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1. Introduction

Measurements conducted in interplanetary space and in the vicinity of planets of the solar
system have shown plasma structures produced by the solar wind that resemble fluid dy‐
namic features; namely, vortex rotations within the earth´s magnetosphere and also along
the Venus wake. In both planets the solar wind encounters different obstacles since the earth
is protected by its intrinsic magnetic field that is compressed by the dynamic pressure of the
solar wind to form a large size cavity (the magnetosphere) that bounds its direct approach to
the earth´s vicinity. At Venus the conditions are different since the planet does not have an
internal magnetization that would produce an earth-type magnetic obstacle to the solar
wind. Instead, the latter reaches directly upon the upper layers of the planet´s atmosphere
and interacts with its ionized components (the ionosphere). The outcome of this interaction
is a plasma wake of large extent whose geometry is similar to that of the earth´s magneto‐
spheric tail but that arises from conditions that are different in both planets. While there is
evidence for the observation of fluid-like vortices as the solar wind streams along the wake
of the earth and Venus there is a major issue as to the manner in which they are produced.
In fact, since the solar wind is a collisionless plasma; namely its charged particles barely exe‐
cute collisions among them (their mean free path is comparable to one astronomical unit) it
should not be expected that it behaves as a continuum when it interacts with planetary ob‐
stacles. The opposite has been verified by a variety of observations with indications that the
physical properties of both the solar wind fluxes and the planetary particles that are being
eroded through their interaction can be described in terms of fluid dynamic processes (a re‐
view of this issue was presented by Pérez-de-Tejada, 2012).

The motion of the solar wind particles as they interact with the earth´s magnetic field is de‐
scribed in terms of gyromagnetic trajectories as they move across the magnetic field lines.

© 2012 Pérez-de-Tejada et al.; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Their circular (Larmor) motion is influenced by local drift displacements that are produced
by space gradients of the magnetic field intensity and that carry them along the boundary of
the magnetosphere. Such process also occurs while there are local electric currents produced
by the different drift of the positive (mostly proton) and negative (electron) components of
the solar wind. Throughout the front part (dayside) of the magnetosphere the motion of
those particles is directed by magnetic (Lorentz) forces which guide them along the magnet‐
ic field lines in an environment where the local magnetic energy density is larger than their
kinetic energy density (Under such conditions the transport speed of magnetic signals, i.e.
the Alfven speed, is larger than the particles´ speed and the flow is labeled subalfvenic). The
gyrotropic motion of the solar wind particles as they encounter the earth´s magnetic field
provides a mechanism that leads to a continuum transport of their properties despite the
fact that they do not collide with each other. Alternate conditions are encountered along the
magnetospheric tail where the magnetic field intensity has decreased significantly with the
downstream distance from the earth and the speed of the solar wind particles has increased
to nearly its freestream values (the local flow is expected to achieve superalfvenic condi‐
tions). Data that will be addressed below show the presence of vortical plasma structures
within the magnetospheric tail and that reveal effects that can be related to Kelvin-Helm‐
holtz instabilities (Wolfe et al., 1980: Terada et al:, 2002) associated to a fluid dynamic re‐
sponse in their motion rather than to trajectories directed by the magnetic field.

The overall manner in which the solar wind responds as it interacts with the Venus iono‐
sphere is different since in the absence of an intrinsic planetary magnetization its particles
reach the ionospheric plasma and, at the same time, also encounter ions that are located in
the outer exosphere of the planet. Thus, the solar wind particles do not enter a region domi‐
nated by an intrinsic planetary magnetic field where they would be guided to carry out gy‐
romagnetic trajectories as it is the case in the earth´s magnetosphere. Instead, the processes
produced as a result of their interaction with the planetary ions are more complex since the
latter ions are accelerated by a (convective) electric field that derives from the relative veloci‐
ty difference that exists between them and the solar wind (the planetary oxygen ions of the
Venus exosphere are subject to the effects of that electric field). The result of that process is
labeled mass loading and leads the planetary ions to execute gyromagnetic trajectories as
they travel through the solar wind and its convected solar magnetic field. The magnetic field
intensity of the solar wind becomes enhanced around the upper boundary of the dayside
ionosphere (ionopause) in a layer labeled °magnetic barrier° that is produced by the solar
wind – ionosphere interaction. Despite the acceleration of the exospheric planetary ions by
the solar wind measurements show that the bulk of the solar wind momentum is mostly
transferred to the upper Venus ionosphere where it strongly contributes to produce the
nightward directed trans-terminator flow inferred from the Pioneer Venus Orbiter (PVO)
data that was reported by Knudsen et al., (1980).

