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No magnetic field with sufficient atmosphere of Venus 
→ the induced magnetosphere
• The solar wind flow makes a characteristic magnetotail pattern, draping
• Energy / Momentum transfer from solar wind to ionospheric plasma. The 
planetary plasma is energized & escaped (E>10 eV for O+)

• Direct exposure of the atmosphere in the solar wind indicates the effective 
removal of the Venusian atmosphere (water) to space  
→ Magnetosphere protects the terrestrial atmosphere

Induced magnetosphere

�2

1460 Y. Futaana et al.

Fig. 5 Comparison of three different magnetospheres. The Earth’s magnetosphere (a) is a typical example
of an intrinsic magnetosphere. Venus magnetosphere is overlaid as a dashed line to illustrate the difference
in size (adopted from Luhmann 1991a). A cometary induced magnetosphere is characterized by the draping
of the solar wind magnetic field (b) introduced by the mass loading process (adopted from Russell et al.
2016). The induced magnetosphere of Venus (c) is a typical example of a magnetosphere of unmagnetized
atmospheric object (adopted from Saunders and Russell 1986). Solar wind interaction to Mars exhibits similar
interaction to Venus

larger than the ion gyroradius, the plasma behaves like a fluid. In this regime, the magne-
tohydrodynamic (MHD) approximation is reasonable for describing the physics. Where the
spatial scale becomes smaller than the ion gyroradius, the ions show particle-like, kinetic
behaviors, while the electrons still behave like a fluid. This is the hybrid regime. If the scale
goes below even the electron gyroradius, the electrons also exhibit kinetic effects and the
region may require a full kinetic treatment. Whereas at Earth, MHD treatments are often
sufficient, hybrid descriptions are sometimes required for Venus. In particular, because of
the close involvement of the heavy atmospheric ions in the solar wind interaction, which can
have gyroradii on the order of the planetary radius in the near-Venus space environment, the
discussion often includes both kinetic and fluid concepts together.

These basic differences from the Earth’s solar wind interaction, in both basic physical
setting and scale, lead to the dominance of physical processes at Venus not usually promi-
nent in descriptions of intrinsic magnetospheres. Foremost among these are those involved
in transfer of energy and momentum from the solar wind to the planetary atmosphere. These

Saunders and Russel, 1986
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Accelerated planetary oxygen ions can be clearly observed by Venus 
Express/ASPERA-4
• Integration of the measured flux gives the total escaping flux

•

Accelerated planetary ions
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Escaping oxygen from Venus is (3–6)x1024 s (~3 mbar for 4 Ga)

Escaping oxygen flux
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Fig. 20 A summary of the total
escape rate as a function of the
energy range (figure updated
from Dubinin et al. 2011, with
more recent reports being added).
Estimated escape rates vary
depending on data used, data
analysis methods and energy
range considered. From the most
of the reported ASPERA-4
observations, here we can
conclude that the total outflowing
flux is (3–6) × 1024/s in the
solar minimum. See discussion in
text also

layer instabilities and/or transient reconfigurations of the magnetic field. Wave particle in-
teractions may also cause additional acceleration of planetary ions.

Isotopic evidence on the D/H ratio from the Pioneer Venus probe, as well as remote
sensing measurements of the Venus’ hydrogen corona have suggested that there has been
significant escape of hydrogen at Venus compared to the Earth over time (Donahue et al.
1982). Other isotope analyses and atmosphere composition studies support this idea, with
interesting implications for the now scarce water content of the atmosphere. As already men-
tioned above, solar wind interaction-related heavy ion escape, including O+, may have been
a key part of the history of a Venus ocean. Thus the amount of the escaping flux today, and
its implications for past escape, is essential to determine. McComas et al. (1986) used the
pressure balance assumption and inferred j × B force in PVO distant magnetotail observa-
tions to estimate the total plasma density and velocity in the plasma sheet and the associated
escape rate 6 × 1024 s−1. Brace et al. (1987) used PVO Langmuir probe measurements of
the ionospheric density near the terminator, together with assumptions regarding the plasma
velocity, to obtain the escape rate 5 × 1025 s−1—although the escape cross section was not
fully sampled, but assumed. This contrasted with the more direct measurements on PVO of
the low energy ionospheric ion fluxes, which indicated a nightward trans-terminator flow of
cold O+ of 5 × 1026 s−1 (Knudsen and Miller 1992). One of the ambiguities of these low
altitude measurements is how much actually escapes as opposed to supplying the observed
nightside (bound) ionosphere.

