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Terminology
Acronyms, concepts, symbols, physical constants and plasma parameters relevant
for this thesis are listed here. The subscript

i refers to ions and the subscript e refers

to electrons.

Acronyms and concepts
ASPERA-4

Analyser of Space Plasmas and Energetic Atoms, a particle instru-

ment onboard Venus Express.

±E

hemispheres

Hemispheres around Venus where the interplanetary electric eld

is pointing towards (-E) and away (+E) from the planet. The +E hemisphere
is the

EUV

z>0

region and the -E hemisphere the

z<0

in the VSE coordinates.

Extreme ultraviolet radiation.

FLR

Finite Larmor radius.

Global planetary plasma simulation

A simulation of a planetary plasma inter-

action with the dayside and nightside of a planet included.

HYB

A global hybrid simulation code developed at the Finnish Meteorological

Institute for plasma interactions of unmagnetized and weakly magnetized celestial objects.

IMF

Interplanetary magnetic eld.

IMF clock angle

The orientation angle of the IMF vector projected on the plane

perpendicular to the planet-Sun axis.

IMF spiral angle (IMF cone angle)

The angle between the IMF vector and the

planet-Sun axis.

Magnetic dawn and dusk hemispheres

Hemispheres around Venus dened by

the radial component of the IMF. In the VSE coordinates they refer to the

y>0

MEX

and

y<0

regions.

Mars Express, European Space Agency's mission to Mars. The MEX space-

craft started orbiting the planet in December 2003.

PVO

Pioneer Venus Orbiter, NASA's Venus spacecraft which orbited Venus in
1978-1992.

Subsolar region
SZA

The region around zero SZA.

Solar-zenith angle, the angle which a line through a point and a planet's center
makes with the planet-Sun axis.

Terminator plane
planet.

The imaginary plane between the dayside and nightside of a

vii

VEX

Venus Express, European Space Agency's mission to Venus. The VEX spacecraft started orbiting the planet in April 2006.

VSE coordinates (the magnetic coordinates)

The Venus Solar Electrical co-

ordinate system, a planet-centered magnetic, Cartesian coordinate system with

x-axis directed towards the Sun, the y -axis pointed along the perpendicular
x-axis and, consequently, the interplanetary electric eld is along the z -axis. The VSE coordinates are related to the
VSO coordinates via a rotation around the x-axis.
the

component of the IMF vector to the

In practice the solar wind does not ow always exactly along the Venus-Sun
line. For example, aberration caused by the orbital motion of Venus around the
Sun turns the solar wind ow away from the VSE and VSO x-axis on average
◦
5 in the planet's rest frame. Thus, the cross-ow component of the IMF
contributing to the convection electric eld is not exactly along the VSE

y-

axis. If the aberration is not corrected for, the VSE coordinates are sometimes
referred as the aberrated VSE coordinates.

VSO coordinates

The Venus Solar Orbital coordinate system, a planet-centered

x-axis directed towards the Sun, the
z -axis pointed to the northward pole of the Venus orbital plane and the y -axis

Cartesian coordinate system with the
completes the right-handed system.

viii

Symbol
B
E
F
J
m
m/q
n
η
p
ρm
ρq
q
t
T
Ue
V (U)
v
c
0
G
k
me
m
mp
qe
µ0
B

O

Unit
T
Vm

Magnetic eld

−1

N
Am

Meaning (Value)
Electric eld
Force

−2

kg
−1
kg C
−3
m
−1
VmA
−2
Nm
−3
kg m
−3
Cm

Electric current density
Mass of a particle
Mass to charge ratio of a particle
Number density
Resistivity
Pressure
Mass density
Charge density

C

Charge of a particle

s

Time

K
−1

Temperature

ms

Velocity of electrons

ms

−1

Bulk velocity of plasma

ms

−1

Velocity of a particle

ms

−1

× 108 )
−12
Vacuum permittivity (8.8542 × 10
)
−11
Gravitational constant (6.6743 × 10
)
−23
Boltzmann constant (1.3807 × 10
)
−31
Electron mass (9.1094 × 10
)
−26
Mass of an oxygen atom (2.6568 × 10
)
−27
Proton mass (1.6726 × 10
)
−19
Electron charge (−1.6022 × 10
)
−6
Vacuum permeability (1.2566 × 10 )

−1

Fm
3
−1 −2
m kg
s
−1
JK
kg
kg
kg
C
−2
NA

The speed of light (2.9979

Table 1: Symbols and constants. Bolded characters denote vector quantities.
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Parameter Denition

Numerical value
B[nT]

≈ 21.8 [km s−1 ] × √

√ B
µ0 ρm

Alfvén velocity

v =

Debye length

λ =

Gyro period

τ =

2πm
qB

≈ 65.6 [s] ×

Gyro radius

r =

mv⊥
qB

Inertial length

λ=

p ]×v⊥ [
≈ 10.4 [km s−1 ] × m[m
q[|qe |]×B[
q
p]
≈ 228 [km] × q2 [q2m[m
]×n[ −3 ]

