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Abstract

Venus has no internal magnetic dynamo and thus its ionosphere and hot oxygen exosphere dominate the interaction with the solar

wind. The solar wind at 0.72AU has a dynamic pressure that ranges from 4.5 nPa (at solar max) to 6.6 nPa (at solar min), and its flow

past the planet produces a shock of typical magnetosonic Mach number 5 at the subsolar point. At solar maximum the pressure in the

ionospheric plasma is sufficient to hold off the solar wind at an altitude of 400 km above the surface at the subsolar point, and 1000 km

above the terminators. The deflection of the solar wind occurs through the formation of a magnetic barrier on the inner edge of the

magnetosheath, or shocked solar wind. Under typical solar wind conditions the time scale for diffusion of the magnetic field into the

ionosphere is so long that the ionosphere remains field free and the barrier deflects almost all the incoming solar wind. Any neutral atoms

of the hot oxygen exosphere that reach the altitude of the magnetosheath are accelerated by the electric field of the flowing magnetized

plasma and swept along cycloidal paths in the antisolar direction. This pickup process, while important for the loss of the Venus

atmosphere, plays a minor role in the deceleration and deflection of the solar wind. Like at magnetized planets, the Venus shock and

magnetosheath generate hot electrons and ions that flow back along magnetic field lines into the solar wind to form a foreshock. A

magnetic tail is created by the magnetic flux that is slowed in the interaction and becomes mass-loaded with thermal ions.

The structure of the ionosphere is very much dependent on solar activity and the dynamic pressure of the solar wind. At solar

maximum under typical solar wind conditions, the ionosphere is unmagnetized except for the presence of thin magnetic flux ropes. The

ionospheric plasma flows freely to the nightside forming a well-developed night ionosphere. When the solar wind pressure dominates

over the ionospheric pressure the ionosphere becomes completely magnetized, the flow to the nightside diminishes, and the night

ionosphere weakens. Even at solar maximum the night ionosphere has a very irregular density structure. The electromagnetic

environment of Venus has not been well surveyed. At ELF and VLF frequencies there is noise generated in the foreshock and shock. At

low altitude in the night ionosphere noise, presumably generated by lightning, can be detected. This paper reviews the plasma

environment at Venus and the physics of the solar wind interaction on the threshold of a new series of Venus exploration missions.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Many spacecraft flew by, orbited, probed the atmo-
sphere or landed on Venus in the period from the 1960s to
the 1980s. Many of these, shown in Fig. 1, contributed to
e front matter r 2006 Elsevier Ltd. All rights reserved.
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the study of Venus’ plasma and electromagnetic environ-
ment. Mariner 2 and 5 were flyby missions. Venera 4 and 6
were atmospheric probes. Venera 9 and 10 were orbiters.
Venera 11–14 were landers and Pioneer Venus consisted of
4 atmospheric probes and a long duration orbiter. In
addition, in 1985 the Vega mission dropped off two
balloons that explored the atmosphere at the altitude of
the clouds. Since the ionosphere of Venus is very sensitive
to the EUV flux of the sun, and since this flux varies greatly
over the solar cycle, it is important to note the phase of the
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Fig. 1. The annual sunspot number from 1960 to 1997 showing the dates of the missions that returned the bulk of the data on the plasma and

electromagnetic environment of Venus. During solar minimum conditions in the years around 1986 Pioneer Venus’ perigee was at high altitudes outside

the usual dayside ionosphere. Thus, much of the Pioneer Venus ionospheric and exospheric data pertain to solar maximum conditions.
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solar cycle when comparing results from the various
missions. For example, while the Pioneer Venus orbiter
remained in orbit about Venus for more than a complete
solar cycle, periapsis varied throughout the mission so that
in situ measurements were available in the ionosphere only
during solar maximum and during the declining phase of
solar activity as Pioneer Venus entered the atmosphere and
was destroyed. In contrast the measurements from Venera
9 and 10 pertain to solar minimum conditions. Moreover,
the highly eccentric polar orbit of Pioneer Venus, as we will
see below, left large regions of the solar wind interaction
unsampled. As a result of these two orbital characteristics
Pioneer Venus left many studies to be pursued by future
missions, such as Venus Express.

