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Chapter

Mass Flux in Corkscrew Flow 
Vortices in the Venus Plasma Wake
Hector Pérez-de-Tejada and Rickard Lundin

Abstract

Measurements conducted with the Venus Express spacecraft (VEX) around 
Venus have provided evidence for the presence of a vortex structure in its wake. A 
configuration of the form of a corkscrew flow with a cross-section comparable to the 
planet’s radius has been inferred from those measurements and exhibits a rotation in 
the counterclockwise sense when viewed from the wake back to Venus. Such structure 
is generated by the solar wind and also by planetary ions driven along the wake as 
inferred from the analysis of data obtained in several orbits of that spacecraft. It has 
also been learned that the width of the corkscrew structure gradually decreases with 
distance along the wake and its position varies along the solar cycle occurring closer 
to the planet during minimum solar cycle conditions. Measurements also show that 
the flow speed of the planetary ions driven from the nightside ionosphere is modified 
as they move through the corkscrew flow structure and become accelerated as the 
width of a corkscrew structure decreases with increasing distance downstream from 
Venus. Measurements also show that the mass flux of the planetary ions increases at 
high altitudes above the planet when they are conducted across the narrow part of a 
corkscrew shape in the particle distribution along the wake.

Keywords: plasma vortex in the Venus wake, mass flux in the Venus wake, particle 
acceleration in the Venus wake, mass flux conservation, momentum exchange in the 
Venus wake

1. Introduction

Among the various features inferred from measurements conducted with the 
Pioneer-Venus (PVO) and the Venus Express (VEX) spacecraft in orbit around Venus 
there has been evidence of a vortex structure present along its wake [1–3]. As a whole 
its width in the near wake is comparable to the Venus radius and it is seen to exhibit a 
rotation in the counterclockwise direction when viewed from the wake [4]. In addi-
tion, the position of the vortex structure varies along the solar cycle and becomes 
more closely located to Venus under minimum solar cycle conditions [5, 6].

An implication of this latter behavior is that the gradual decrease of the vortex 
width with the downstream distance from Venus implies the acceleration of the 
planetary ions that stream in vortex structures that have smaller widths together 
with those that move along the wake direction. This effect is produced by the 
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enhanced values of the kinetic energy of planetary ions that are forced to move 
in smaller-width vortex structures since it is required that the integrated energy 
flow value across the wake is preserved [7]. As a whole, the process is produced by 
the expansion of the solar wind plasma into the wake together with the planetary 
ions that are eroded from the ionosphere as they move over its magnetic polar 
regions [8].

In general terms, the momentum flux of the solar wind is gradually transferred 
to Venus upper ionosphere through viscous processes as it moves to the magnetic 
polar regions by the dayside [9]. As a result of the momentum transport through a 
velocity boundary layer adjacent to the ionopause a fraction of the available energy is 
dissipated and then is used to increase the local plasma temperature [10–12], Phillips 
and McComas [13]. Under such conditions, there is a forced entry of the plasma 
into the wake [8] which in turn gradually decreases with distance downstream from 
Venus thus decreasing the width of the ionospheric vortices. In this scheme vortex 
structures produced across the wake are subject to being restricted to move within an 
ever-decreasing region in the central wake thus leading to enhance the kinetic energy 
of the particles that stream in that region to maintain the integrated energy of vortex 
motion across the wake [7].

Much of that activity should ultimately result from wave-particle interactions 
between the local plasma populations and turbulent and fluctuating oscillations of 
the magnetic field convected by the solar wind and that have been measured in the 
Venus plasma environment [14, 15]. In that view, electrostatic and proton cyclotron 
waves [16–19] may be responsible for modifying the predicted large-scale trajectories 
of the planetary ions along the Venus plasma wake [20]. At the same time, those 
processes could influence the transport of solar wind momentum and its dissipation 
to account for the measured plasma heating in that region.

