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Little or no solar wind enters Venus’ atmosphere at
solar minimum
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Venus has no significant internal magnetic field1, which allows the
solar wind to interact directly with its atmosphere2,3. A field is
induced in this interaction, which partially shields the atmo-
sphere, but we have no knowledge of how effective that shield is
at solar minimum. (Our current knowledge of the solar wind
interaction with Venus is derived from measurements at solar
maximum4–7.) The bow shock is close to the planet, meaning that
it is possible that some solar wind could be absorbed by the atmo-
sphere and contribute to the evolution of the atmosphere8,9. Here
we report magnetic field measurements from the Venus Express
spacecraft4 in the plasma environment surrounding Venus. The
bow shock under low solar activity conditions seems to be in the
position that would be expected from a complete deflection by a
magnetized ionosphere10. Therefore little solar wind enters the
Venus ionosphere even at solar minimum.

Solar activity controls almost every aspect of the Venus plasma
environment. Venus has no intrinsic magnetic field, so the solar wind
is expected to interact directly with the upper atmosphere, which is
partially ionized by solar extreme ultraviolet radiation and energetic
particles that enter from surrounding space. These change with the
phase of the solar cycle, as does the solar wind. Although the earlier
Pioneer Venus Orbiter mission operated over a whole solar cycle, the
Pioneer Venus Orbiter periapsis was too high (more than 2,000 km at
solar minimum) to sample the near-Venus plasma environment.
Since the Venus Express insertion at solar minimum, its periapsis
altitude has been maintained at 250–350 km, allowing critical in situ
measurements of the solar wind interaction with the ionosphere.
Further, the near-polar orbit of Venus Express, with its high latitude
of periapsis, fills critical gaps left by the Pioneer Venus Orbiter orbital
sampling bias: the low-altitude region near the terminator (separ-
ating day and night sides) and mid-magnetotail downstream by
2–4 RV (1 RV 5 6,051 km, one Venus radius). Venus Express also
allows better exploration of the near-subsolar bow shock than did
the Pioneer Venus Orbiter, whose trajectory did not penetrate the
subsolar shock region. The Venus Express also has improved instru-
ment temporal resolution. This increase in resolution enables us to
study the plasma processes using the dynamic power spectra derived
from magnetic field data sampled at 32 Hz.

Several notable features of the interaction can clearly be seen in
such spectra (Fig. 1). Initially the satellite crosses the bow shock on
the day side where the magnetic field strength and wave power
increase (point A). It then moves through the shocked plasma of
the magnetosheath to the night side where the spacecraft passes

through closest approach (point C). Upstream waves are obvious
at frequencies from 0.1 to 2 Hz in the solar wind in front of the
quasi-parallel shock (Fig. 1a, far left) but are absent in front of
the quasi-perpendicular shock (Fig. 1b) where the magnetic field lies
nearly in the plane of the shock. Such waves can be either locally
generated by backstreaming particles or generated at the bow shock
and move upstream. The upstream wave and particle phenomena
at Venus are generally similar to those at Earth. An example of the
shock-generated waves seen at both planets are the upstream
whistlers near 2 Hz, upstream of the quasi-parallel shock.

The size of the bow shock is largely determined by how completely
the planetary obstacle deflects the solar wind. During April to August
2006, we obtained 147 clear crossings (Fig. 2). The best fit to the bow-
shock location from a solar-zenith angle of 20u to 120u gives a
terminator bow-shock location of 2.14 RV, which is 1,600 km closer
to Venus than the 2.40 RV at solar maximum11,12 but somewhat
further than reported by Venera 9 and 10 (ref. 13). The best fit to
the subsolar bow shock is 1.32 RV, only 1,900 km above the surface of
the planet, so we need a quantitative calculation to determine
whether the solar wind is being partially absorbed by (added to)
the planetary atmosphere, or is being fully deflected. To do this, we
compare the altitude of the induced magnetic barrier with the alti-
tude that would produce the observed location of the shock and
deflect all the solar wind.

The induced magnetosphere of Venus consists of regions near the
planet and its wake in which magnetic pressure dominates the other
pressure contributions6. On the day side, the magnetic field piles up
to form a magnetic barrier in the inner magnetosheath14. This mag-
netic barrier acts as an obstacle to the solar wind, in analogy to the
Earth’s magnetosphere. The magnetic barrier is bounded by the
ionopause at its lower boundary and a ‘magnetopause’ at its upper
boundary. Both ionopause and magnetopause extend to the night
side. The magnetopause on the night side separates the magneto-
sheath from the magnetotail, which is formed by the anchored,
draped magnetic fields. The upper boundary of the magnetic barrier,
the induced magnetopause, had not been previously well-determined
because of the insufficient temporal resolution of the Pioneer Venus
Orbiter plasma instrument14. Phobos and the Mars Global Survey
found that this boundary at Mars is associated with a drop in mag-
netic wave activity15,16. The dynamic spectra of Fig. 1 show that the
Venus magnetosheath behaves similarly. Downstream of both the
quasi-parallel and quasi-perpendicular shock, these waves are found
with greater bandwidth behind the quasi-parallel shock. The wave
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activity drops sharply as the planet is approached, dividing the mag-
netosheath into two distinct regimes.