Several good compendiums of Venus aeronomical results
exist: Venus (Hunten et al., 1983); Venus Aeronomy
(Russell, 1991); Venus and Mars: Atmospheres, Iono-
spheres, and Solar Wind Interactions (Luhmann et al.,
1992) and Venus II (Bougher et al., 1997). A description of
the Pioneer Venus mission can be found in Russell (1992).
In this paper, we will give a brief overview of the two
boundary conditions relevant to the solar wind interaction:
the conditions in the ionosphere that standoff the flow and
the properties of the solar wind at 0.72AU. We also use the
data itself to draw a snapshot of the interaction. Then we
describe the physics of the interaction with the solar wind,
the magnetization of the ionosphere and the formation of
the magnetotail. We close with a brief discussion of ULF,
ELF and VLF waves.

2. The inner boundary. The ionosphere

The upper atmosphere of Venus is cool relative to that of
the Earth despite its closer proximity to the sun because
there is no large magnetosphere to couple solar wind
energy to the atmosphere. Rather the magnetic field barrier
associated with the solar wind interaction effectively shields
the planet from the solar wind energy flux. In contrast the
Earth’s magnetosphere intercepts solar wind energy flux
over a cross section 100 times that of Venus and deposits it
on a surface area similar to that of Venus. Venus’ lower
atmosphere is principally CO2, a heavier molecule than O2

and N2 in the Earth’s atmosphere, and thus the Venus
atmosphere has a smaller scale height. Nevertheless, one
component of the atmosphere, atomic oxygen, manages to
develop a significant non-thermal component through
dissociative recombination of ionospheric O2

+. The scale
height of this component carries it up to altitudes of
4000–6000 km (e.g. Nagy and Cravens, 1988).
At solar maximum the ionosphere of Venus resembles a

classic Chapman layer at low altitudes. The solar EUV flux
ionizes the neutral atmosphere at all altitudes that it
reaches. At highest altitudes the rate of ionization is
proportional to the neutral density but at low altitudes
where the ionizing radiation becomes completely absorbed,
no more ionization can be produced and the bottom of the
ionosphere is reached. Ionization is lost through collisions
between ions and electrons. Since such encounters are
frequent only at low altitudes, ionization must drift
downward to recombine in the subsolar region. Force
balance in the ionosphere, coupled with the spatial
distribution of the production and loss, produces a
downward flow of plasma in the subsolar region above
about 150 km. Away from this region pressure-gradient
driven horizontal flows carry the ionization to the nightside
(e.g. Cravens et al., 1983). The thermal pressure of the
ionosphere, at least during solar maximum, is great enough
to deflect the solar wind flow at altitudes above those in
which collisions are important. Since the solar wind travels
‘‘supersonically’’ relative to the planet, a shock must be
formed to deflect the solar wind around the planet. The
shocked solar wind flows around Venus, but near the
subsolar ionopause, defined as the top of the ionosphere,
the ions and electrons can move along the magnetic field,
reducing the plasma density and leaving a magnetic barrier.
Some hot oxygen is ionized in the magnetosheath and
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Fig. 2. Schematic illustration of the solar wind interaction with Venus.

Solar EUV radiation ionizes the neutral upper atmosphere of Venus. The

electron ion thermal pressures are sufficient to stand off the supersonic

solar wind and form a shock. Neutrals formed in the flowing solar wind

are carried away in the wind.
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carried away by the solar wind electric field in cycloidal
loops. Near the ionopause mass loading by newly produced
ions is sufficient to slow the flow additionally, anchoring
some magnetic field lines in fresh ‘‘ionospheric’’ plasma
and leading to the stretching of magnetic field lines far
behind Venus. A schematic of this interaction is shown in
Fig. 2. When the ionopause is low and the plasma near the
ionopause is collisional the magnetic field can diffuse into
the ionosphere further enhancing the amount of magnetic
flux draped around the ionosphere plasma.