Processes associated with this effect are different from those expected in gyrotropic trajecto‐
ries since they lead to the observation of vortical plasma structures in the near Venus wake
associated with superalfvenic flow conditions (the kinetic energy density of the plasma be‐
ing larger than the local magnetic energy density). The origin of the continuum response of
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the solar wind as it streams around and behind Venus does not seem to be only related to
gyromagnetic trajectories but to a fluid-like behavior generated by other particle motions.
Strong magnetic and plasma turbulence that has been inferred from different spacecraft
measurements (Bridge et al., 1967; Vőrős et al., 2008) suggest that the motion of the particles
may be dictated by local turbulence which should lead to a stochastic distribution of their
trajectories. It is possible that wave-particle interactions may be ultimately responsible for
the fluid-like character of the solar wind interaction with planetary ionospheres and the gen‐
eration of plasma and magnetic vortical structures as those reported by Pope et al., (2009)
from the Venus Express measurements.

2. Plasma vortices in the earth´s magnetosphere

Measurements conducted with various spacecraft that have probed the earth´s magneto‐
spheric tail have shown that the plasma flow that streams within that region of space exhib‐
its changes in its direction of motion that are suggestive of vortical structures. From the
analysis of plasma data first obtained with the International Sun Earth Explorer (ISEE) satel‐
lites and more recently with the Cluster spacecrafts it has been possible to derive that there
are regions along the tail direction of the magnetosphere where the plasma exhibits a sense
of rotation (clockwise in the morning sector of the magnetosphere and counter clockwise in
the evening sector both viewed from above the ecliptic plane) which suggests a wave mo‐
tion that in some instances leads to vortical structures that move tailward with a speed of
300-400 km/s. The inferred features have a scale size of several earth radii nearly comparable
to the width of the magnetospheric tail and it has been inferred that their rotation period is
of the order of 5-20 min (Hones et al. 1978; 1981; 1983). The vortex structures form part of a
wave which has a several earth radii wavelength and that increases downstream along the
tail direction. From observations carried out with the Cluster spacecrafts it has also been
possible to examine the plasma composition and the vortex flow dynamics at the time when
there are enhanced values of the solar wind dynamic pressure (Tian et al. 2010). As a whole
it is believed that vortices may derive from Kelvin-Helmholtz instabilities at the boundary
of the magnetosphere (magnetopause) or at the inner edge of a plasma boundary layer with‐
in the magnetosphere.

A suitable example of the plasma and magnetic field data obtained with a Cluster spacecraft
by the morning flank of the magnetosphere and far downstream from the earth (at x = -11 Re;

y = - 15 Re; z = 3 Re; Re being the earth radius) was presented by Tian et al., (2010) and is
reproduced in Figure 1. Those measurements lead to the observation of a series of vortices
that can be inferred from the ion velocity components marked in the lower panels of that
figure. The vortex regions are indicated by the shaded bands when the vx component be‐
comes large, the vy component changes sign (red profile), and the vortex rotation is derived
from changes in the velocity vector orientation in the frame at the left side of the bottom
panel. Comparable changes are also seen in the value of the Bx and By magnetic field compo‐
nents (second panel) which are derived by tracing the z-axis along the mean magnetic field
direction.
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Figure 1. – A series of flow vortices in the earth´s magnetosphere observed by a Cluster spacecraft on July 6, 2003.
The magnetic field and its components are indicated in the top two panels and the ion velocity and its components in
the two lower panels (the velocity components in a reference frame in which the z and the x axes are parallel and
perpendicular to the average magnetic field are in the middle panel). The profiles were selected from those presented
in Figure 7 of Tian et al., (2010).

