
References and Notes 

1. H. A. Taylor, Jr., et al., Science 203, 752 (1979). 
2. H. B. Niemann, R. E. Hartle, W. T. Kasprzak, 

N. W. Spencer, D. M. Hunten, G. R. Carignan, 
ibid., p. 770; U. von Zahn, D. Krankowsky, K. 
Mauersberger, A. O. Nier, D. M. Hunten, ibid., 
p. 768; A. I. Stewart, D. E. Anderson, Jr., L. W. 
Esposito, C. A. Barth, ibid., p. 777. 

3. W. C. Knudsen, K. Spenner, R. C. Whitten, J. 
R. Spreiter, K. L. Miller, V. Novak, ibid., p. 
757; L. H. Brace et al., ibid., p. 763. 

4. S. J. Bauer, Physics of Planetary Ionospheres 
(Springer-Verlag, New York, 1973). 

5. The reaction rates are taken from standard refer- 
ence works, such as those by P. M. Banks and 
G. Kockarts [Aeronomy (Academic Press, New 
York, 1973), parts A and B]; S. J. Bauer (4); and 
D. G. Torr and M. R. Torr [Rev. Geophys. 
Space Phys. 16, 327 (1978)]. Most of the 
photoionization rate constants (J) are adapta- 
tions for Venus from a recent evaluation for the 
terrestrial thermosphere by K. Kirby, E. R. 
Constantinides, S. Babeu, M. Oppenheimer, 
and G. A. Victor (At. Data, in press). 

6. Double photoionization of O has been proposed 

References and Notes 

1. H. A. Taylor, Jr., et al., Science 203, 752 (1979). 
2. H. B. Niemann, R. E. Hartle, W. T. Kasprzak, 

N. W. Spencer, D. M. Hunten, G. R. Carignan, 
ibid., p. 770; U. von Zahn, D. Krankowsky, K. 
Mauersberger, A. O. Nier, D. M. Hunten, ibid., 
p. 768; A. I. Stewart, D. E. Anderson, Jr., L. W. 
Esposito, C. A. Barth, ibid., p. 777. 

3. W. C. Knudsen, K. Spenner, R. C. Whitten, J. 
R. Spreiter, K. L. Miller, V. Novak, ibid., p. 
757; L. H. Brace et al., ibid., p. 763. 

4. S. J. Bauer, Physics of Planetary Ionospheres 
(Springer-Verlag, New York, 1973). 

5. The reaction rates are taken from standard refer- 
ence works, such as those by P. M. Banks and 
G. Kockarts [Aeronomy (Academic Press, New 
York, 1973), parts A and B]; S. J. Bauer (4); and 
D. G. Torr and M. R. Torr [Rev. Geophys. 
Space Phys. 16, 327 (1978)]. Most of the 
photoionization rate constants (J) are adapta- 
tions for Venus from a recent evaluation for the 
terrestrial thermosphere by K. Kirby, E. R. 
Constantinides, S. Babeu, M. Oppenheimer, 
and G. A. Victor (At. Data, in press). 

6. Double photoionization of O has been proposed 

The Pioneer Venus mission was de- 
signed to provide definitive answers to a 
number of important questions about 
Venus, including those having to do with 
the mechanism of energy transfer from 
the solar wind to the ionosphere and up- 
per atmosphere. In reviewing plans for 
the mission it was noted that the studies 
of simple static pressure balance would 
have to be combined with an analysis of 

dynamical dissipation processes at the 

ionosphere boundary (1), and several of 
the initial reports on data from the Pio- 
neer Venus orbiter made reference to 
this problem. It was shown that the day- 
side ionopause is characterized by an ap- 
proximate pressure balance relationship 
(2-4), and it was also shown that during 
quiet times, the density and temperature 
profiles in the upper ionosphere are con- 
sistent with a topside energy deposition 
on the order of (3 to 7) x 10-2 erg/cm2- 
sec (3, 4). The initial analysis of the wave 
observations suggested that damping of 
100-Hz waves (assumed to be whistler 
mode turbulence) at the ionopause could 
provide an average of 5 x 10-2 erg/cm2- 
sec as a local energy source of iono- 
spheric and atmospheric processes (5). 

In this report we examine critically the 
concept of damping of whistler mode 
waves by ionospheric electrons. We use 
simultaneous, high-time-resolution orbit- 
er measurements of the electron density 
and temperature, the magnetic field mag- 
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nitude, and the 100-Hz wave amplitude, 
and we demonstrate that the Landau 

damping picture has quantitative validity 
at the dayside ionopause. We also dis- 
cuss briefly cyclotron damping and the 

nightside low-altitude observations, 
which are characterized by the detection 
of undamped whistler mode signals ap- 
parently associated with atmospheric 
lightning. 