A useful summary plot showing the zeroth order
structure of the ionosphere can be formed directly from
the data measured by Pioneer Venus, simply by sorting,
binning, and averaging the data, since the spacecraft
covered most of the ionosphere above 150 km during at
least part of the mission. To our knowledge this is the first
time that the Pioneer Venus data have been published in
this way, except for the subsolar magnetosheath magnetic
field shown in Kallio et al. (1998). The top panel of Fig. 3
shows the electron density measured in the ionosphere
using a logarithmic color scale and plotted as a function of
altitude and solar zenith angle. The boundary between the
solar wind or magnetosheath and the ionosphere that is
known as the ionopause increases as one moves away from
the subsolar point (at about 200 km) to about 400 km at the
terminator. Beyond the terminator (SZA4901) the density
falls sharply leaving a patchy ionosphere with some
‘‘plumes’’ and high densities only below 150 km. At lowest
dayside altitudes the density peaks at over 105 electrons
(and ions) cm�3 and slowly drops in density as the
terminator is approached. At higher altitudes the density
first increases with increasing solar zenith angle as the
terminator is approached. The velocity increases across the
terminator as the flow expands into the nightside and then
sinks to low altitudes where it recombines. An interesting
facet of the night ionosphere, that is not well illustrated in
this plot, is the existence of ionospheric holes where the
magnetic field is strong and radially out of the ionosphere.
These ‘‘empty flux tubes’’ are anchored in the lower
ionosphere and have convected to the night side from
originally (we assume) high altitudes where they became
mass loaded. Between these magnetized radial flux tubes is
denser ionosphere.
The density structure on individual orbits explains the

residual vertical structure in this figure. The availability of
more data would have averaged out the structure seen here.
The blue triangle on the right-hand side is due to lack of
coverage. A similar blue triangle on the left mirrors this
lack of coverage but is enhanced at high altitudes where the
solar wind and magnetosheath enters the diagram. We can
identify the dayside magnetosheath via an examination of
the magnetic field, shown in the bottom two panels
of Fig. 3.
The plot in the middle panel shows the magnetic field

strength averaged over all passes at low altitudes. At these
altitudes, almost all measurements were obtained in the
ionosphere. There are two regions of missing data due to
the orbit of Pioneer Venus. These two regions are identical
to those missing in the top panel. Their size can be judged
from the upper right blue triangle in the top panel and the
upper left blue triangle in the middle panel. The strongest
fields occur at the subsolar magnetic barrier region and the
adjacent magnetized upper ionosphere when the dynamic
pressure is high. These statistics include both the so-called
magnetized and unmagnetized ionosphere cases (e.g.
Russell and Vaisberg, 1983). The ionospheric field strength
decreases with solar zenith angle at all altitudes and on
average becomes very weak at night with the exception of
the field in the holes described above and averaged out in
these plots. A weak field region is seen at about 170 km
altitude at all solar zenith angles. This is a region in which
the ionospheric production rate is high and the downward
convection velocity is high resulting in a weaker magnetic
field consistent with Faraday’s law.
The bottom panel shows the magnetic field during

periods of weakly magnetized ionospheres when the solar
wind dynamic pressure is not so high. Here, the subsolar
magnetic field is weaker, but an enhanced field is still seen.
At low altitudes the weak field region near 170 km is
weaker and extends over a larger vertical range. At night
the fields are virtually unchanged. We interpret the
differences between the middle and bottom panels as due
principally to the rate at which magnetic field can diffuse
from the magnetic barrier into the ionosphere and hence be
transported by flows in the ionosphere. When the
ionopause is at high altitudes associated with low solar
wind dynamic pressure, the low collision rate of the
plasma with the neutral atmosphere allows the electrical
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Fig. 3. Pioneer Venus measurements in the Venus ionosphere plotted versus altitude and solar zenith angle. (Top) Electron density measured by the

Langmuir probe. (Middle) Magnetic field strength for all passes. (Bottom) Magnetic field strength for low solar wind dynamic pressure passes.
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Fig. 4. Occurrence of dynamic pressure values at 0.72AU (Russell et al.,

1988).
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Fig. 5. Occurrence of magnetosonic Mach numbers at 0.72AU (Russell et

al., 1988).
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conductivity to remain high and diffusion slow. When the
dynamic pressure is high, the altitude of the magnetic
barrier-ionosphere interface lowers and diffusion becomes
more rapid. We discuss this in more detail later in the paper.