Figure 2. – Map of flow streamlines projected on the xy plane derived from the velocity rotation measured in the
13:36:45 UT – 13:38:20 UT time interval of July 6, 2003 in Figure 1. The streamlines are traced on the ion density (top
panel) and on the ion temperature (lower panel) distributions (the white arrows in the top panel represent the meas‐
ured velocity vector direction, and those in the lower panel the direction of the magnetic field). The streamlines de‐
scribe conditions from the inner plasma sheet across the dawn side of the magnetosphere and were selected from
those presented in Figure 11 of Tian et al., (2010).
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The rotation of the velocity vector implied from the lower panels in Figure 1 serves to con‐
struct streamline maps of the flow using a numerical code applied to the data points along
the spacecraft trajectory. The results are reproduced in Figure 2 where the observed direc‐
tion of the velocity vector projected on the xy plane is marked by the white arrows in the
upper panel and the direction of the magnetic field is indicated by white arrows in the lower
panel (after Tian et al., 2010). The gradual and persistent change in the direction of the veloc‐
ity vector with distance in the upper panel is indicative of an anticlockwise rotating vortex
structure with an approximated two dimensional 1-2 Re scale size. The reported observa‐
tions occurred at the time when there is an enhanced solar wind dynamic pressure thus im‐
plying an intensified compression of the magnetosphere which could in this case have led to
earthward moving directed vortices.

Measurements conducted with the ISEE vehicles have shown evidence of tailward directed
vortical structures along the sides of the magnetosphere. However, there are indications that
in the central plasma sheet of the magnetosphere the motion of the particles is observed to be
earthward from the tail. An example of such measurements is reproduced in Figure 3 with
evidence in the lower panel of a repeated rotation in the direction of the flow which in most
cases leads to large (> 100 km/s) speed values (upper panel) at the time when the solar ecliptic
longitude ϕSE becomes small; i.e. when the flow is sunward directed (Hones et al., 1981).

Figure 3. – Speed values (upper panel) and flow direction (lower panel) measured with the ISEE 2 spacecraft on March
10, 1979 within the earth´s magnetosphere. A repeated counterclockwise rotation of the solar ecliptic longitude an‐
gle ϕSE is detected in the evening sector of the plasma sheet (after Hones et al., 1981).

A general schematic view of the flow distribution along the sides of the magnetosphere that
has been derived from the ISEE measurements is reproduced in Figure 4. Tailward directed
vortex structures occur by those regions and the diagram illustrates plasma patterns that
may arise from Kelvin Helmholtz instabilities at the magnetopause and that lead to sudden
changes in the flow direction when observed in the earth´s rest frame.
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Figure 4. – Schematic description of plasma vortices within the earth´s magnetosphere inferred from the ISEE meas‐
urements. The flow pattern represented by the solid lines is mostly tailward through the magnetosphere as it is indi‐
cated by the white arrows at the bottom (Hones et al., 1981).

The vortex structures are superimposed on a general circulation flow pattern within the
magnetosphere in which the plasma is driven tailward along the sides by the kinetic pres‐
sure of the solar wind and then is forced back up in the sunward direction through the cen‐
tral plasma sheet region (Axford and Hines, 1961). The detail variation due to flow motion
within and around those vortices is described in Figure 5a as it would be expected at four
different distances from the magnetopause and that are represented by the dash lines A, B,
C, and D. For a tailward moving vortex pattern (indicated by changes in the arrows of the
flow direction) a waving motion should be apparent along the path line A which is located
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closer to the center of the tail. While along the path line B there should be a complete clock‐
wise rotation (measured from the bottom to the top) a wavy periodic reversal will occur
again along the path line C, and a counterclockwise rotation will prevail along the path line
D. These variations serve to describe the structure of the vortices as seen in the earth´s rest
frame. On the other hand, the flow pattern in the rest frame of the tailward moving wave is
sketched in Figure 5b to show how the shape of the vortex structure is maintained within
that wave (Hones et al., 1981).