The latest plasma ion spectrometer measurements by the ASPERA-4 IMA provided a sig-
nificant improvement on these estimates because they were obtained over a much more com-
plete energy range, at altitudes above the most gravitationally bound ionospheric plasma,
and with ion composition information (Barabash et al. 2007b). Using the dataset from the
declining phase of the solar activity (2006–2007), the total escape rate covering all ion accel-
eration processes in the energy range 10 eV/q–25 keV/q was found to be 3 × 1024 s−1(O+).
The VSE coordinate system was used for this analysis (Fedorov et al. 2011). Analysis of
a more extended data set (2006–2009), using both VSE and orbit based systems gave the
O+ escape rate of (4.3–5.2) × 1024 s−1 (Nordström et al. 2013). Lundin (2011) used the
orbit coordinate system (2006–2009), and shifted the energy table to lower energies (to ac-
count for spacecraft potential) to derive an O+ escape rate of 1.2 × 1025 s−1. For typical
conditions, Masunaga et al. (2011) derived a rate of (5.8 ± 2.9) × 1024 s−1 for O+ with en-
ergy > 100 eV. From photoelectron measurement on the field connected to the ionosphere,
Coates et al. (2015) estimates the total ion outflow to be 2.2 × 1023 s−1. The estimate is

Fedorov et al., 2011 Futaana et al., 2017
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The comparison of oxygen outflow for 
three planets
• Direct exposure of atmosphere in the solar 
wind does not increase the ion escaping

The classical view is too simplified
• The keys to consider are

• Production of oxygen ions
• Energy injection and transportation
• Acceleration

Comparative perspective
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Open questions: 
- Does the magnetic field really protect 
the atmosphere? 
- What limits the escape flux, injecting 
energy or available material?

Venus • 5x1024 /s

Mars • 3x1024 /s

Earth • (10–100)x1024 /s
André, 2012; Slapak et al., 2017; 
Ramstad et al., 2017; Futaana et al., 2018

Nilsson et al., 2012

Escaping O+ from Earth
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Open question: 
- Disturbed CME enhance the outflow flux, while the disturbed solar 
maximum reduces the flux. Why?

Do disturbed condition increase the escaping flux?
• Yes: During ICME, 1.7 times higher escaping than usual
• No: In Solar Maximum, 1.5 times lower escaping than in solar minimum

Variations of escaping oxygen ion flux
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Persson et al., 2018
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Venus loses water [Barabash et al, 2007].  H+/O+ = 1.9
Solar cycle dependence of H/O ratio
• Solar minimum: 2.6 ... More proton
• Solar maximum: 1.1 ... More oxygen ... closer to ancient Venus

Protons are clearly returning to Venus during the solar minimum
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Persson et al., 2018

Open questions: 
- What is the H/O escaping ratio for the ancient Venus? 
- What is the impact to the evolution of Venus?
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High velocity (~5 km/s) flow  below 
300 km (exobase)
Dusk-to-dawn direction
• Driving force: Pressure gradient

Vertical components exist
• Precipitation to thermosphere
• Acceleration >400 km

Acceleration in the ionosphere
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Open questions: 
- What is the global flow pattern of 
ionospheric ions? 
- How much energy is transferred from 
and to neutral thermosphere? 
- How do the ionospheric ions get 
sufficient energy to escape? 
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Venusward flux, back to the planet
• Sometimes different flow directions for H+ & 
O+ are observed

• Venusward flux is frequently seen with 
"multiple plasmasheet crossings" [Masunaga 
et al., 2019]

Venusward flux
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Kollmann et al., 2016

Open questions: 
- When and how are the outflowing 
ions returned to Venus? 
- What is the impact of the return 
flow to the history of Venus? 

Classical picture
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Fig. 5 Comparison of three different magnetospheres. The Earth’s magnetosphere (a) is a typical example
of an intrinsic magnetosphere. Venus magnetosphere is overlaid as a dashed line to illustrate the difference
in size (adopted from Luhmann 1991a). A cometary induced magnetosphere is characterized by the draping
of the solar wind magnetic field (b) introduced by the mass loading process (adopted from Russell et al.
2016). The induced magnetosphere of Venus (c) is a typical example of a magnetosphere of unmagnetized
atmospheric object (adopted from Saunders and Russell 1986). Solar wind interaction to Mars exhibits similar
interaction to Venus

larger than the ion gyroradius, the plasma behaves like a fluid. In this regime, the magne-
tohydrodynamic (MHD) approximation is reasonable for describing the physics. Where the
spatial scale becomes smaller than the ion gyroradius, the ions show particle-like, kinetic
behaviors, while the electrons still behave like a fluid. This is the hybrid regime. If the scale
goes below even the electron gyroradius, the electrons also exhibit kinetic effects and the
region may require a full kinetic treatment. Whereas at Earth, MHD treatments are often
sufficient, hybrid descriptions are sometimes required for Venus. In particular, because of
the close involvement of the heavy atmospheric ions in the solar wind interaction, which can
have gyroradii on the order of the planetary radius in the near-Venus space environment, the
discussion often includes both kinetic and fluid concepts together.