3. The outer boundary conditions: the solar wind

As is discussed in greater detail below, the dynamic
pressure of the solar wind has a great influence on the solar
wind interaction with Venus. Fig. 4 shows the distribution
of solar wind dynamic pressures observed at Venus on the
Pioneer Venus mission (Russell et al. 1988). This pressure
typically is comprised of a velocity of 440 km/s and a
number density of 15 protons/cm3. The dynamic pressure
varies with the solar cycle being a minimum, about 4.5 nPa,
at solar maximum, and a maximum, about 6.6 nPa, at solar
Fig. 6. Pioneer Venus measurements of the magnetic field strength in the near v

Venus-sun line and by distance along it. Three periods are shown, years 1979
minimum. The structure of the bow shock and the
temperature of the plasma in the region behind the shock
is determined by the solar wind Mach number, the ratio of
the velocity of the solar wind flow velocity relative to the
planet to the velocity of the compressional wave (often
called the fast mode wave) that can deflect the flow about
the planet.
The peak of the distribution of the magnetosonic Mach

number for the Venus shock, shown in Fig. 5, is about 5 at
the subsolar point. The Mach number weakens along the
flanks as the bow shock bends to meet the solar wind at a
smaller and smaller angle. The typical magnetic field
strength in the solar wind at 0.7AU is 12 nT. The median
proton temperature is 105K and the expected electron
temperature is 200,000K (Luhmann et al., 1993) but was
not routinely measured on PVO.
icinity of Venus at two resolutions binned by distance perpendicular to the

–1981, 1982–1984, 1985–1987.
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4. Bow shock and foreshock

We can also allow the measurements to produce a
picture of the solar wind interaction if we bin and average
the data by (in this case) distance from the Sun-Venus line
and the distance along this line. We choose to use the
magnetic field magnitude because of its nearly universal
availability during the mission and its high sampling rate.
Fig. 6 shows these statistics for two views over 9 years
divided into three 3-year summations. The two views show
(on the left) a 6� 6Rv view and on the right a 10� 10Rv
view.

The Pioneer Venus spacecraft’s apoapsis was at 12Rv
consistent with its 24-h orbit. Its near-polar inclination,
however, left a large hole in coverage at distances
intermediate between apoapsis and periapsis. This is shown
in Fig. 6. Periapsis altitude was controlled during the first
600 orbits but was later allowed to climb as fuel for orbit
adjustment was running low. The region of no coverage is
shown by the deep blue contours in these panels. We see
that the region of no coverage increases with time during
the period shown. The bow shock appears to be captured
by the coverage over most of the mission except near the
subsolar region. The brown/orange/red area is the mag-
netic barrier. It weakens in the period 1985–1987 at solar
minimum. Only part of this weakening is due to the
increase in the no-coverage zone. The data clearly suggest
that the deflection of the solar wind is much less during
solar minimum.
Ion Foreshock 

Electron Foreshock

Tangent 
Field Line

Solar Wind

Downstream Foreshock

Upstream Foreshock

Fig. 7. The geometry of the Venus foreshock.
The Venus bow shock’s location may be approximated
by a conic section whose formula is R ¼ K/(1+e cos y)
where R is the distance to the bow shock from the center of
Venus, K is the distance of the shock over the terminators, e
is the ellipticity of the conic section, and y is the solar
zenith angle. Fig. 7 shows this conic section in the plane
defined by the solar wind velocity and the interplanetary
magnetic field. Shown is the first magnetic field line to
touch the Venus shock. Slightly behind this line at a small
angle, exaggerated here, some electrons from the solar
wind are reflected back up the field line forming the
electron foreshock. Even further behind the shock hot ions
stream back into the solar wind. These energetic foreshock
particles are seen on both sides of the shock. They are
related to the generation of plasma waves whose PVO
signatures will be described later.
An alternate way to explore the shock location to that

shown in Fig. 6 is to identify the location on each traversal
and plot the locations of the crossings. This is particularly
appropriate at Venus where the obstacle is fairly constant
in size and the spacecraft moves rapidly across the shock.
The location of the bow shock, or more accurately the size
of the region behind the shock but in front of the obstacle,
is determined by the requirement that the shocked solar
wind can flow around the obstacle within the confines of
the shock and the obstacle. The more the solar wind is
compressed the closer the shock approaches Venus.
Greater compression occurs for higher Mach numbers up
to a limiting density compression of a factor of 4 at the
shock. Thus, it is not surprising that the shock moves
further away from Venus at low Mach numbers as shown
in Fig. 8. (Russell et al., 1988). The reason that the shock
appears to be further away from Venus than the gas
dynamic model predicts is that the deflecting object is really
the Venus ionosphere plus the magnetic barrier capping it,
and not simply the ionosphere as assumed here. The gas
dynamic approximation produces no magnetic barrier as
Fig. 8. The location of the Venus bow shock above the terminator as a

function of the Mach number of the flow for three different values of the

EUV flux (Russell et al., 1988).
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the magnetic field applies no pressure in this model. If the
Mach number approaches unity, the shock moves to
infinity. There is no bow shock if the Mach number is less
than one.