Plasma beta

β = ppth
=
B

Plasma period

Sound velocity

A

q

D

L

L

c
ωp

ni [cm−3 ]×m[mp ]

0 kB Te
ne qe2

=

2π
ωpe

≈ 21.8 [m] ×

q

Te [105 K]
ne [cm−3 ]

m[mp ]
q[|qe |]×B[nT]
km s

−1

]

nT

q

m
µ0 q 2 n

e

2µ0 nkB T
B2

= 2π
τpe =
q
vs = γkmB T

q

me 0
ne qe2

≈ 3.47 ×

cm

n[cm−3 ]×Te [105 K]
B 2 [nT2 ]

≈ 0.111 [ms] ×

q

≈ 37.1 [km s−1 ] ×

1
ne [cm−3 ]

q

γ[ 53 ]×T [105 K]
m[mp ]

Table 2: Plasma parameters and their numerical values.
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Chapter 1
Introduction
This thesis is about the solar wind induced ion escape from the planet Venus. A
global 3-dimensional hybrid plasma simulation was developed and used to model
the Venusian plasma environment, which is created in the interaction between the
Venus ionosphere and the solar wind. The plasma environment of Venus has been
observed extensively by two missions:

NASA's Pioneer Venus Orbiter from late

1970s to early 1990s and the European Space Agency's Venus Express, which has
been orbiting Venus since April 2006 and is still in good health. Data from both
spacecraft were used in the work.
The goals of the current work are 1) to develop a 3-dimensional numerical hybrid
plasma simulation code for the inuence of the solar wind to the atmosphere of
Venus, 2) to apply the developed code in the interpretation of the Venus Express
observations of the ion escape from the planet, and 3) to apply the code in the
studies of the Venusian plasma environment.
The content of this article-based doctoral thesis is divided into two parts: the
synthesis part and the original research articles. The synthesis part consists of ve
chapters which lay out the background for the research, discuss the results and
conclude the work. Chapter 1 introduces Venus as one of the terrestrial planets in
the Solar System, the atmospheric escape processes, the inuence of the solar wind
on celestial bodies, planetary plasma simulations and the Venus Express mission.
In Chapter 2 previous knowledge of the plasma environment of Venus is reviewed.
Chapter 3 introduces the HYB-Venus simulation code, which was used in the study.
Chapter 4 synthesizes the results of the four research articles and discusses the
limitations of planetary plasma simulations. Chapter 5 concludes the thesis with a
summary and future prospects. The four original research articles are attached at
the end.

1.1 Venus is a terrestrial planet
Venus is the closest neighbouring planet to the Earth and the most earthlike planet
in its size and mass orbiting the Sun.

It is one of the four terrestrial planets in

the Solar System: Mercury, Venus, Earth and Mars. Terrestrial planets are mainly
composed of rock and metals and they orbit the Sun in the inner Solar System as
opposite to gas giants that contain mostly lighter elements and are located in the

1

2

CHAPTER 1.

INTRODUCTION

outer orbits. Table 1.1 summarizes some of the main properties of the planets Venus,
Earth and Mars.
Even though Venus is located close to the Earth and it is about the same size as
the Earth, they are still very dierent in many respects. Venus is completely covered
by sulphuric acid clouds at altitudes of about 50-70 km.

The cloud cover reects

90% of the sunlight back into space. This means that although the incident solar
radiation at Venus is almost two times that of the Earth, the Venus atmosphere
absorbs less sunlight than the terrestrial atmosphere. Venus rotates around its axis
very slowly and retrograde with respect to other planets in the Solar System except
Uranus, which has an axis of rotation almost in the ecliptic plane.

The rotation

period and orbital parameters of Venus, Mars and the Earth are listed in Table 1.1.

Atmosphere
Although the solid body of Venus rotates slowly, its atmosphere has a fast superrotation around the planet. The winds at the cloud top blow typically at the speed
−1
of 100 m s
at the equator which means that they circle the planet in about 100
hours (e.g. Svedhem et al., 2007). The Venus atmosphere is dense compared to the
◦
Earth. On the surface the temperature is on average 464 Celsius and the pressure
is 92 bars. The high temperature is caused by the greenhouse eect of the carbon
◦
dioxide atmosphere and the high pressure. The average temperature is 550 higher
than the black body temperature of a Venus-sized planet with the same albedo and
without greenhouse gases (see Table 1.1).
The atmosphere of Venus is composed mainly of carbon dioxide (CO2 ) with a
minor proportion of molecular nitrogen (N2 ). Abundances of other constituents are
measured in parts-per-millions (ppm).

Sulphur dioxide (SO2 ), argon (Ar), water

(H2 O), carbon monoxide (CO), helium (He) and neon (Ne) are the main minor
atmospheric constituents of Venus.
Although carbon dioxide dominates at altitudes below

∼150 km, the composition

of the Venus atmosphere is a function of altitude as seen in Figure 1.1.

In the

upper atmosphere the solar radiation changes the composition of the atmosphere via
photochemical reactions. For example, EUV photons photodissociate CO2 molecules
to CO molecules and O atoms. The composition and altitude proles of the Venus
dayside neutral atmosphere above 150 km are shown in the right panel of Figure 1.1.
Figure 1.2 shows the composition of the Venus ionosphere.