Figure 5. – (left panel) Dawn sector of the flow pattern in Figure 4 depicting the sequence of flow vectors observed at
four different distances from the magnetopause. (right panel) Flow in the rest frame of the tailward moving wave
(Hones et al., 1981).
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The wavy pattern in the velocity direction that is implied from the measurements repro‐
duced in Figures 2 and 4 could result from effects associated with Kelvin-Helmholtz insta‐
bilities produced along the boundary of the magnetosphere. Such structures require,
however, fluid dynamic processes produced under conditions in which the flow is superalf‐
venic; namely, that the local value of the kinetic energy density of the plasma is larger than
the local magnetic energy density. As a whole this peculiarity is not applicable to the plasma
that pervades within the inner magnetosphere where the magnetic energy density is far
larger than the local kinetic energy density. However, different conditions occur along the
tail where the magnetic field intensity gradually decreases with the downstream distance
from the earth thus reducing the ratio of the magnetic energy density to the kinetic energy
density. A suitable comparative calculation of the conditions that were present at the time
when the plasma vortices of the Cluster data of Figure 1 were identified can be conducted
by using the corresponding pressure profiles of those data and that are reproduced in Fig‐
ure 6. Notable is that the plasma vortices in Figure 1 were detected after the dynamic pres‐
sure of the solar wind exhibited a sudden increase indicated by the dashed vertical line at
12:55 UT in Figure 6. The dynamic pressure PD ~ 3 nPa of the solar wind after that event
shown in the upper panel is over 10 times larger than the ~ 0.16 nPa magnetic pressure that
can be derived from the ~ 20 nT magnetic field intensity values measured at the same time
and that are shown in the third panel. The implication here is that the local flow is superalf‐
venic thus suggesting conditions that could have led to Kelvin-Helmholtz waves along the
magnetopause.

3. Plasma vortices in the Venus wake (PVO measurements)

Measurements conducted within and along the flanks of the Venus wake have revealed
conditions that are also suitable for the onset of fluid dynamic processes that lead to the
generation of vortex structures. From observations made with the early Mariner 5 space‐
craft it was noted that the solar wind that streams around Venus is subject to a large de‐
crease  of  its  momentum  flux  as  its  speed  U  and  density  n  in  the  wake  become
significantly smaller than the values measured under freestream conditions (Bridge et al.,
1967; Shefer et al.,  1979). A summary of those measurements is presented in Figure 7 to
show the presence of a velocity boundary layer that extends along the flanks of the Ve‐
nus  wake (indicated by the  black  shaded region)  where  both  plasma properties  exhibit
strong deficient values. Such changes are bounded by a plasma transition labeled with the
items 2 and 4 along the trajectory of the spacecraft in the lower panel and also at the top
of the upper panel,  being different from the Venus bow shock encountered at the items
labeled 1 and 5 (in the latter case the plasma density is larger in the downstream side as
a  result  of  the  compressed  density  values  that  the  solar  wind  acquires  across  the  bow
shock).  Much of  the missing amount  of  momentum flux (nU2)  of  the solar  wind in the
wake that is implied from the profiles in Figure 7 between items 2 and 4 has been found
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to be comparable to the momentum flux of the plasma that streams in the trans-termina‐
tor flow within the Venus upper ionosphere (Perez-de-Tejada, 1986) and that was meas‐
ured  with  the  Pioneer  Venus  Orbiter  (PVO)  spacecraft  (Knudsen  et  al:  1980).  The
implication of this agreement is that there is an efficient transport of solar wind momen‐
tum to the Venus upper ionosphere that could be accounted for through the onset of vis‐
cous forces in a continuum fluid interpretation. As it was indicated before such processes
require small scale interactions among the particles of both populations in view that the
solar wind is a collisionless plasma. Wave-particle interactions resulting from the turbu‐
lence  associated with  strong fluctuations  in  the  magnetic  field  that  are  measured along
the flanks of the wake (Bridge et al., 1967; Vőrős et al., 2008) should be ultimately respon‐
sible for the erosion of the ionospheric particles produced by the solar wind and, at the
same time, for the the Kelvin-Helmholtz instabilities that develop under the measured su‐
peralfvenic flow conditions (Pèrez-de-Tejada et al., 2011).

Figure 6. – Pressure variations of the solar wind dynamic pressure (top panel) and its static pressure (second panel),
together with the magnetic field intensity (third panel) and the plasma pressure (bottom panel) of the plasma sheet
that were measured on July 6, 2003 with a Cluster spacecraft (Figure 12 in Tian et al., 2010).
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Figure 7. – Thermal speed, density, and bulk speed of the solar wind measured with the Mariner 5 spacecraft (its tra‐
jectory projected in cylindrical coordinates is shown in the lower panel). The labels 1 through 5 along the trajectory
and at the top of the upper panel mark important events in the plasma properties (bow shock, intermediate plasma
transition) (after Bridge et al..1967).