There is very little influence of EUV on the bow shock
under typical solar wind conditions because a height
difference that is significant for the ionosphere has little
influence on the much larger bow shock. However,
qualitatively the shock behaves as expected. When the
ionosphere is weaker the shock is closer to the planet. If the
obstacle altitude moved from 400 to 0 km while still
deflecting all the solar wind, the shock at the terminator
would move only 0.15Rv. However, if the solar wind did
penetrate this close to Venus, it would be absorbed. Thus
EUV-induced changes in the ionosphere, while not
changing the radius of the ionosphere much, can change
the location of the shock. Since EUV flux changes over the
solar cycle there is a solar cycle motion of the bow shock in
phase with the sunspot number as sketched in Fig. 9 and
consistent with Fig. 6.

The distance of the bow shock from Venus varies with
the clock angle measured around the solar wind direction
from the magnetic direction being furthest from the planet
at 901 to the magnetic field as shown in the solid line in
Fig. 10 (Russell et al., 1988). The reason for this is that the
Solar min
Solar max

2.5

2.4

2.3

2.2

2.1

250

200

150

100

50

0
75 77 79 81 83 85 87 89

B
ow

 S
ho

ck
 P

os
iti

on
 (

R
V
)

Year

Sunspot 
Numbers

*

*Venera 9/10

2.1 RV
2.4 RV

2.6

Bow Shock

PVO 

Bow Shock Position

S
un

sp
ot

 N
um

be
rs

Fig. 9. The solar cycle variation of the Venus bow shock as extrapolated

to the terminator region.
velocity of the fast wave is greatest in this direction
resulting in less compression of the plasma and requiring a
greater volume for the deflected flow. This phenomenon
has been studied extensively by Verigin et al. (2003).

5. Magnetosheath, magnetic barrier, mantle and ionopause

The Venus magnetosheath is thought not to be much
different from that of the Earth, only much smaller in
absolute dimensions, as sketched in Fig. 11 where the
streamlines of the flow and the initial draping of the
magnetic field lines are shown. Close to the ionopause
the residence time of flux tubes associated with the bulk
velocity perpendicular to the flux tube becomes long
relative to the velocity of the plasma along the flux tube.
This results in ‘‘stretching’’ of the flux tube so that the ratio
of the magnetic field strength to the plasma density
increases lowering the beta of the plasma, the ratio of
thermal to magnetic pressure, and creating ‘‘empty flux
tubes’’. These ‘‘empty’’ magnetic tubes form a magnetic
barrier, described earlier, that is sandwiched between the
solar wind and the ionosphere. The magnetic pressure of
the inner magnetosheath normalized by the solar wind
dynamic pressure is shown for three solar zenith angle
ranges in Fig. 12 (Zhang et al., 1991). The falloff in
magnetic pressure with solar zenith angle is as expected for
the changing angle of the ionopause to the solar wind flow.
Near the subsolar point the pressure of the magnetic
barrier is nearly equal to the incident solar wind dynamic
pressure, forming the effective obstacle.



ARTICLE IN PRESS

Ionosphere

Bow Shock

Streamlines of
Solar Wind
Plasma Flow

Magnetic
Barrier

Magnetic 
Field Lines

Fig. 11. Schematic of the magnetosheath and magnetic barrier of Venus

(Zhang et al., 1991).

Fig. 12. The magnetic pressure in the inner magnetosheath normalized to

the pressure of the solar wind for three different solar zenith angle ranges

(Zhang et al. 1991).