2. The VEX data

From measurements conducted with the ASPERA instrument in the VEX 
spacecraft, there are density and speed profiles of the solar wind and the planetary 
ions with altitude above the planet that indicate the way those variables vary along 
the dusk-dawn meridian plane and also in the noon-midnight plane. These are 
reproduced in Figures 1 and 2 to show notable changes that occur at different alti-
tudes. Even though the density values in the dawn-dusk plane (left panel in Figure 
1) maintain decreasing values (down to ~20 cm−3) at altitudes higher than the 
ionopause boundary labeled IP (by ~1000 km) there is a notable difference in the 
noon-midnight plane (left panel in Figure 2) where more intense density values are 
measured in the density profile above ~5000 km. This is particularly the case between 
8000 and 10,000 km where much higher density values (reaching up to ~ 80 cm−3) 
were recorded. At the same time, the speed profiles of the H+ and the planetary O+ 
ions first show a gradual similar variation with height above the ionopause in the 
right panel of both figures and that reaches a (~10 km/s) value by 3000–5000 km, 
thus implying a velocity shear above that boundary. At higher altitudes, the speed 
values in both figures begin an unexpected increase to higher (~ 40 km/s) values by 
~10,000 km. This later variation is seen in the right panel of both figures and reveals 
the presence of different phenomena.

A possible interpretation of these changes can be advanced by considering that the 
Venus ionospheric plasma that is eroded by the solar wind from the nightside moves 
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through a corkscrew geometry as illustrated in Figure 3 and that corresponds to 
conditions like those in a similar fluid dynamic configuration. In the solar wind that 
streams past Venus and that is pressed into the wake behind the planet by thermal 
pressure forces [8, 21], there are plasma vortices whose width gradually decreases 
with distance along the wake [5]. In this scheme, particles that stream in the central 
part of the wake become accelerated by energy accumulated from vortices whose 
width gradually becomes reduced along that direction [7].

It is to be noted that the speed enhancement by ~10,000 km altitude in Figures 1 
and 2 is more intense in the noon-midnight meridian and that at even higher altitudes 

Figure 1. 
Dawn–dusk Meridian. Number densities (a) and flow velocities (b) versus spacecraft altitude for solar wind H+ 
ions, and also for ionospheric H+ and O+ ions. Curve marked Vesc illustrates escape velocity versus altitude above 
Venus. The data points represent average values in 50 km altitude intervals, sampled within Y = ±0.5 RV of the 
Dawn–dusk meridian. Error bars give the accuracy of individual measurement points. Regions and boundaries 
encountered are marked out on the right-hand side as: I-sphere (the core ionosphere), the Ionopause (IP/IMB), 
and the magneto-sheath (from [1]).

Figure 2. 
Noon-midnight Meridian. Density and speed values of the solar wind and ionospheric ions as a function of 
spacecraft altitude as in Figure 1 measured in the noon-midnight meridian (from [1]).
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there is also a sudden increase in the speed profile of the solar wind ions. In general 
terms, it can be stated that the conditions encountered by the noon-midnight merid-
ian are more intense than those measured by the dawn-dusk meridian and it is pos-
sible that they become accumulated from the flow driven along the sides of the planet 
and they are led to the noon-midnight region of the wake.

3. The corkscrew flow

There are two main properties in the density and speed profiles in the panels of 
Figures 1 and 2. While the density values in the left panels of both figures follow a 
nearly smooth decrease with altitude above the ionopause at ~103 km (most notable 
in the dawn-dusk meridian figure), there are notable density variations above the 
5000 km altitude in the noon-midnight distribution. At that altitude, there is also a 
sudden change in the speed profiles in the right panel of both figures with increasing 
values that reach ~40 km/s by 10,000 km. The latter change in the altitude gradient is 
peculiar since it points out an effect that occurs as a result of a different fluid dynamic 
configuration. The geometry presented in Figure 3 can account for such change since 
it may derive from the spacecraft first moving away from the main ionospheric body 
and crossing later the narrow shape of a corkscrew flow configuration.

For simplicity let us assume that Figure 3 is on the noon-midnight meridian and 
it represents the inner part of its wake which extends to the far-left side. At the same 

Figure 3. 
Corkscrew flow configuration. View of a corkscrew vortex flow in fluid dynamics. Its geometry is equivalent to 
that expected for a vortex flow in the Venus wake with its width and position varying during the solar cycle. The 
vortex flow becomes thinner along the radial direction in the wake axis when measured on a plane transverse to 
that of the figure further downstream from Venus [5].
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time, the VEX spacecraft follows a linear trajectory that leaves the ionosphere from the 
north-right side of the figure moves then nearly above its boundary and later enters and 
crosses the thinner part of the corkscrew flow which is formed by ionospheric plasma 
that has been eroded by the solar wind. Since we cannot make a quantitative estimate of 
the thickness of the later region nor the inclination of the spacecraft trajectory it is only 
possible to provide a schematic description of the proposed model.