The observed magnetic field in the barrier wraps around the planet
and applies a pressure gradient force back into the incoming solar
wind, acting to deflect the solar wind. We have used the disappear-
ance of waves from April to August 2006 to define the outer edge of
the magnetic barrier, finding 137 clear crossings of this induced
magnetopause. The orbital geometry of Venus Express means that
most of the crossings are in the polar region with solar-zenith angle
from 50u to 110u. The best-fit induced magnetopause (Fig. 2) gives an
altitude of 1,013 km at the terminator and 300 km at the subsolar
point. Thus the magnetic barrier is significantly lower than at solar
maximum14. In fact, its upper boundary is the same altitude as the
lower boundary of the magnetic barrier at solar maximum. We note
that an earlier such study using a smaller number of Venera 9 and 10
shock locations at solar minimum concluded that there was a 10%
absorption17.

Near the planet the signature is quite different from that seen from
Pioneer Venus2,3. Closer to periapsis, the field remains quiet, indi-
cating that the spacecraft stays in the magnetic barrier. We do not see
a drop in field strength indicative of a rise in plasma pressure located
at the altitude at which the solar wind dynamic pressure is approxi-
mately balanced by the thermal pressure of the ionospheric plasma. If
there is a well-defined ionopause in the subsolar region it must be
below the current periapsis altitude. In fact, Pioneer Venus Orbiter
radio occultations suggested that the altitude of the ionopause could
be much depressed during the solar minimum, with an altitude of
,250 km on the day side18. We find that the ionosphere is completely
magnetized and a well-defined magnetotail is formed in the Venus
night side down to the lowest altitudes probed, 250 km (Fig. 2).

We can now evaluate the efficiency of the magnetized ionosphere
in deflecting the solar wind with a quantitative comparison of the
location of the observed magnetic barrier for models that fit the
observed bow-shock locations. We use the gas dynamic model as
described previously10,19 with a ratio of specific heats of 5/3 and a
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Figure 1 | Magnetic field measurements during
pericentre fly-by. Data were obtained on 17 May
2006 (a) and 21 May 2006 (b). The top panels
show the field strength BT and the bottom panels
show the dynamic power P spectrum. The x axis
shows Universal Time in units of hours and
minutes. The data used for the field time series
are one-second-averaged data and the dynamic
power spectra are calculated from the 32 Hz
measurements. The 17 May shock is a quasi-
parallel shock with a shock normal angle of 27u;
the 21 May shock is quasi-perpendicular with a
shock normal angle of 71u. The regular
disturbances bounded by the white squares are
the artificial effect of spacecraft reaction wheels.
A, bow shock; B, magnetopause; C, closest
approach; D, eclipse shadow boundary. BT is the
total magnetic field strength and By is the
component of the magnetic field along the
y-sensor, both in nanoTeslas.
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Figure 2 | Bow-shock location and induced magnetopause boundary at
Venus. Solid circles are the bow-shock crossings and solid line is the best fit.
The open circles are crossings of the magnetopause of the induced
magnetosphere and the dashed-then-solid line is the best-fit model to these
points. The shaded region is the optical shadow. The thin line is the
trajectory along which arrows whose direction and length are proportional
to the magnetic field projected in this plane. x is the direction to the Sun; y is
the direction opposite to planetary motion; and z is northward,
perpendicular to the orbit plane of Venus.
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Mach number of 5.5 (the average value for solar minimum) and find
that the solar wind is completely deflected around Venus: the obstacle
in the simulation coincides with the top of the observed magnetic
barrier (288 km), allowing little solar wind addition to the atmo-
sphere even at solar minimum. The observed magnetic field is
wrapped around the day side of the planet and it continues to hug
the shape of the planet on the night side, reversing its direction to
form a nearly complete torus. The anti-sunward force associated with
curved magnetic fields in the night ionosphere and near-tail could
lead to acceleration of plasma, resulting in further loss of the atmo-
sphere. We await measurements of the plasma velocities in this
region to confirm this inference and to determine whether these loss
rates would have a major atmospheric impact when integrated over
the age of the solar system.

METHODS
The Venus Express magnetometer measures the magnetic field vector with a

cadence of 128 Hz and averages these measurements to lower rates to fit within

its telemetry allocation. The magnetometer consists of two triaxial fluxgate sen-

sors. Because Venus Express uses a design inherited from the magnetometer-less

Mars Express mission, no substantive efforts were made to determine the mag-

netic cleanliness of the spacecraft and its payload. To obtain scientifically useful

magnetic measurements in this unfavourable environment, the magnetometer

has a dual triaxial sensor arranged in a gradiometer configuration. Both sensors

take measurements simultaneously, to enable separation of spacecraft-generated

stray field from the ambient field20. The outboard sensor is mounted at the tip of

a one-metre deployable boom, while the inboard sensor is directly attached to

the spacecraft with a separation of 10 cm from the top panel of the spacecraft.

The magnetometer has a dynamic range varying between 632.8 nT and

68,388.6 nT with a corresponding digital resolution from 1 to 128 pT. The

default range for the outboard sensor is set to 6262 nT with a resolution of

8 pT. The default range for the inboard sensor is 6524 nT. A artificial magnetic

field of 610,000 nT can independently be applied to each sensor for compensa-
tion of any disturbing spacecraft stray field. The instrument operates continually

at Venus. After switching on, the magnetometer automatically operates in a

standard mode with both sensors at a 1 Hz data rate. During a typical science

orbit, the magnetometer is switched to fast mode at 32 Hz one hour before

periapsis and switched to standard mode one hour after periapsis. In addition,

the instrument can operate in a high-resolution burst mode of 128 Hz to detect

electromagnetic (whistler mode) waves associated with Venus lightning21.

Initially, this operating mode was used for two minutes at periapsis.
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