Fig. 13. The altitude of the ionopause, the peak of the magnetic barrier

and the top of the magnetic barrier versus solar zenith angle (Zhang et al.,

1991).
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As might be expected for an applied pressure that
declines as solar zenith angle increases above an ionosphere
with nearly constant temperature, the altitude of the
ionopause increases with solar zenith angle as illustrated
in Fig. 13. Three lines are shown: the altitude where the
magnetic pressure and plasma pressure are equal (the
ionopause); the altitude of the peak magnetic pressure in
the barrier where the contributions to the pressure from the
ionospheric and magnetosheath plasmas are minimum and
the upper boundary of the magnetic boundary where the
plasma pressure clearly dominates over the magnetic
pressure (Zhang et al., 1991).
It is important here to note the difference between the

solar wind interaction with a magnetized obstacle and that
with an unmagnetized planet with an atmosphere, because
the plasma is ‘‘frozen’’ to magnetic field lines in a
collisionless plasma. The magnetized solar wind cannot
penetrate the magnetized magnetospheric plasma unless
reconnection occurs and the magnetic field lines join or
‘‘reconnect’’.
When the magnetized solar wind encounters a field-free

ionosphere there is no planetary magnetic field with which
to reconnect and induction, governed by Faraday’s law,
controls the behavior of the plasma. We must treat the
problem as a time-varying one and not steady state.
Assume that the magnetic field in the solar wind suddenly
increases from a low value. The time rate of change in the
magnetic field induces an electric field in the nearly
collisionless ionospheric plasma. This current will then
slowly dissipate due to the (very low) resistivity of the
plasma and the magnetic field will begin to diffuse into the
ionosphere. When the field changes direction, as happens
moderately frequently in the solar wind, currents will be
induced in the ionosphere to exclude the changed
component of the magnetic field. Over a solar rotation
the magnetic field of the solar wind averages very closely to
zero because of the interplanetary magnetic sector structure
at low heliolatitudes. On shorter scales the average vector
field is small but finite. On even shorter scales such as those
associated with an ICME the magnetic field may be very
strong and nearly unidirectional for the order of a day. The
amount of diffusion at the ionopause depends on the
electrical conductivity and this in turn depends on the
altitude of the ionopause. If the solar wind dynamic
pressure is high, the ionopause (see next section) is low and
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Fig. 14. Three altitude profiles of the ionospheric magnetic field and electron density for different solar wind pressure (Russell and Vaisberg, 1983).
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ionosphere for low and high solar wind dynamic pressure.
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the magnetic field penetrates into the ionosphere. Thus, the
solar wind interaction with Venus and the magnetic
structure of the ionosphere very much depend on the solar
wind dynamic pressure, as discussed above.

Where the magnetic field penetrates some distance into
the ionospheric plasma, the magnetic field becomes
anchored in the ionosphere while the ends of the magnetic
field are carried tailward. Thus, the field in the ionosphere
tends to point back to or radiate from the subsolar point.
As shown in Fig. 14 this penetration is greatest and the
altitude of the ionopause is least for high magnetic (and
solar wind) pressures (Russell and Vaisberg, 1983). Not
only is the ionopause thick but also a magnetic layer
appears deep in the ionosphere at low altitudes. We
emphasize that, while the ionopause region may appear
sharp at times in the magnetic field and ionospheric
density, there is still a contribution in the magnetosheath
of the ionized hot oxygen exosphere. Thus, in the magnetic
barrier region is a mantle that has contributions from both
ionospheric and magnetosheath sources.

6. Ionosphere, holes, clouds and tail rays

Since in the subsolar region the ionospheric plasma
recombines at low altitudes, there is a net downward
plasma motion and this carries with it any magnetic flux
that becomes entrained in it. However, the magnetic field is
more than just a passive player in the force balance in the
ionosphere (Luhmann et al., 1981). When the ionopause is
at high altitudes as seen in the lefthand panel of Fig. 14, the
amount of magnetic flux that can diffuse through the
ionopause is small but when the pressure of the solar wind
rises and pushes the ionopause below about 350 km the
ionopause thickens as shown in the right two panels. The
magnetic profile reflects the velocity profile. The field
strength is weak where the downward velocity is most rapid
(Luhmann et al., 1984; Cravens et al., 1984).