The ionosphere is

created from the neutral atmosphere at altitudes higher than 100 km by the photoionization, the charge exchange and the electron impact ionization processes (see,
for example, Brace and Kliore, 1991). Many chemical reactions are also important
in the Venus ionosphere (e.g. Nagy et al., 1983).

Further, dayside and nightside

do not have identical ionospheric compositions as can be seen in Figure 1.2 due to
dierent ionization and chemical processes.
In addition to the thermal part of the upper atmosphere the right panel of
Figure 1.1 also shows estimated densities of oxygen and hydrogen atoms in the
Venus exosphere, the uppermost collisionless, region of the atmosphere. The main
source of the non-thermal, so-called "hot", exospheric oxygen atoms at Venus is the
+
−
dissociative recombination process O2 + e
→ O + O of molecular oxygen ions
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Parameter

Unit

3

Venus Earth Mars

General
Mass

1024 kg

4.87

5.97

0.642

Volumetric mean radius

km
−3
kg m
−1
km s

6051.8

6371.0

3389.5

5243

5515

3933

10.36

11.19

5.03

-

0.90

0.306

0.250

C
3
nT RP

-88.95

-18.85

-63.05

< 0.38

30760

<5

AU

0.723

1.000

1.524

Mean density
Escape velocity
Planetary albedo
Black body temperature

∗

Magnetic moment

◦

Orbital
Semi-major axis

2
(1 AU / Semi-major axis)

-

1.913

1.000

0.431

days
−1
km s

224.701

365.256

686.98

35.02

29.78

24.13

hrs

-5832.5

23.9345

24.6229

bar
◦
C
1018 kg

92

1.014

0.00636

464

15

-63

480

5.1

0.025

CO2 abundance

vol-%

96.5

0.35

95.32

N2 abundance

vol-%

3.5

78.08

2.7

O2 abundance

vol-%

-

20.95

0.13

vol-ppm

20

1000

210

Sidereal orbit period
Mean orbital velocity
Sidereal rotation period

Atmospheric
Surface pressure
Average temperature
Total mass

H2 O abundance
Table 1.1:

Properties of the terrestrial planets Venus, the Earth and Mars.

All

values are from NASA's Planetary Fact Sheet website (Williams, 2010) except the
magnetic moments of Venus and Mars that are from Phillips and Russell (1987) and
Acuna et al. (1998), respectively. *) Albedo included.
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Figure 1.1: Altitude proles of the chemical composition of the Venus neutral atmosphere. Proles in the left panel are from Esposito et al. (1997) and are based
on the model by Yung and DeMore (1982). A prole in the right panel is based on
the Pioneer Venus Orbiter observations and shows also the exospheric populations
(from Luhmann, 1986).

(Nagy et al., 1981). Important sources of hot exospheric hydrogen atoms are the
+
reactions involving molecular hydrogen (H2 ) and O ions on the dayside (Cravens
et al., 1980; Kumar et al., 1981) while on the nightside the charge exchange between
+
H and hydrogen and oxygen atoms contributes signicantly (Hodges and Tinsley,
1981). Figure 1.3 shows the hot oxygen atom densities in the Venus exosphere from
more recent modelling studies (Gröller et al., 2010; Lichtenegger et al., 2009). They
found that during the solar cycle minimum the exospheric hot oxygen densities are
a factor of 2-3 smaller than those observed by PVO during the solar maximum
conditions. However, particle densities in the Venus exosphere are still under active
debate.

Water
The mass of the Venus atmosphere is about 94 times that of the Earth. However,
all water on Venus is in the atmosphere, whereas at Earth most of the water is in
21
the oceans and polar ice-caps. The mass of the Earth's hydrosphere is 1.4 × 10 kg,
which is about three times the mass of the Venus atmosphere (Williams, 2010) that
has only 20 ppm by volume of water (see Table 1.1).

That is, compared to the
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Figure 1.2:

5

Altitude proles of the Venus ionospheric composition based on the

Pioneer Venus Orbiter observations (adapted from Brace and Kliore, 1991). The left
panel shows the daytime ionosphere and the right panel the nighttime ionosphere.

Earth, Venus is a very dry planet. According to Donahue and Russell (1997) "the
question that begs to be answered is whether this water [in the Venus atmosphere] is
mostly the remnant of an early abundant supply of water, most of whose hydrogen
has escaped to space, or, instead, consists to a large extent of water that has been
introduced comparatively recently by comets or by volcanic outgassing."
See Figure 1.4 for comparison of water, carbon dioxide and nitrogen inventories
of Venus, Earth and Mars.
Since young Venus and Earth had presumably similar atmospheres, most of
the original Venus water must have disappeared (e.g. Donahue and Russell, 1997).
20
Approximately 2 × 10 kg of water may have escaped during the 4.6-billion-year
45
evolution of the Solar System (Luhmann, 1986). This equals to 6.7 × 10
water
45
45
molecules of which 4.5 × 10
are hydrogen atoms and 2.2 × 10
oxygen atoms.
17
Moreover, 4.6 billions years is about 1.45 × 10
seconds, which gives average escape
28
28
rates of 3.1 × 10
hydrogen atoms per second and of 1.5 × 10
oxygen atoms per
second.