The presence of a velocity boundary layer along the flanks of the Venus wake has been con‐
firmed with observations conducted with the PVO and more recently with the Venus Ex‐
press (VEX) spacecraft (Pérez-de-Tejada et al., 2011). In the data obtained with both vehicles
it has been possible to identify features within that layer that can be interpreted in terms of
fluid dynamic processes and, in particular, vortical structures with properties similar to
those detected in the earth´s magnetosphere. The first indication on the existence of plasma
vortices in the Venus wake was inferred from the observation of changes in the velocity di‐
rection of plasma particles along the PVO trajectory across the Venus wake (Pérez-de-Tejada
et al., 1982). In some instances the ion fluxes are not directed away from the sun but their
motion has a sunward directed component. A description of such change serves to identify
the manner in which the flow is arranged to form vortical structures and their position with‐
in the wake.

From the collection of plasma ion fluxes measured during the first seasons of observation of
the PVO we will first refer to a set of plasma data in which the velocity vectors of the ion
fluxes exhibit sudden changes in the direction of the particle motion. Those data are present‐
ed in Table I and apply to PVO measurements conducted in orbits 80, 68, 65 and 66, which
were conducted in the vicinity of the midnight plane during the first season of observation
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of that spacecraft along its nearly polar oriented trajectory. The measurements conducted in
the energy cycle for each orbit correspond to those obtained near the outbound (southern
hemisphere) crossing of the upper boundary of the ionosphere (ionopause) and represent
the most intense ion fluxes that were observed during that cycle. Each reading in the first
and second columns describes the time (in UT) when it was made together with the number
of the corresponding energy step and the volt per charge value (in parenthesis). The count
number of the flux intensity (which leads to the intensity values given in the right side col‐
umn) and the latitudinal collector of the plasma instrument where it was received (marked
by the number 3 or 4) are indicated in the third column. These values together with the cal‐
culated particle speed if they represent either H+ or O+ ions, and the azimuthal sector (and
also the azimuthal angle α), are presented in the fourth through the seventh columns. The
most notable example in the data for orbit 80 shown at the top are measurements in which
there are fluxes with a sunward directed component (negative α values). These are observed
between the energy steps number 11 and 16 (first column), and there are also ion fluxes
measured along the solar wind direction (positive α values) between the energy steps num‐
ber 17 and 21. Comparable variations are also present in the data set of the other orbits with
a distribution of the azimuthal α angle that is persistent in orbit 68 (as in orbit 80), and then
fluctuating orientations in orbits 65 and 66.

A schematic representation of the direction of the particle fluxes in orbit 80 is described in
the upper panel of Figure 8 for 3 different energy cycles of measurements together with the
PVO trajectory projected on one quadrant using cylindrical coordinates (the outbound pass
with cycles II and III occurs in the southern hemisphere but has been projected to the same
quadrant of the inbound pass of cycle I that occurs in the northern hemisphere). The posi‐
tion of the spacecraft during the energy cycle I initiated at 19:34.27 UT in the inbound pass,
and the energy cycles II and III initiated at 19:59.16 UT and at 20:08.43 UT in the outbound
pass are shown in that figure (each cycle is marked by a rectangular shape). The arrows in‐
dicate the latitudinal direction of arrival of the particle fluxes corresponding to the orienta‐
tion of the collector of the plasma instrument where they were observed (measurements
made in collector labeled 4 in Table I during the outbound pass correspond to particle fluxes
reaching the most northbound direction detected by the instrument (22.5º < θ < 69º) and is
opposite to those made in collector 1 which would be the most southbound directed collec‐
tor of the instrument [Intriligator et al., 1980]. During the energy cycle I in the inbound pass
and also in the energy cycle III in the outbound pass there is a tendency for the particle flux‐
es to be directed away from the wake, implying the observation of northbound fluxes in the
northern hemisphere (collectors 3 and 4) and also the observation of southbound fluxes in
the southern hemisphere (collectors 1 and 2). Different conditions can be identified in the
energy cycle II measured in the vicinity of the outbound crossing of the ionopause that is
reported in Table I. In this cycle the (dominant) particle fluxes now converge toward the
wake (all are detected in collectors 3 or 4) and exhibit directions either with a sunward com‐
ponent (negative α values) or with an anti-sunward component (positive α values). This lat‐
er variation is indicated by large differences in the azimuthal sector number of the
measurements which implies angles that may differ by up to 180º between both cases (α = 0
corresponding to the antisolar direction).
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Table 1. Table I: Values of the ion flux intensity (right side column) measured during an energy cycle in the outbound
pass of the VO in orbits 80, 68, 65, and 66, through the Venus near wake. The time when the ion fluxes are measured
are given in the second column, and the corresponding energy step number with its volts per charge value (in
parenthesis) are presented in the first column. Their count number and the latitudinal collector of the plasma
instrument where the fluxes were measured is shown in the third column (fluxes in collectors 3 and 4 are northbound-
directed implying that fluxes converge toward the plasma wake in the southern (outbound measured) hemisphere).
Their speed for H+ and O+ ions is indicated in the fourth and fifth columns. The azimuthal sector and the
corresponding azimuthal angle α where the fluxes were detected are indicated in the sixth and seventh columns
(sectors above and below ~347.5 correspond to positive and negative α values where in the later case it implies
sunward directed fluxes).

