dayside, and (ii) hori-
zontal ion drifts with velocities up to the
order of kilometers per second are ob-
served in the upper ionosphere, above
the exobase, prompts the view that sub-
stantial nightside ionization may be sup-
plied directly by way of transport from
the dayside.

The composition and maintenance of
the main nightside ion peak has been a
controversial issue (¢-6) ever since the
first radio occultation measurements
were made from Mariner S (7). Because
of the rapid disassociative recombination
rate for molecular ions, their simple
transport from day to night was generally
ruled out as the source (in view of the
unrealistically large horizontal flow ve-
locity required) while impact ionization
of the neutral atmosphere by energetic
electrons of solar wind origin was con-
sidered the most likely source for the
main layer (6). From the observed con-
centrations of O*, O,*, and CO, (8) it is
now apparent that a significant source
mechanism for maintaining the nightside
O,* layer is through the reaction
O* + CO, —» O,* + CO, where the
copious supply of O* found on the day-
side is transported above the exobase in
sufficient quantity to the nightside where
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it diffuses downward. A preliminary esti-
mate for the flow velocity of O* at the
terminator, required to maintain the O,*
layer at night, yields a value of the order
of 100 m/sec. This represents only a min-
imum value for the O* velocity since sig-
nificant additional ion flow is required to
supply the ionosphere above the exo-
base. This is consistent with electrody-
namic calculations by Cloutier and Dan-
iell (9) which predict ion flows ranging
from 100 m/sec near the exobase to sev-
eral hundred kilometers per second at
higher altitudes. Thus, while we are not
now taking a stand on the question of the
possible contributions of energetic par-
ticle ionization, it seems clear that bulk
transport of dayside ionization is suf-
ficient to produce the observed nightside
ionization.

Above the neutral exobase, where the
ionospheric plasma flows freely in re-
sponse to electrodynamic forces induced
by the solar wind, the ion concentrations
decrease with increasing SZA, while re-
maining in approximately the same pro-
portion, with the exception of NO* and
H*. Since chemical loss is negligible in
this region, this behavior must be ex-
plained by strong day-to-night plasma
convection, where even modification of
the ion profiles by vertical diffusion is
weak. In this case, conservation of ion
flow along a flow tube implies that the
product of the cross-sectional area of the
flow tube times the velocity increases
since the ion density decreases, indi-
cating an expansive flow or an increasing
velocity, or both, as the ionosphere is
convected from the dayside to the night-
side. This flow region, of course, is high-
ly dynamic and structured, wherein the
flow tubes are expected to expand and
contract and experience transverse mo-
tion in response to the solar wind. Such
dynamic behavior in its extreme is the
case (see Fig. 3) where the ionosphere is
completely swept away by the solar
wind.

The diurnal changes in composition,

involving both H* and NO*, also provide
clues for the nightside maintenance. In
the case of NOT, the surprising nightside
abundance of this ion is as yet unex-
plained. As has been recognized in the
terrestrial ionosphere, however, chem-
ical reaction rates responsible for the
production of NO* are significantly en-
hanced under conditions of flow (/0).
While this process may in part be re-
sponsible for the observed relative en-
hancement in NO*, it is apparently not
sufficient to explain the observed con-
centrations, and this problem will re-
quire further study.

In the case of H*, there are at least
two mechanisms contributing to the in-
crease in the concentration ratio [H*})/
[O*] with SZA on the nightside, both re-
sulting from lateral transport of O* from
the dayside. One involves the charge ex-
change equilibrium mechanism between
neutral and ionized species of H and O
operative below the exobase, where
the ratio [H*]/[O*] « [H)/[O], involving
downward diffusion of O*. On the night-
side, the light constituent H is expected
to increase with SZA because of a com-
bination of day-to-night advection and
exospheric return flow (/7). The concen-
tration of H is also expected to reach a
maximum in the morning sector as a re-
sult of atmospheric rotation. Further-
more, preliminary observations of O by
the orbiter neutral mass spectrometer
have revealed that O decreases with in-
creasing SZA on the nightside, reaching
a minimum value near the antisolar point
(8). Thus, [H)/[O] increases with SZA in
the dusk sector and is consistent with the
increasing trend in [H*]/[O™"] there (even
though O* continues to be the dominant
topside ion at dusk). A second mecha-
nism takes place just above the exo-
base, where the charge exchange equi-
librium breaks down and the production
rate for H* by Of + H— H* + O is
expected to exceed its loss rate by
H* + O — O* + H. This occurs princi-
pally because the scale height for O ex-
ceeds that for O and because H* diffuses
upward rapidly, avoiding its O sink. In
this case, as O* and H* flow across the
nightside, we expect this mechanism to
contribute to an increase in the ratio of
[H*]/[O7] along a flow tube since more
H™ is added to the flowing plasma than is
lost.