1.2 Atmospheric escape
Atmospheric particles can be lost from a planet in several ways.

Escape mecha-

nisms can be categorized according to whether they are thermal or non-thermal processes and whether associated escaping particles are charged ions or neutral atoms
or molecules (see, for example, Lundin et al., 2007).
In thermal equilibrium the velocities of particles are distributed according to the
Maxwell-Boltzmann distribution. The most probable speed of a particle in thermal
equilibrium is given by

r
v

th

=

2k T
.
m
B

(1.1)
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Figure 1.3: Altitude proles of the density of hot oxygen atoms in the Venus dayside
exosphere from models for dissociative recombination and from the Pioneer Venus
Orbiter data (from Gröller et al., 2010).

A particle can escape from an atmosphere at the planetocentric distance

R

if its

velocity exceeds the escape velocity from a gravitational eld of a planet:

r
v

esc

where

M

P

=

2GM
,
R
P

(1.2)

is the mass of the planet. For Venus the escape velocity is 10.36 km s

−1

which equals to kinetic energy of 0.56 eV for a hydrogen atom and to kinetic energy
of 8.9 eV for an oxygen atom.
However, atmospheres are collisional at low altitudes and particles cannot make
their way straight from surface to space. The exobase is the lower boundary of the
uppermost part of a planetary atmosphere, the exosphere. It is dened to be at the
altitude at which the mean free path of a particle is the same as the atmospheric
scale height. Above the exobase particles are not colliding frequently and move in
ballistic trajectories.
The basic form of thermal escape of neutral particles from a planetary atmo-

1.2.

ATMOSPHERIC ESCAPE

7

Figure 1.4: Estimated inventories of volatiles, easily vaporizing elements or chemical
compounds, on Venus, Earth and Mars.

The bars show the lower limit of the

total abundances and the lled parts the atmospheric content (from McBride and
Gilmour, 2004).

sphere is described by the Jeans equation (Chamberlain and Hunten, 1987):

F =
where

v

th

,

n

and

x

v
√ n(1 + x)e−x
2 π
th

[m

−2 −1
s ],

(1.3)

are the most probable thermal velocity and number density of

particles at the exobase and the thermal escape parameter, respectively. The escape
parameter

x

is dened as

x =

GM m
k T R
P

B

where

T

exo

exo

v

esc

and

v

th

esc

exo

is the temperature at the exobase,

exobase and

v2
,
v2

=

(1.4)

th

R

exo

planetocentric distance of the

the escape and thermal velocities of particles at the exobase,

respectively.
From Equation 1.3 it can be seen that the thermal escape ux is a function of
the gravitational potential energy at the exobase. The escape ux decreases exponentially in concert with increasing gravitational potential energy. Heavy particle
species are more bound to a planetary atmosphere than light species. Also, massive
planets can retain lighter species more easily in their atmospheres with respect to
less massive planets. McBride and Gilmour (2004) state that if the average speed
of particle species (at the exobase) is less than about one-sixth of the escape velocity, a planet can retain the species in its atmosphere for a period of time of the
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Figure 1.5: Conditions of thermal escape of dierent particle species from the Solar System planets.

For planets one-sixth of the escape velocity and the exobase

temperature are shown (dots). The red lines give the average thermal velocities of
particle species as a function of temperature. Planets above a certain line are able
to retain the species in question in their atmospheres from thermal escape for a
period of time of the same order of magnitude as the age of the Solar System (from
McBride and Gilmour, 2004).

same order of magnitude as the age of the Solar System.

Figure 1.5 summarizes

the conditions of thermal escape of dierent particle species from the Solar System
planets. Note that the Venus exobase temperature is signicantly lower than that
of the Earth. This is due to the radiative cooling eect of CO2 at 15-µm infrared
wavelength (Keating and Bougher, 1992).

Venus is massive enough to gravitationally bind neutral oxygen particles. Only
a small fraction of the total oxygen is subject to the Jeans escape. On the other
hand, hydrogen particles may have been easy to remove from the Venus atmosphere
during its evolution.

If original Venus water molecules were photodissociated in

the atmosphere, hydrogen may have freely escaped from the exoshere. Remaining
oxygen could have then reacted with the surface rocks and be absorbed in the Venus
soil (Luhmann, 1986).