These basic differences from the Earth’s solar wind interaction, in both basic physical
setting and scale, lead to the dominance of physical processes at Venus not usually promi-
nent in descriptions of intrinsic magnetospheres. Foremost among these are those involved
in transfer of energy and momentum from the solar wind to the planetary atmosphere. These
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Venus Express ASPERA-4 and MAG measurements recently 
revealed the unexpected characteristics of the plasma environment:
• Outflowing flux of Venus ionospheric plasma via magnetotail is lower than that 
of the Earth

• Anti-correlation of outflowing fluxes on the solar activities is discovered
• The outflowing composition (H/O ratio) strongly depends on the solar activity
• Dusk–to–dawn high-speed flow of oxygen ions inside the ionosphere is found
• Frequently, the magnetotail structures do not follow the classical draping picture

Summary
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The paradigm is shifting!
Pre-Venus Express

1460 Y. Futaana et al.

Fig. 5 Comparison of three different magnetospheres. The Earth’s magnetosphere (a) is a typical example
of an intrinsic magnetosphere. Venus magnetosphere is overlaid as a dashed line to illustrate the difference
in size (adopted from Luhmann 1991a). A cometary induced magnetosphere is characterized by the draping
of the solar wind magnetic field (b) introduced by the mass loading process (adopted from Russell et al.
2016). The induced magnetosphere of Venus (c) is a typical example of a magnetosphere of unmagnetized
atmospheric object (adopted from Saunders and Russell 1986). Solar wind interaction to Mars exhibits similar
interaction to Venus

larger than the ion gyroradius, the plasma behaves like a fluid. In this regime, the magne-
tohydrodynamic (MHD) approximation is reasonable for describing the physics. Where the
spatial scale becomes smaller than the ion gyroradius, the ions show particle-like, kinetic
behaviors, while the electrons still behave like a fluid. This is the hybrid regime. If the scale
goes below even the electron gyroradius, the electrons also exhibit kinetic effects and the
region may require a full kinetic treatment. Whereas at Earth, MHD treatments are often
sufficient, hybrid descriptions are sometimes required for Venus. In particular, because of
the close involvement of the heavy atmospheric ions in the solar wind interaction, which can
have gyroradii on the order of the planetary radius in the near-Venus space environment, the
discussion often includes both kinetic and fluid concepts together.

These basic differences from the Earth’s solar wind interaction, in both basic physical
setting and scale, lead to the dominance of physical processes at Venus not usually promi-
nent in descriptions of intrinsic magnetospheres. Foremost among these are those involved
in transfer of energy and momentum from the solar wind to the planetary atmosphere. These

Saunders and Russell, 1986

VEX (at mission completion)

Solar Wind Interaction and Impact on the Venus Atmosphere 1455

Fig. 1 An illustration summarizing the Venus Express findings on the space environment of Venus

Vaisberg 1983). At solar minimum, however, the altitude of PVO was too high to observe the
near-Venus environment. As with all missions, the PVO data also had other orbital biases and
in particular left in-situ observational gaps at both high latitudes and in the solar wind wake.
And although state-of-the-art at the time, the magnetometer and plasma instruments on PVO
had low temporal, energy and angular resolution compared to more recent capabilities, and
the energetic plasma analyzer had no mass discrimination.

The Venus Express (VEX) measurements have therefore significantly complemented and
expanded upon previous observations. While overall, they confirmed PVO results, the new
instrumentation revealed more details and processes relevant to the solar wind interaction
and its effects than were previously known. Here we briefly summarize what VEX observed
during its 9 years in orbit. For context, it is important to remember that the solar activity
level during the VEX mission was low to moderate compared to the period of the primary
PVO mission, and that consequences of that, including lower solar EUV fluxes and weaker
solar wind (Hathaway 2015; McComas et al. 2008; Emmert et al. 2010) must be considered
in viewing the Venus plasma interaction results as a whole.

In this review article, we focus on summarizing VEX findings and updates building on the
previous Venera, Mariner and PVO results. Figure 1 illustrate selected findings emphasizing
in this article. These findings add to the excellent outcomes from those previous observa-

Futaana et al., 2017 (Venus III book)
VEX post mission analysis

?
This talk