4. Mass flux profiles

The deformed shape of the Venus nightside ionosphere implied from Figure 3 
should be acquired as a result of the erosion produced by the solar wind that streams 
over its polar regions leading to the corkscrew flow geometry. Even though there is 
no direct information available on the thickness and extent of the central wake it is 
of interest to consider that its crossing can be assumed to be a separate event in the 
ionospheric density and speed profiles measured by the VEX spacecraft as it moves 
through that region. Such an interpretation can be made from Figures 1 and 2 since 
the enhanced density and speed values measured in the 8000–10,000 km altitude 
range are unrelated to those in the lower altitude nightside ionosphere. Instead, they 
occur under different conditions since at high altitudes they disrupt the gradual and 
persistent density decrease in their profiles and also include high values in the velocity 
profiles more clearly shown in the right panel of Figure 2.

As a result, the unexpected high speed and density values at high altitudes can be 
viewed as crossing the narrow part of the corkscrew flow that extends downstream 
in the central Venus wake. The purpose of that feature can be explored by examining 
changes that are implied on the density and speed of the flow when VEX is subject to 
stream within the thin part of the corkscrew flow. In fact, since the cross-section of 
the flow vortex decreases with distance along the wake the area integrated value of 
the mass flux should be confined within a region with smaller cross-section along the 
wake thus implying higher speed and density values that should be encountered.

The results provided by the data are presented in Figure 4 where values of 
the mass flux derived from the profiles presented in Figures 1 and 2 describe its 
distribution with altitude for the dawn-dusk meridian (left panel) and to the 

Figure 4. 
Mass flux profiles. (left) average solar wind H+, ionospheric O+ (triangles), and total mass flux values on the 
dawn–dusk meridian (left) and to the noon-midnight meridian (right). The data are averaged in 50 km altitude 
intervals. The average position of the Ionopause and the induced magnetosphere boundary is marked by IP and 
IMB (from [1]).
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noon-midnight meridian (right panel). The dominant feature is that superimposed 
on the values corresponding to an undisturbed density data distribution as that 
obtained in the dawn-dusk meridian there is a notable increase of the mass flux by 
the 8000–10,000 altitude range where in the right panel it reaches (~ 2.10−14 kg/
m2 s) values at high altitudes and that are twice as large as those in the left panel 
(~ 6.10−15 kg/m2s).

5. Calculations

A detailed evaluation of the corresponding mass flux values expected from the 
density and speed altitude profiles reproduced in Figure 4 can be obtained by estimat-
ing changes in the cross-section value of the flow as it moves along the wake. A useful 
view is available from the distribution of the length of the vortices measured across the 
Venus wake during the VEX years of operation between 2006 and 2013. This is shown in 
two separate circles in Figure 5 representing conditions measured before the minimum 
solar cycle between 2006 and 2009 (left circle) and those that occurred during and 
after those conditions between 2010 and 2013 (right circle). It is notable that segments 
are placed at a position on the vertical axis that corresponds to the time duration of the 
vortex between the entry and the exit of the spacecraft and are located at a higher value 

Figure 5. 
Vortex position between 2006 and 2013. Corrected values of the time-width (in minutes) between the VEX 
inbound and outbound crossings of vortex structures as a function of the X-distance (RV) downstream from 
Venus that were measured in 20 orbits. The numbers at the side of each segment represent the two last digits 
of the year when measurements were made in different orbits between 2006 and 2013 ( four orbits were 
examined during 2006 and also during 2009). The two circles confine orbits between 2006 and 2009 (left 
circle) prior to a solar cycle minimum and those between 2009 and 2013 (right circle) during and after that 
period [5].
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in the right circle than those in the left circle. At the same time, they extend as well 
through smaller X-distances (along the Sun-Venus line) in the right circle than those in 
the left circle (downstream along the tail). Such differences imply the varying position 
and width of the vortices with thicker values in the right circle that occur closer to Venus. 
This general characteristic of the vortices is the same as that described in Figure 3 for a 
corkscrew flow where their width is wider on the right-hand side.