Another possible explanation how heavy elements such as

oxygen may have escape from Venus is related to the fact that the planet has no
detectable intrinsic magnetic eld and the solar wind interacts directly with its
ionosphere.
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Non-thermal escape
A planet may be able to bind gravitationally its atmosphere from the Jeans escape
but still be vulnerable to non-thermal escape mechanisms. The solar wind induced
loss of ions from planetary upper atmospheres is a non-thermal process. It occurs
at upper layers of a planetary atmosphere where particles are ionized. Since ions
are charged particles, they react to electric and magnetic elds and may not move
along ballistic trajectories above the exobase.
Depending on a planetary magnetic eld and atmosphere, a planet has a magnetic and plasma environment, a magnetosphere, around it as will be discussed
in the next section. In general, magnetospheres focus energy from the solar wind
to near space of planets. This energy can accelerate ions via electromagnetic and
plasma interactions to velocities exceeding the escape velocity from a planet and,
thus, erode atmospheric ions. Also, the solar wind ow close to a planetary ionosphere may excite plasma waves such as the Kelvin-Helmholtz instability leading to
bulk scavenging of ionospheric particles as detached plasma clouds.
Neutral particles can gain energy also non-thermally by photochemical reactions
which produce the hot neutral corona above the exobase and by the sputtering of
energetic ions in the upper atmosphere (Lammer et al., 2006).

Particles from a

hot corona may easily escape due to their high thermal velocities. Sputtering is a
process where an incident particle collides with target material depositing its energy
and ejecting target particles.

Atmospheric neutrals may gain this way velocities

exceeding the escape velocity from a planet.

1.3 Planetary plasma interactions
One dierence between the terrestrial planets are their intrinsic magnetic elds. The
Earth possess a strong dipole eld with respect to interplanetary space generated
by a dynamo in the planet's interior. Mercury has a weaker but signicant global
dipole magnetic eld.

Venus and Mars do not have detectable global magnetic

elds. However, Mars has local magnetized regions on the surface, which hint about
a possible dynamo operating when Mars was young. The planetary magnetic eld
and the atmosphere determine how a celestial body interacts with the solar wind.

Solar wind
The solar wind is a continuous plasma ow mainly composed of protons and electrons
originating from the Sun's upper atmosphere. The solar wind is highly conducting
and, thus, carries the Sun's magnetic eld to the interplanetary space. The magnetic
eld frozen-in to the solar wind ow is called the interplanetary magnetic eld
(IMF). On average the IMF spins in a spiral structure when the solar wind drags
it to through the Solar System. This is called the Parker spiral. The spiral angle
(or the IMF cone angle) is smaller, i.e. the IMF is more parallel to the solar wind
ow, the closer the distance to the Sun. At larger distances the IMF becomes more
perpendicular to the solar wind ow.

10
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Venus Earth Mars

Solar wind
Velocity
Density
Proton temperature
Electron temperature

−1
km s
−3
cm
104 K
104 K

430

430

430

14

7

3.0

10

8

6.1

17

15

13

nT
◦

10

6

3.3

36

45

57

km

4200

8400

18000

km

260

530

1100

Interplanetary magnetic eld
Magnitude
Spiral angle

Derived
+
∗
Pickup O gyro radius
+
∗
Pickup H gyro radius
∗∗
+
Hsw thermal gyro radius

km

42

63

100

Sonic Mach number

-

6.6

7.2

7.9

Alfvénic Mach number

-

7.9

9.4

11.1

km

61

86

130

Proton inertial length

Table 1.2: The average solar wind and IMF conditions at Venus, Earth and Mars
(from Slavin and Holzer, 1981). *) Gyro radii calculated using the ExB drift velocity
(Equation 4.4). **) Gyro radii calculated using the thermal velocity (Equation 1.1).

The solar wind is usually supersonic and super-Alfvénic at the distance of planetary orbits around the Sun. That is, the sonic Mach number and the Alfvénic Mach
number, which are dened as the plasma bulk velocity divided by the sound and
Alfvén velocity, respectively, are greater than one. Further, the solar wind is also
supermagnetosonic, which means that the solar wind velocity is greater than the
p
magnetosonic velocity (vms =
vA2 + vs2 ).
The steady solar wind ow has two basic types: the fast wind in high speed
streams and the low speed wind. In addition to the spiral structure of the IMF and
the radial plasma ow, the solar wind is subject to transient events such as coronal
mass ejections and corotating interaction regions. Table 1.2 lists typical solar wind
and IMF conditions at Venus, Earth and Mars.

Interaction types
When the solar wind meets dierent Solar System bodies dierent types of interactions occur. There are four basic types of solar wind-planetary interactions (or four
basic types of planetary obstacles to the solar wind ow) in the Solar System: the
Earth, Venus, Moon and cometary type interactions.
The terrestrial type obstacle to the solar wind is a planetary magnetic eld. The
geodipole is strong enough to stop the solar wind several planetary radii away from
the Earth's surface and atmosphere.

The deecting surface is called the magne-
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topause and the whole magnetic environment around the Earth the magnetosphere.
The solar wind can enter near the terrestrial atmosphere only via dynamical magnetospheric processes.

The outermost disturbance the terrestrial magnetosphere

causes in the solar wind (excluding the ion and electron foreshocks) is called the
bow shock.