A curious feature of the ionosphere at times of low solar
wind dynamic pressure is the appearance of magnetic flux
ropes, twisted, narrow bundles of magnetic field deep
within the ionosphere. These are believed to arise when
otherwise buoyant flux tubes are pulled into the ionosphere
by the curvature force of the magnetic field draped over the
ionopause (Russell, 1990).
The magnetic structure of the ionosphere is sketched in

Fig. 15 for low and high dynamic pressure. The small
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amount of magnetic flux that is entrained in the iono-
spheric plasma convects with it entrained plasma to the
night side. Here, the magnetic pressure at high altitudes is
sufficient to balance the thermal pressure of the unmagne-
tized ionosphere, thus forming holes of low density and
relatively high magnetic pressure (Brace et al., 1982;
Luhmann et al., 1982). When the pressure is high the
magnetic field pervades the entire ionosphere day and
night, choking off much of the transport from the dayside
resulting in a disappearing ionosphere on the nightside
(Cravens et al., 1982). Under these conditions the iono-
sphere becomes magnetized all the way down its base and a
significant magnetic field can appear within the lower
atmosphere and perhaps at the surface (Luhmann, 1991).
We do not have good constraints on the solar cycle
variations of the bulk of the ionosphere because Pioneer
Venus’ periapsis was too high at solar minimum. Tantaliz-
ing hints of the behavior can be obtained from fractional
profiles only. Fig. 16 shows average profiles of the
nighttime electron density, electron temperature and the
magnetic field [Ho et al., 1993]. As expected the middle
panel shows slight heating of the ionosphere at solar
maximum (high EUV) conditions. The left-hand panel
implies that the density drops to very low values at solar
minimum and the right-hand panel implies that the
magnetic field is strongest at solar minimum.

The ionosphere is very structured both above the
terminators and on the nightside. Over the terminators
plasma density clouds are formed when the magnetic field
orientation changes (Ong et al. 1991a). In the center of the
wake tail rays of enhanced density appear (Brace et al.,
1987; Ong et al., 1991b) possibly associated with the pick
up and acceleration of ions in the region near the
ionopause (Luhmann, 1993).
7. Magnetotail

A three-dimensional representation of the convection of
magnetic flux past Venus is shown in Fig. 17 (Saunders and
Russell, 1986). The flow moves most slowly where the
field lines are carried closest to Venus. Their ends travel at
the solar wind velocity. The stretched-out field lines
slowly snap back behind Venus, accelerating the plasma
up to and beyond the solar wind speed to remove the
curvature induced in the interaction. Ultimately far from
Venus, the picked up ions that are predominantly oxygen
are the only remaining signature of the interaction. Fig. 18
shows the properties of the Venus tail inferred from
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Fig. 18. Properties of the Venus magnetotail deduced from the magnetic structure (McComas et al., 1986).

Fig. 19. The intensity of waves at 30, 5.4 kHz, tens of mHz in the Venus foreshock.
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the spatial variation of the magnetic field (McComas et al.,
1986). The current is peaked in the center of the tail
with a maximum value of about 1.5 nA/m2 (as shown in the
top left panel). The tail flares with distance from Venus
with a weak field region in the center as shown in the
top right panel. The magnetic forces push the plasma
toward the center of the tail and accelerate it anti-
sunward as shown in the lower left panel and the plasma
accelerates with distance down the tail as shown in the
lower right.
8. ULF, ELF and VLF waves

The Venus electromagnetic and plasma wave environ-
ment has not been well studied. The most extensive surveys
have been in the ELF and VLF regime with the crude 4
frequency channel plasma wave detector on the Pioneer
Venus orbiter. The intensity of waves seen by this
instrument is shown for two frequency bands in Fig. 19
(Strangeway and Crawford, 1995; Crawford et al., 1998).
The upper left panel shows the intensity of waves at 30 kHz
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close to the typical plasma frequency of the solar wind at
Venus. These are Langmuir oscillations of electrons in the
electron foreshock. On the right top is the intensity of
5.4 kHz ion acoustic waves in the ion foreshock and
magnetosheath. The bottom right panel shows the intensity
Fig. 20. The intensity of waves across the ionopause and the correspond-

ing number density, beta and magnetic field strength.