A case-by-case analysis of this peculiarity was conducted by calculating the 
average values of both variables (position and width) for each orbit during the VEX 
entry and exit across the vortices. The results are shown in the two circles of Figure 
5 with numbers indicating the two last digits of the year of each measurement. Most 
remarkable is that smaller ΔT width values were obtained for the 2006–2009 orbits 
(left circle) corresponding to vortices in the thin section of the corkscrew flow 
configuration in Figure 3. This agreement provides evidence for a similar description 
of plasma motion in the Venus wake. As a whole, it can be stated that there is a general 
downward displacement of the segment position between those in the 2010–2013 
orbits (right circle) and those in the 2006–2009 orbits (left circle). In fact, the seg-
ments in the latter case occur by X = − 2.5 RV in the vicinity of ΔT ~7 min while those 
for the former orbits (right circle) are placed in the X ~ − 1.5 RV region with a larger 
(ΔT ~12 min) time span. As a result, the different displacement is equivalent to an 
overall loss of about 5 minutes between the width of the vortices in both sets of orbits. 
The implication here is that we can estimate the corresponding reduction of the 
vortex width across the wake between 2006 and 2013. Since the average VEX speed 
around Venus is nearly 7 km/s the spacecraft would reduce an equivalent ~2100 km 
travel distance difference in a 5 min travel time difference by moving through a vortex 
structure in the 2006 orbits with respect to those in the 2013 orbits. Thus, it is possible 
to argue that the vortex width decreases by nearly a ~ 2100 km distance across the 
wake between two different positions separated by a ~ 1 RV distance at ~1.5 RV and at 
~2.5 RV along the X axis between both orbit sets.

Since the mass flux of planetary ions that move across a vortex is given by: 
F = nUA where A ~ r2 is the area of the vortex structure with r being the transverse 
distance to the vortex it is possible to require a constant value for the area integrated 
mass flux across the entire vortex as it decreases its size along the wake. By having a 
smaller distance r across the vortex the total mass flux will be more concentrated in 
the inner wake and hence larger values of the flow speed U will result (provided the 
density remains unchanged). For example, if we assume that in the ΔT ~ 12 min time 
span for the orbit set where the vortex width is closer to Venus (right circle) so that 
r1 ~ 6000 km (~1 RV) at X ~ −1.5 RV, and that further downstream (by X ~ −2.5 RV) 
the width decreases to r2 ~ 3000 km (so that ΔT ~ 6.5 min as it would be suitable for 
the left circle), we can infer that Δr ~ 3000 km is the transverse distance decrease 
(Δr ~ RV/2) between both orbit sets. With such a smaller cross-section size the area 
integrated mass flux indicated above is now compressed and thus in order to maintain 
its same value the flow speed should be larger by a factor of 4.

Such a speed increase is to be compared with the increase of the speed of the 
planetary ions that is estimated from the speed profiles in the right panels of 
Figures 1 and 2 where it rises from ~10 km/s by the ~5000 km altitude to ~40 km/s 
by ~8000 km. The agreement between both variations supports the view that the 
enhanced speed values in the right panel of Figures 1 and 2 are related to the VEX 
motion through the narrow section of a corkscrew flow as shown in Figure 3.
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6. Conclusions

The peak mass flux values in the noon-midnight meridian in Figure 4 occur by 
the 8000–10,000 km altitude range where large speed values of the planetary ions 
in Figures 1 and 2 are measured. That correlation may be related to the fact that as 
the VEX spacecraft moves into the narrow region of the corkscrew flow (which is 
depicted in Figure 3) it will reach a region where the main bulk of the ionospheric 
plasma eroded by the solar wind is driven as it moves along the wake. The geometry 
of the corkscrew flow thus provides a suitable manner in which the eroded plasma 
that moves into the wake can be accumulated as it moves in that direction. As a result, 
high mass flux values of that flow should be encountered in the narrow section of the 
corkscrew flow geometry thus providing an account for the large values measured at 
high altitudes (by ~8000 km) shown in the right-side panel of Figure 4.

The high mass flux values identified at upper altitudes in a region way above the 
nightside ionosphere represent an implication obtained by forcing that plasma to 
move into the wake by decreasing its cross-section as in a fluid dynamic analog simi-
lar to that of Figure 3 [8]. As a result, the geometry of the resulting corkscrew flow 
will ensure that such plasma will be confined within an ever-decreasing cross-section 
that, in turn, will accelerate the planetary ions that stream through that region.