Between the bow shock and the magnetopause is a region called the

magnetosheath.
The Venus type obstacle to the solar wind is a highly conducting ionosphere.
The ionosphere is formed by the photoionization, the charge exchange, the electron
impact ionization and chemical processes. The magnetized solar wind cannot penetrate in the ionized upper Venus atmosphere because shielding currents are induced
at the obstacle surface. The obstacle is commonly called the ionopause (or the magnetopause) and the resulting environment is called the induced magnetosphere. A
zeroth order approximation of the situation is a conducting sphere in a homogeneous magnetic eld. At the surface the eld is perpendicular to the sphere. Like
at Earth, the bow shock is the outermost disturbance in the solar wind caused by
the Venusian induced magnetosphere.
The Moon type interaction with the solar wind takes place directly with a surface
of an insulating body. The Lunar surface absorbs most of the solar wind creating
a low density region, the wake, behind the solid body in the nightside.

Some of

the solar wind is reected back upstream from the Lunar surface. The IMF is not
perturbed from the upstream conditions as much as at Earth and Venus when the
solar wind meets the obstacle. Thus, the Moon has no bow shock. For example,
unmagnetized asteroids are expected to have the Lunar type interaction with the
solar wind.
The solar wind-cometary interaction occurs when a comet is in active phase and
close to the Sun. An active comet has an extensive atmosphere compared to the size
of its nucleus. The cometary atmosphere becomes partly ionized by the sunlight in
a similar manner as planetary atmospheres. When ions are introduced in the solar
wind, the ow becomes mass-loaded. The mass-loaded ow slows down due to the
conservation of energy and momentum.

The cometary ions are picked up to the

solar wind ow by the IMF and the convection electric eld.
Another type of a plasma interaction occurs inside magnetospheres of gas giants. For example, Saturn's largest moon Titan is usually in the Kronian corotating
magnetospheric ow. Titan's plasma interaction is dierent from Venus and Mars
although Titan is also an unmagnetized object with an atmosphere. Saturn's magnetospheric plasma has a high temperature and, thus, the plasma ow can be subsonic
whereas the solar wind ow is always supersonic at the distance of planetary orbits
around the Sun (see, e.g., Simon et al., 2006). In the subsonic interaction no bow
shock forms because the information about the obstacle can propagate upstream in
the ow.

1.4 Global plasma simulations
Planetary plasma interaction simulations are simulations where a planet and its
plasma environment and their response to an incident plasma ow are modelled
(see, for example, Ledvina et al., 2008). While

in situ

spacecraft observations are
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always made locally along a specic trajectory, simulations can reveal the global
(3-dimensional) structure of the planetary plasma interaction. Simulations can be
seen as numerical experiments to study physics based on a selected set of equations.
Parametrization is needed for physical processes not feasible to solve directly from
the equations of the model.
In a numerical plasma simulation spatial dimensions are usually discretized using
a grid or a mesh. Field quantities of the model are stored in the grid cells. Grids
can have constant or temporally and spatially varying cell sizes and typical coordinate systems include Cartesian, spherical and unstructured meshes. The numerical
algorithm is used to solve the model equations using the grid structure.
Global plasma simulations attempt to model the whole interaction region around
a planet in two or three dimensions.

However, these simulations do not extend

arbitrary far in the nightside downstream region. The upstream boundary condition
for a global simulation is the solar wind or a plasma ow in general. At the inow
boundary selected upstream conditions for plasma and elds are implemented. At
the outow boundaries boundary conditions can be more complicated. Typically, a
free plasma outow from the simulation domain is wanted. This can be achieved in
a straightforward way for bulk plasma ow and for electric and magnetic elds, for
example, by setting the boundary values such that gradients of dierent quantities
are zero. However, plasmas are rich in wave modes and boundaries usually reect
some of the plasma waves. Ensuring a completely free outow of bulk plasma and
waves from a simulation domain is a challenging task.
The inner boundary of a global plasma simulation parametrizes the planet itself.

The boundary can be in the neutral atmosphere if the ionosphere is solved

self-consistently (e.g. Terada et al., 2009) or at the exobase if the ionosphere is
parametrized (e.g. Modolo et al., 2005). In the former case ion chemical processes
responsible for creating the ionosphere have to be implemented in the simulation
while the neutral atmosphere is an input condition. If the inner boundary is at the
exobase, the ionosphere has to be described via ion production (emission) proles.
Further, also the neutral corona above the exobase is typically an input condition.
There are four basic types of global plasma simulations for planetary plasma
interactions: gasdynamic, MHD, hybrid and kinetic models. All of these have their
own advantages, disadvantages and typical features. Fluid simulations model plasma
as a neutral uid (gasdynamic) or as a magnetic uid (MHD) while kinetic simulations treat plasma as charged particles. Kinetic and hybrid simulations are typically
based on solving the Lorentz force directly for individual particles (Particle-In-Cell
simulations) or on solving the time evolution of the plasma distribution function
(Vlasov simulations).
Next, dierent types of models for planetary plasma interactions will be discussed
shortly.

Gasdynamic and MHD
Gasdynamic and MHD modelling of plasmas are based on uid equations. Plasma is
described as a compressible or non-compressible uid in thermal equilibrium. The
uid modelling is computationally cheaper and smaller cell sizes can be used to
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achieve higher spatial resolution than in hybrid or kinetic models.