Fig. 21. (a) The occurrence rate of 30 kHz waves in the night ionosphere. (b)

whistler waves.
of ULF waves in the tens of mHz range. These waves are
strongest near the bow shock and decrease in amplitude
rapidly in the solar wind outside of the shock.
Plasma waves are also generated by the current flowing on

the ionopause. Fig. 20 shows a statistical study of the plasma
wave amplitude at 4 frequencies versus distance from the
ionopause (Strangeway and Russell, 1996). Wave enhance-
ments are clearly seen at three frequencies as the spacecraft
crosses the current layer. The identification of the wave mode
at the ionopause is not well determined. These waves have
been identified as lower hybrid waves (Szego et al., 1991), ion
acoustic waves (Huba, 1993), or whistler-mode waves (Scarf
et al., 1979). This ambiguity in mode identification is a
consequence of only measuring wave electric fields on the
Pioneer Venus Orbiter. Missions such as Venus Express that
include measurements of magnetic fields in the tens of Hz
range should help resolve this ambiguity.
Plasma waves are also seen in the night ionosphere.

Fig. 21 shows the occurrence rate of plasma waves at three
frequencies on the nightside of Venus as a function of
distance from the Sun-Venus line and the distance along it
(Strangeway, 1995). The waves at high altitude at 30 kHz
appear to be Langmuir oscillations corresponding to
densities of about 10 cm�3. At 5.4 kHz the corresponding
plasma frequency is only 0.4 cm�3, and some 5.4 kHz waves
are seen at high altitudes. These too may be Langmuir
oscillations, suggesting that the density in the Venus tail
lobe can be very low indeed. At lowest altitudes frequent
signals are seen at 5.4 and 100Hz. These appear to be due
to atmospheric sources (lightning) propagating to the
spacecraft in two different modes. The 5.4 kHz waves
attenuate rapidly. The 100Hz waves do not attenuate
much with altitude, probably propagating in the whistler
mode (Russell, 1991b). While the identification of the
100Hz waves as whistler-mode waves is well supported by
several lines of evidence, this identification would benefit
from magnetic field wave measurements, similarly to the
dayside wave observations.
The occurrence rate of 5.4 kHz waves. (c) The occurrence rate of 100Hz
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9. Conclusions

The solar wind interaction with Venus is very dependent
on the phase of the solar cycle. At solar minimum the bow
shock is closer to the planet than at solar maximum; the
dayside ionosphere extends to a lesser altitude; the iono-
sphere becomes magnetized; and the night ionosphere
becomes depleted. Atmosphere is continually being lost to
the solar wind through both ionization of the hot oxygen
exosphere in the magnetosheath and solar wind and in
magnetic drag and subsequent acceleration of the tail
plasma. Perhaps 1025 ions or 250 g/s are being lost this way
much smaller than the 3 ktons/s lost by comet Halley at
perihelion and the up to 1 ton/s lost by Io. However, this
loss has presumably been taking place for over 4 billion
years, as any early magnetic field of Venus is likely to have
vanished within the first �500K years after formation
(Stevenson et al., 1983).

The ionosphere has much structure. Magnetic ropes
form out of the magnetic barrier and sink and twist in the
ionosphere. Clouds of ions are torn off the ionosphere in
the terminator regions when the interplanetary magnetic
field changes direction. Magnetic tubes in the night
ionosphere cause holes in the ionospheric density and tail
rays are formed by picked up ions.

The electromagnetic environments of Venus and Earth
have some similarities and some differences. The electron
and ion foreshocks have similar wave phenomena. Waves
are generated at current layers in some sense similar to
those seen at Earth.

While much has been learned about the Venus plasma
and electromagnetic environment there is still much to be
learned. The ion loss rate due to the various processes is
very poorly constrained. There has been little exploration
of the bulk of the ionosphere at solar minimum and the
sources of many of the plasma waves seen are poorly
understood. We very much look forward to the measure-
ments of the Venus Express mission that will begin at solar
minimum and include plasma instrumentation appropriate
for the study of the solar wind interaction and atmospheric
loss. Moreover, and most important, the different inclina-
tion of the orbit of Venus Express will enable it to obtain
coverage where Pioneer Venus was unable to probe.
Finally, the ongoing measurements of particles and fields
at Mars on the Mars Express and MGS orbiters will
provide unprecedented opportunity to compare similar
processes at the two planets with similar instrumentation,
gaining deeper understanding of the near space environ-
ments at these two diverse, weakly magnetized terrestrial
planets.
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