The initial discussion of wave damping 
by ionospheric electrons was based on 
data averaged over a number of spin pe- 
riods from orbit 4 (5). We have selected 
orbit 3 in order to present the quan- 
titative analysis, and Fig. 1 shows de- 
tails. Figure la contains averages (over 
one spin period) of the 100-Hz power 
levels (more precisely, values of the 
electric field spectral density) from the 
electric field detector. The electron tem- 

perature and density data were averaged 
over a single spin period, as were the 
magnetic field data. The outbound iono- 

pause was crossed between 1437 and 
1438 (spacecraft event time), and we ex- 
plore here the associated change of the 

spectral density in terms of wave damp- 
ing and energy transfer to the iono- 
spheric electrons. 

At the start, it is necessary to consider 

again the previous tentative identifica- 
tion of these 100-Hz waves as whistler 
mode oscillations. The orbiter wave in- 

vestigation has limited frequency cov- 
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erage; it measures only electric fields; 
and the sun-oriented sheath modulation 
makes it difficult to carry out a precise 
polarization analysis. Nevertheless, we 
have analyzed the wave polarization 
with respect to the magnetic field direc- 
tion in the ionosheath (after 1448, for in- 
stance), and we find no evidence that 
these waves have polarization character- 
istic of electrostatic waves. Some addi- 
tional guidance comes from a com- 
parison of observations in Earth's mag- 
netosheath with these Venus ionosheath 
observations. For example, at Earth, si- 
multaneous high-time-resolution electric 
and magnetic field measurements from 
the International Sun-Earth Explorer 
ISEE 1 show that for frequencies f < 56 
Hz the dominant magnetosheath waves 
have essentially identical amplitude vari- 
ations (6). Thus these magnetosheath 
waves with f <<f, the electron cy- 
clotron frequency, are certainly electro- 
magnetic whistler mode waves, although 
the higher frequency turbulence in the 
same region (including some waves with 
f < f) is likely to be electrostatic (7). 
However, since the interplanetary mag- 
netic field at Venus is nominally about 
1.8 times as high as that value at 1 AU, 
the corresponding wave and cyclotron 
frequencies must be scaled upward by 
that factor. This scaling suggests that in 
the Venus ionosheath the 100-Hz chan- 
nel corresponds to the 56-Hz channel in 
Earth's magnetosheath, and this extrap- 
olation then indicates that the whistler 
mode identification is correct for our 
100-Hz measurements. 

For plasma waves such as obliquely 
propagating whistlers, strong wave-par- 
ticle interactions occur when a signifi- 
cant number of the charged particles in 
the plasma move with velocities close to 
the phase velocity of the wave. For a 
plasma with a thermal (Maxwellian) dis- 
tribution of particles, strong damping oc- 
curs when the wave phase speed is equal 
to the thermal speed (most probable 
speed), and this is called Landau damp- 
ing. This matching of speeds means that 
in its rest frame the "average" charged 
particle is acted on by a d-c electric field, 
and the particle is accelerated, gaining 
energy at the expense of the wave ener- 
gy. A related type of resonant damping 
occurs when waves appear Doppler 
shifted to the gyrofrequency of the parti- 
cles. This damping is called cyclotron 
damping. The energy of the resonant 
particles parallel to the wave velocity 
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Absorption of Whistler Mode Waves in the Ionosphere of Venus 

Abstract. It is shown that whistler mode waves from the ionosheath of Venus are 
absorbed by Landau damping at the dayside ionosphere boundary. This process 
heats the ionospheric electrons and it may provide an important energy input into the 

dayside ionosphere. Cyclotron damping of the waves does not occur in the same 
region. However, Landau damping of ionosheath waves is apparently not an impor- 
tant energy source in the nightside ionosphere. Impulsive events in the nightside 
ionosphere seem to fall into two classes: (i) lightning signals (near periapsis) and (ii) 
noise, which may be caused by gradient or current instabilities. 
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where B is the magnetic field strength, N 
is the electron density, and 0 is the angle 
between the magnetic field and the wave 
vector k. A similar relation has also been 
derived for the cyclotron resonance (8). 
This condition is 

f B2 l (2) E 
8r7TN,COScosf 

(2) 

[We refer the reader to (8) for a dis- 
cussion of the range of validity of Eqs. 1 
and 2.] 