Solution of a

planetary plasma interaction using a uid model is symmetric between the positive
(+E) and negative (-E) hemispheres dened by the orientation of the interplanetary
electric eld provided that the inner boundary condition is axially symmetric. Exception to this are uid models beyond ideal MHD that include physics of kinetic
origin such as the Hall eect, non-scalar pressure or a multiuid treatment (Brecht,
1990; Ledvina et al., 2008; Tanaka, 1993).
In a gasdynamic simulation plasma is described based on the hydrodynamical
Euler equations (Stahara, 2002). The magnetic eld is decoupled from the dynamics
of the uid and, thus, determined as a secondary quantity. Since Faraday's law of
magnetic induction is not needed, the computational cost of a gasdynamic simulation
is less than the cost of an MHD simulation. Gasdynamic simulations can successfully
describe the basic magnetic structure of the Venus magnetosheath and they have
been used in the interpretation of the Pioneer Venus Orbiter observations (Luhmann
et al., 1986; Spreiter and Stahara, 1980).
MHD models are based on the magnetohydrodynamic equations.

As opposite

to the gasdynamic model, in MHD magnetic eld is treated self-consistently and
it contributes to the total uid pressure.

MHD simulations are widely used for

studying interactions between the solar wind and planets and, especially, the space
weather phenomena at the Earth (see, for example, Ridley et al., 2010, and references
therein).

The Venus-solar wind interaction has been studied in MHD by several

authors.

See, for example, works by Bauske et al. (1998); Cable and Steinolfson

(1995); De Zeeuw et al. (1996); Kallio et al. (1998); Tanaka (1993); Tanaka and
Murawski (1997); Terada et al. (2009).
A typical MHD simulation solves the ideal MHD equations where plasma is
considered as a single uid and the physical quantities are the uid mass density,
velocity, pressure and the magnetic eld. In ideal MHD there is only the convection
term in the electric eld and, thus, the magnetic eld is frozen-in to the plasma bulk
ow. The decoupling of the magnetic eld from the plasma ions can be modelled
in MHD by taking into account the Hall J×B term (see Equation 4.5 on page 62)
in the electric eld.

In non-resistive Hall-MHD the magnetic eld is frozen-in to

the electrons. The Hall term gives rise, for example, to the whistler mode in the
Hall-MHD dispersion equation. See Ma et al. (2007) for a comparison of an MHD
model and a Hall-MHD model and the Cassini magnetic eld observations of Titan's
plasma environment in the induced magnetotail during the T9 yby.
Further, in planetary plasma environments in addition to the solar wind protons
several other ion species are usually present. Planetary ions can be studied using a
multispecies MHD model in which separate continuity equations are solved for different ion species (Ma et al., 2004). However, all ions move in the same velocity eld
in this approach. In multi-uid MHD all ion species have their own velocities and
densities. This allows planetary ions to move along their own streamlines separate
from the plasma bulk ow.

For this reason, instabilities associated with velocity

shear between light and heavy ion species like the Kelvin-Helmholtz instability can
be resolved in multi-uid MHD.
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Hybrid
The hybrid model is a semi-kinetic approach in modelling planetary plasma interactions and plasmas in general (see dierent techniques and applications, for example,
in Lipatov, 2002). In a hybrid simulation ions are modelled as particles moving in
the Lorentz force eld and electrons, usually, as a charge neutralizing and massless
uid. Each ion is typically modelled by a macroparticle, which represents a large
amount of real physical particles. The ion current and the ion charge density are
self-consistently coupled to the Maxwell equations assuming quasi-neutrality. The
electric eld is derived from the electron momentum equation. In the hybrid model
primary dynamic quantities propagated in time are the ions (velocities and positions)
and the magnetic eld. Further, the electron temperature is solved self-consistently
in some hybrid simulations from the electron energy equation (Ledvina et al., 2008).
The hybrid approach is by denition of multi-uid nature since ions are modelled self-consistently as particles. In a hybrid simulation ions can have arbitrary
masses and charges and velocity distributions. On the other hand, electrons are still
assumed to be in thermal equilibrium and their temperature is dened according to
the Maxwell-Boltmann distribution. The Hall term of the electric eld is typically
included in hybrid simulations.
Phillips and McComas (1991) concluded that, although 3-dimensional MHD sim-

Ideally, however, a hybrid simulation with uid solar plasma and discrete test particles
should be used. While we recognize that such a global hybrid simulation may exceed
the limits of today's techniques and computational resources, it should nevertheless
be a goal for future models." Indeed, during the last 20 years self-consistent hybrid
ulations of the Venus-solar wind interaction were the current state of the art, "

simulations have become popular in studies of planetary plasma interactions. Nowadays several hybrid simulation codes exist and have been applied to the interaction
between Venus and the solar wind. For example, see works by Brecht and Ferrante
(1991), Moore et al. (1991b), Shimazu (1999), Terada et al. (2002) and Martinecz
et al. (2009).