A similar distribution of velocity vectors in the Venus wake is observed in the data of orbit
68 of Table I in energy cycles whose position along the PVO trajectory is reproduced in the
lower panel of Figure 8. As it was the case for orbit 80 in the upper panel of that figure the
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northbound directed diverging particle fluxes are measured in the inbound pass (energy cy‐
cle I initiated at 19:53.22 UT), and southbound directed fluxes that also diverge from the
wake are observed in the energy cycle III of the outbound pass initiated at 20:26.12 UT.

In addition, particle fluxes measured in the inner ionosheath during cycle II in the outbound
pass (initiated at 20:16.59 UT) and that were included in Table I, converge toward the wake
and like those in orbit 80 also include velocity vectors with a sunward directed component
(most notable flux intensities in the 4 – 16 energy steps) but there are also sporadic weak
fluxes with an anti-sunward directed component in the lowest energies that were measured.
The tendency in the data set of the outbound pass of orbits 80 and 68 is that the solar wind
streaming near the ionopause (cycle labeled II in Figure 8) can acquire an orientation with a
sunward directed component leading to a vortex structure (~180° change of the azimuthal α
angle in that region).

 

Figure 8. - Representative position of energy cycles (rectangular shapes) where measurements were made along the
trajectory of the PVO in orbit 80 (upper panel) and in orbit 68 (lower panel) projected on a quadrant in cylindrical
coordinates. The arrows show schematically the (latitudinal) velocity direction of ion fluxes detected at different ener‐
gy steps within each cycle.
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4. Plasma vortices in the Venus wake (VEX measurements)

More conclusive evidence in the observation of sunward directed plasma fluxes in the Ve‐
nus wake has been recently reported from measurements conducted with the ASPERA-4 in‐
strument of the Venus Express spacecraft [Lundin et al., 2011]. From a collection of velocity
vectors derived from measurements conducted in 380 orbits it was possible to produce the
average pattern of O+ and solar wind (SW) H+ ion velocity vectors presented in Figure 9
which are projected in cylindrical coordinates. Notable is that most of the velocity vectors of
the O+ ions are deviated towards the inner wake. On the other hand, for the majority of the
solar wind H+ ions the velocity vectors by the central tail at x < -2RV have a sunward direct‐
ed component. Such variation mostly occurs in the central wake but in the solar wind H+
ion panel there is also evidence of that behavior in the velocity vectors located downstream
from the polar region. The overall pattern of the velocity vectors is consistent with plasma
fluxes that reverse direction and agrees with a similar structure that was inferred from the
PVO observations; that is, velocity vectors with a sunward component and some directed
away from the wake can be separately identified in Figure 9, thus indicating the presence of
divergent and sunward directed ion fluxes as it was inferred from the PVO data.