Using Eqs. 1 and 2 and the measured 
values of B and Ne for a few minutes of 
Pioneer Venus data on 7 December 1978, 
we calculated the maximum values of EL 
and Ec. We then converted these 
energies to temperatures for comparison 
with measured electron temperatures 
(Te). Figure lb shows the measured iono- 
spheric electron temperature and the re- 
sults of the calculations for the outbound 
dayside ionosphere exit on 7 December 
1978. At the point where the measured 

IK -8 
Co l1 

EN 

uj - C 
10 

0- 
-<u 

1 4 14 1 1 0 5U 
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Fig. 1. Spin-averaged data from the outbound 
part of the Pioneer Venus orbit 3 pass through 
the dayside ionosphere of Venus. (a) Spectral 
density of the electric field measured at 100 
Hz by the electric field detector. (b) Electron 
temperature measured with the electron tem- 
perature probe (ETP) compared to calculated 
electron temperatures required to produce 
damping of 100-Hz whistler mode waves if the 
Landau and cyclotron mechanisms are active. 
(c and d) Data required to calculate the tem- 
perature, the magnitude of the magnetic field 
measured by the magnetometer, and the elec- 
tron density, measured by the ETP. The ETP 
data reported here are preliminary. 
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electron temperature became equal to 
the calculated resonant Landau temper- 
ature (just after 1437:30 at the high-alti- 
tude limit of the ionosphere), the electric 
field spectral density increased, in- 
dicating that the 100-Hz whistler mode 
waves were Landau damped as they 
traveled inward. Temperatures required 
for cyclotron damping are about two or- 
ders of magnitude too high to represent 
effects of ionospheric electrons. Similar 
detailed comparisons between data and 
calculations have been made for data on 
5 and 8 December 1978. These com- 
parisons support the conclusion that the 
dominant ionospheric damping mecha- 
nism for the 100-Hz waves is Landau 
damping, with little or no contribution 
from cyclotron damping as was sug- 
gested in (5). Analysis of the larger set of 
analyzed data from 5, 7, 8, 12, and 26 
December 1978 shows that the energy 
deposition varies from about 0.01 to 0.2 
erg/cm2-sec at the top of the dayside 
Venus ionosphere (assuming a spectral 
bandwidth of 100 Hz) (9). 

In plasmas with sufficiently non- 
thermal particle distributions, Landau 
and cyclotron resonances may also be a 
source of waves. Physically this requires 
that there be more particles at energies 
slightly above the resonant energy than 
there are at energies slightly below the 
resonant energy. This condition may ex- 
ist at times in the ionosheath (the region 
between the bow shock and the iono- 
sphere) since the Pioneer Venus plasma 
analyzer measurements indicate the 
presence of 50- to 100-eV electrons (10). 

There is a natural explanation for the 
fact that at the dayside ionosphere 
boundary Eq. 1 is roughly satisfied with 
EL KTe (measured) and f- 100 Hz = 

(0.1 to 0.2)ft. At the dayside boundary 
the pressure balance condition is 
/3(total) = f(ion) + 8(electron) - 3,3- 
(electron) - (12 TNeKTeB2) - 1 (3); 
,/ is the ratio of the thermal pressure 
to the magnetic pressure and K is Boltz- 
mann's constant. When this condition is 
inserted into Eq. 1 we find EL - [3 KTf/2 
f, cos 0], and forf/f, c 0.2, with a range 
of 0 values, EI should indeed be com- 
parable to KTe, which leads to strong 
Landau damping for these unducted 
whistler waves. 

The nightside is different because the 
inner boundary of shocked solar wind is 
generally separated from the ionosphere 
by a wake or rarefaction region (1) and 
thus the / 3 1 condition is not applicable 
in the same way. More analysis of wave- 
particle interactions at the inner bound- 
ary of shocked solar wind on the night- 
side is needed to determine whether 
wave attenuation here is dominated by 

damping effects or by reflection from the 
wake boundary. However, we have de- 
termined that whistler mode waves ap- 
parently associated with atmospheric 
lightning are commonly detected near 
the lower boundary of the nightside iono- 
sphere. 