It should also be noted that notable changes in the density and speed of the plan-
etary ions cannot be clearly identified on the dawn-dusk meridian but mostly in the 
noon-midnight meridian. The implication here is that the latter represents a phenom-
enon that is more appropriate by the midnight meridian where the solar wind-driven 
planetary ions are compressed with the narrower cross-section of the region where 
they flow.

Acknowledgements

We wish to thank Gilberto Casillas for the technical work provided. Financial 
support was available from the UNAM-IN108814-3 Project.

© 2023 The Author(s). Licensee IntechOpen. This chapter is 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. 



Mass Flux in Corkscrew Flow Vortices in the Venus Plasma Wake
DOI: http://dx.doi.org/10.5772/intechopen.110788

9

References

[1] Lundin R et al. Ion flow and 
momentum transfer in the Venus plasma 
environment. Icarus. 2011;215:7

[2] Pérez-de-Tejada H et al. Plasma vortex 
in the Venus wake. Eos. 1982;63(18):368

[3] Pérez-de-Tejada H, Lundin R, 
Intriligator D. Plasma vortices in 
planetary wakes, chapter 13. In: Olmo G, 
editor. Open Questions in Cosmology. 
London, UK: IntechOpen; 2012

[4] Lundin R et al. A large scale vortex 
in the Venus plasma tail and its fluid 
dynamic interpretation. Geophysical 
Research Letters. 2013;40(7):273

[5] Pérez-de-Tejada H, Lundin R. Solar 
cycle variations in the position of vortex 
structures in the Venus wake, chapter 3. 
In: Bouvaquia, editor. Solar planets and 
Exoplanets. London, UK: Intech-Open; 
2021. DOI: 10.5772/96710.2021

[6] Pérez-de-Tejada H, Lundin R. In: 
Barkitas I, editor. Vortex Dynamics in 
the Wake of Planetary Ionospheres: 
From Physical to Mathematical Aspects. 
London, UK: IntechOpen; 2022. 
DOI: 10.191252

[7] Perez-de-Tejada H, Lundin R. Particle 
Acceleration in the Corkscrew Flow 
within the Venus Plasma Wake. London, 
UK: IntechOpen; 2023

[8] Pérez-de-Tejada H. Distribution 
of plasma and magnetic fluxes in the 
Venus near wake. Journal of Geophysical 
Research. 1986;91:8039

[9] Pérez-de-Tejada H et al. Measurement 
of plasma channels in the Venus wake. 
Icarus. 2019;321:1026-1037

[10] Pérez-de-Tejada H et al. Plasma 
measurements of the PVO in the 

Venus ionosheath: Evidence for 
plasma heating near the ionopause. 
Journal of Geophysical Research. 
1985;90(A2):1759-1764

[11] Romanov SA et al. Interaction of the 
solar wind with Venus. Cosmic Research. 
1979;16:603

[12] Verigin M et al. Plasma near Venus 
from the Venera 9 and 10 wide angle 
analyzer data. Journal of Geophysical 
Research. 1978;83:3721

[13] Phillips J, McComas D. The 
magnetosheath and magnetotail of 
Venus. Space Sciences Rev. 1991;55:1

[14] Bridge A et al. Plasma and magnetic 
fields observed near Venus. Science. 
1967;158:1669-1673

[15] Vörös Z et al. Intermittent 
turbulence, noisy fluctuations and 
wavy structures in the Venusian 
magnetosheath and wake. Journal of 
Geophysical Research. 2008;113:ED0B21. 
DOI: 1029/2008JE003159.200

[16] Delva M et al. Proton cyclotron waves 
in the solar wind at Venus. Journal of 
Geophysical Research. 2008;113:E00B06

[17] Dobe Z et al. Interaction of the 
solar wind with unmagnetized planets. 
Physical Rev. Lett. 1999;83(2):260-263

[18] Shapiro V, Shevchenko V. 
Astrophysical plasma turbulences. 
Astrophys. and Space Science Rev. 
1968;6:427

[19] Szego K et al. Physical processes in 
the plasma mantle of Venus. Geophysical 
Research Letters. 1991;18(12):2305

[20] Luhmann J et al. A comparison 
of induced magnetotails of planetary 



Vortex Simulation and Identification

10

bodies; Venus, Mars, titan. Journal of 
Geophysical Research. 1991;96:1199

[21] Russell CT. Limits on the possible 
intrinsic magnetic field of Venus. Journal 
of Geophysical Research. 1980;85:8319