Figure 9. – Velocity vectors of out-flowing O+ (upper panel) and solar wind H+ (lower panel) ions measured in the
Venus wake with the ASPERA-4 instrument of the Venus Express spacecraft projected in cylindrical coordinates. The
velocity scales for the O+ and the H+ ions are noted in the upper left corner in each diagram. Notice that the H+ flow
velocities in the wake are low and barely discernible. However, applying unit vectors we find that most solar wind H+
velocity vectors are sunward directed near the tail central plane at x < 2 RV.
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A more detail description of the distribution of velocity vectors measured with the ASPERA-4
instrument of the VEX spacecraft is presented in Figure 10 with an account of separate observa‐
tions of the solar wind H+ and the O+ ion fluxes with values now averaged along the z-direc‐
tion and subsequently projected to the xy plane. Most notable in the left panel of Figure 10 is a
pattern located in the central wake within which the velocity vectors of the H+ ions in the dusk
side (negative y-values) show a common tendency to be deflected towards the dawn side (pos‐
itive y-values), and also vectors located at and in the vicinity of the midnight meridian that ex‐
hibit a strong solar oriented component. This pattern is consistent with the onset of reverse
flow conditions that seem to occur slightly shifted towards the dawn side. As a whole the ve‐
locity vectors in that region contain cases in which they are directed anti-sunward, some are
deflected toward positive values in the y-axis, and in various observations they are mostly sun‐
ward oriented. A scheme with different properties is observed in the distribution of velocity
vectors of the planetary O+ ion population shown in the right panel of Figure 10. In this case the
velocity vectors across the wake show a more thorough deflection toward the dawn side (posi‐
tive y-values) but there is little or no indication in the xy-projection (values averaged along the
z-axis) that they have a sunward directed component.

Figure 10. – (left panel) Distribution of velocity vectors of the solar wind H+ ion population in the Venus wake ob‐
tained with the ASPERA-4 instrument of the Venus Express projected on the xy plane (the data show evidence of a
region in the central wake where the velocity vectors acquire a sunward directed component). (right panel) Distribu‐
tion of velocity vectors of the O+ ion population indicating that ions in the dusk (upper) side of the retrograde rotat‐
ing Venus ionosphere are deviated toward the positive (dawn side) y-direction (Lundin et al., 2011).

From the sunward directed fluxes reported in the left panel of Figure 10 the reversed flow
direction should mostly occur for the H+ population and, as it is the case for obstacles im‐
mersed in directional flows, the solar wind particles in the wake will be forced in the up‐
stream direction leading to a vortex structure. A schematic representation of the distribution
of flow streamlines that is compatible with this view is indicated in the left panel of Figure
11 with a circulation pattern in the wake that is consistent with the plasma data. The rota‐
tion of the flow direction in the wake is supported by the diagram presented in the right
panel of Figure 11 where a wide velocity boundary layer with a thickness that is larger
downstream from the terminator stresses the low local flow speeds that should occur near
the ionosphere. Such velocity layer derives from the observations shown in Figure 7 and is
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produced by viscous transport of solar wind momentum to the upper ionospheric plasma.
Since low speeds are expected close to the ionosphere the solar wind will reach a position
within the wake where the large local flow pressure values will produce a change in its di‐
rection thus leading to a vortex structure as that depicted for a flow past an obstacle indicat‐
ed in the right panel of Figure 11. It is to be noted that the fluid dynamic response of the
solar wind to the large pressure values present in the wake is different from processes asso‐
ciated with Kelvin-Helmholtz instabilities along the boundary of the ionosphere and that, as
it is the case in the earth´s magnetosphere, also contribute to produce vortex structures.

 

 

Figure 11. – (left panel) Schematic representation of a vortex structure generated downstream from a polar region of
the Venus ionosphere (the streamlines indicate the direction of motion of the solar wind). (right panel) Flow pattern
within a velocity boundary layer that extends past an obstacle (higher pressures in the wake reverse the flow direction
near the obstacle leading to a vortex structure, Schlichting, 1968).

The fluid dynamic interpretation of both phenomena serves to account for the processes that
produce the vortex structures in the earth´s magnetosphere and in the Venus plasma wake,
and should also be applicable to the conditions that are expected in other planets; namely,
those with an appreciable or strong intrinsic magnetic field (Jupiter, Saturn, Uranus, Nep‐
tune, and Mercury), or in other un-magnetized planets in which there may only be fossil
remnants of an early magnetic field as it is the case in Mars (Acuña et al., 1999).
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