We cannot now distinguish which
mechanism is most important because of
the lack of quantitative detail on the flow
geometry and the charge exchange pro-
cess. In the height region where charge
exchange equilibrium becomes well es-
tablished, the H* densities are low and
approach the limits of instrument sensi-
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tivity. Thus, a definitive measure of the
H density ratio awaits further statistical
analysis. However, we give a prelimi-
nary estimate of the night-to-day H den-
sity ratio of the order of 10.

The further buildup of H* toward the
dawnside, where it becomes the domi-
nant topside ion, sets up a situation that
has similarities to the polar wind on
Earth, where the light ion H* is pro-
pelled upward away from the planet by
the polarization electric field produced in
the presence of the heavier ion O*. If H*
is to escape in this manner to form a ‘‘tail
wind’’ on Venus, it must occur in a re-
gion which presents the least resistance
or back pressure. This may actually be
the case in the postmidnight region
where H*/O* reaches a maximum and
where the ionopause is observed to ex-
hibit some of its highest elevations on the
nightside; that is, the dawnside plasma
bulge previously identified by Brace et
al. (2). This is a likely region for H* to
escape along open magnetic flux tubes
because the higher H* can extend the
more likely it is to merge with the mag-
netic flux tubes that are directed anti-
sunward (down the tail). Similarly, on
the duskside, where OF is the dominant
constituent in the dusk plasma bulge, a
tail wind of O* may be present that
would be accelerated upward by the po-
larization electric field it experiences in
the presence of O,*. Altogether, we may
expect OF to escape down the tail pre-
dominately from the duskside while H*
escapes predominately from the dawn-
side.
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Initial Observations of the Nightside Ionosphere
of Venus from Pioneer Venus Orbiter Radio Occultations

Abstract. Pioneer Venus orbiter dual-frequency radio occultation measurements
have produced many electron density profiles of the nightside ionosphere of Venus.
Thirty-six of these profiles, measured at solar zenith angles (x) from 90.6° to 163.5°,
are discussed here. In the ‘‘deep’’ nightside ionosphere (x > 110°), the structure and
magnitude of the ionization peak are highly variable; the mean peak electron density
is 16,700 + 7,200 (standard deviation) per cubic centimeter. In contrast, the altitude
of the peak remains fairly constant with a mean of 142.2 + 4.1 kilometers, virtually
identical to the altitude of the main peak of the dayside terminator ionosphere. The
variations in the peak ionization are not directly related to contemporal variations in
the solar wind speed. It is shown that electron density distributions similar to those

~observed in both magnitude and structure can be produced by the precipitation on

the nightside of Venus of electron fluxes of about 108 per square centimeter per sec-
ond with energies less than 100 electron volts. This mechanism could very likely be
responsible for the maintenance of the persistent nightside ionosphere of Venus,
although transport processes may also be important.

The first results of the Pioneer Venus
orbiter radio occultation experiment,
which described the nature of the polar
ionosphere of Venus near the termi-
nator, have been published (/). These

earlier measurements were made near
the terminator at solar zenith angles (x)
ranging from 86.0° to 93.0°. The results
reported here were obtained from mea-
surements taken on the nightside of Ve-
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Fig. 1. Electron density profiles in the nightside ionosphere of Venus at solar zenith angles
greater than 110°. The electron density scales are linear and extend to 2 x 10* cm™3.
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