Initial evidence of nightside lightning 
detection from the orbiter was presented 
elsewhere (11). Figure 2 shows low-alti- 
tude measurements from 19 February 
1979, when the spacecraft passed almost 
directly over the antisolar point. The 
100-Hz panel in Fig. 2 illustrates how the 
strongest impulsive signals detected on 
the nightside are generally confined to 
regions near periapsis where the orbiter 
skirts the lower boundary of the iono- 
sphere or even goes below it. (The sig- 
nals attributed to lightning are the in- 
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Fig. 2. High-resolution data taken in the night- 
side Venusian ionosphere on 19 February 
1979. (a to d) Electric fields, (e) electron den- 
sity, (f) magnitude of the magnetic field, and 
(g) spacecraft altitude. The shaded portion of 
(g) indicates the approximate extent of the 
main ionosphere, although detached regions 
of ionospheric plasma were clearly detected 
at higher altitudes. Note that the dominant im- 
pulsive events occurred when the altitude was 
low (that is, from about 1958:00 to about 
2001:30 U.T.). Others were detected in asso- 
ciation with gradients in the density (that is, 
near 1956:40, 2006:30, and 2008:00 to 2010:00 
U.T.). We interpret the low-altitude events as 
lightning signals. The other events may be in- 
stabilities driven by the density gradients or 
by currents. 
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tense impulsive bursts near 1959, and 
possibly those associated with the den- 
sity irregularities at 1956:30 and 
1958:30.) Figure 2 also shows that the 
nominal upper boundary of the iono- 
sphere (at approximately 1952 inbound 
and 2006 to 2007 outbound) was not 
marked by an abrupt onset of continuous 
100-Hz ionosheath whistler mode turbu- 
lence, although the density gradient 
starting at 2006:30 and the one at 2009 
were associated with enhancife turbu- 
lence levels. The lack of continuous 
ionosheath noise is understandable be- 
cause on 19 February 1977 the top of the 
ionosphere was not adjacent to shock so- 
lar wind plasma (the orbiter plasma 
probe detected ionosheath plasma before 
the interval 1942:30 to 1945:08 and after 
the interval 2013:05 to 2018:59) and the 
ionosheath whistler mode waves were 
not in direct contact with the nightside 
ionosphere (12). Thus, if energy deposi- 
tion is required to explain the structure 
of the ionosphere at night, a mechanism 
other than the one described in Fig. 1 
must be operating here. In this con- 
nection we note that the 5.4-kHz and 
730-Hz panels in Fig. 2 show smooth in- 
creases in wave intensity near periapsis. 
Here the electron cyclotron frequency 
was about 850 Hz, the electron plasma 
frequency was above 250 kHz, and the 
5.4-kHz observations could not repre- 
sent detection of electromagnetic waves. 
However, for an O+ density of (1 to 2) x 
10:3 cm-", electrostatic ion sound waves 
with 5.4 kHz could be excited (13). Fur- 
ther studies of these high-frequency 
nightside wave observations are in prog- 
ress. 
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sent detection of electromagnetic waves. 
However, for an O+ density of (1 to 2) x 
10:3 cm-", electrostatic ion sound waves 
with 5.4 kHz could be excited (13). Fur- 
ther studies of these high-frequency 
nightside wave observations are in prog- 
ress. 
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Venus sidereal day equals 243 Earth 
days. From dimensional considerations 
we would expect the magnetic moment 
of Venus to scale as the frequency of ro- 
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Fig. 1. Average magnetic field strength IBI and 
field parallel to the satellite spin axis Bz for 
orbits 58, 66, 70, 72, and 77. Orbit 71 passed 
closest to the antisolar point. Units are nano- 
teslas. 
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tation and the fourth power of the radius 
of the core (1). If we assume that the 
core radius is 0.5 Venus radii (Rv), then 
the expected moment is about 2 x 1023 
gauss-cm3 or 2 x 10-3 of that of Earth. 
Busse's more sophisticated magneto- 
hydrodynamic treatment gives a similar 
result (2). Although much smaller than 
the terrestrial moment, such a magnetic 
field should be easily detectable by an or- 
biting spacecraft at low altitudes, espe- 
cially in the wake region behind the plan- 
et. Thus, one of the prime objectives of 
the Pioneer Venus orbiter magnetometer 
investigation is to search for an intrinsic 
magnetic field. 

This report summarizes our initial ob- 
servations of the magnetic field on the 
nightside of Venus where any weak in- 
trinsic field should be confined by the so- 
lar wind flow. In an earlier report we dis- 
cussed our initial dayside observations 
including the bow shock locations, the 
ionopause, and ionospheric flux ropes 
(3). As before, the results presented here 
were obtained from "quick look" data. 
These data now contain inertial refer- 
ence information, but timing errors limit 
the directional accuracy to about 5? to 
10? depending on telemetry rate. These 
errors will not be present in the final pro- 
cessed data (4). 

The magnetic field of Venus has been 
measured on Mariner 5, Venera 4, Ven- 
era 9, and Venera 10. Mariner 5 passed 
close to the wake of Venus and saw a 
steady field directed toward Venus north 
of the ecliptic plane (5). Venera 4 pene- 
trated to about 200 km on the nightside 
just behind the terminator. Venera 4 de- 
tected little change in the field magnitude 
(6), but the variation in the vector com- 
ponents was suggestive of a possible 
planetary field with a northward moment 
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Initial Pioneer Venus Magnetic Field Results: 

Nightside Observations 

Abstract. Initial observations by the Pioneer Venus magnetometer on the night- 
side of Venus frequently reveal moderately strong fields from 20 to 30 nanoteslas. 
However, there is little evidence that these fields arise from an internal dynamo since 
they are mainly horizontal and vary from orbit to orbit. Determining a precise upper 
limit to the intrinsic moment awaits further processing. This limit is expected to be 
much less than 1022 gauss-cubic centimeters. 
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