Kinetic
The fully kinetic approach of modelling a planetary plasma interaction means that
also the electrons are treated as particles in the Lorentz force eld in addition to the
ions in the hybrid model. Such simulations are still rare and not widely feasible in
the near future. Challenges rise from the fact that including also particle electrons,
temporal scales by a factor of

mp /me ≈ 1836 shorter than in hybrid simulations need

to be resolved. This increases the computational demand of a simulation linearly
with respect to the hybrid approach. Additionally, electromagnetic radiation may
be included (see, for example, the TRISTAN code Buneman et al., 1980; Nishikawa,
2001). Electron and ion dynamics in the lunar wake were studied in a fully kinetic
electromagnetic simulation by Birch and Chapman (2001). Moreover, Pohjola and
Kallio (2010) studied a fully kinetic electromagnetic modelling of a plasma environment of an unmagnetized or weakly magnetized planet based on a solution from a
hybrid simulation.

1.5.

VENUS EXPRESS

15

Figure 1.6: Electron density prole in the dayside ionosphere of Venus measured by
VeRa onboard Venus Express (from Pätzold et al., 2007).

1.5 Venus Express
Venus Express (VEX) is the European Space Agency's mission to Venus (Svedhem
et al., 2009). The spacecraft arrived at Venus in April 2006 and has been orbiting
the planet since. The scientic objective of VEX is to study the planet's atmosphere
from dierent perspectives and the spacecraft carries onboard seven instruments for
remote sensing and

in situ observations.

Instruments especially interesting for plan-

etary plasma physics studies are the ASPERA-4 (Analyser of Space Plasmas and
Energetic Atoms) particle instrument (Barabash et al., 2007b), the MAG magnetometer (Zhang et al., 2006, 2007) and the Venus Express Radio Science Experiment
(VeRa) (Häusler et al., 2006).
ASPERA-4 is a copy of the ASPERA-3 instrument onboard the Mars Express
(MEX) spacecraft. The ASPERA-4 instrument consists four dierent sensors: the
neutral particle imager (NPI), the neutral particle detector (NPD), the electron
spectrometer (ELS) and the ion mass analyzer (IMA). Of these NPI, NPD and
ELS are mounted on a mechanical scanner platform.

The NPI and NPD sensors

are designed to observe energetic neutral atoms (ENAs) originating in the charge
exchange processes between the solar wind and the upper atmosphere of Venus. The
−1
−1
ELS sensor observes electrons at energies ranging from 10 eV |qe |
to 15 keV |qe | .
Time resolution of a full 3-dimensional electron energy spectrum is 32 seconds.
−1
The IMA sensor observes ions in the energy range of 0.01-32 keV |qe | . It has
+
++
+
resolution to distinguish particles with m/q values of 1 (H ), 2 (He
), 4 (He ),
+
+
8, 16 (O ), 32 (O2 ) and > 40 (up to 80). IMA is mechanically separated from the
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main ASPERA-4 unit and the scanner platform and uses electrostatic sweeping to
provide elevation coverage. Temporal resolution for a full 3-dimensional ion energy
spectrum is 192 seconds. Ions are observed using a top-hat electrostatic analyser and
◦
a magnetic separator to achieve m/q resolution. A full 360 cylindrical symmetry of
the IMA analyser makes it possible to resolve azimuthal angles of the incident ions.
See example of ion time-energy spectra for hydrogen and oxygen observed by IMA
in Figure 3 of Article III.
The MAG magnetometer measures the magnetic eld vector by using two triaxial uxgate sensors. The main sensor is located in a 90 cm boom away from the
spacecraft's body and the second sensor is attached to the body. Two sensors enable
separation of the stray magnetic eld from the spacecraft and the ambient magnetic
eld in space. MAG has a sampling rate up to 128 Hz (in the burst mode). The
solar wind mode is 1 Hz and the pericentre mode 32 Hz. See example of magnetic
eld components measured by MAG during a single periapsis crossing of VEX in
Figure 2 of Article III.
The VeRa experiment observes, among other things, the neutral atmosphere and
ionosphere of Venus by radio occultation.

Tracking station on the Earth receives

X-band and S-band radio signals (wavelengths 3.6 cm and 13 cm, respectively) from
the VEX transmitter, which have passed through the Venus atmosphere. Figure 1.6
◦
shows the Venus dayside ionospheric electron densities at SZAs smaller than 90 as
function of altitude as observed by VeRa.

Chapter 2
Venusian plasma environment
The outermost region above the Venus upper atmosphere where the planet aects its
surrounding space is called the plasma environment or the induced magnetosphere.
In this region the solar wind plays an important role in controlling the electric and
magnetic elds and the plasma. This chapter introduces the main features of the
Venus-solar wind interaction.

2.1 Early exploration
The Venusian plasma environment has been under active exploration since the early
1960s. The rst spacecraft missions to study this region

in situ

were Soviet Veneras

and American Mariners.
The rst observation of magnetic elds and plasma properties near Venus came
from Mariner 2. The spacecraft made its closest approach of

6.6 R

V

to the planet in

December 1962 and detected no signal accounted to be of planetary origin. These
negative observations suggested that an upper limit for the intrinsic magnetic dipole
moment of Venus (MV ) was 5% of the terrestrial value (ME ) (Smith et al., 1963,
1965).
In October 1967 Venus was visited by the Venera 4 entry probe and Mariner 5
yby missions. Based on the Venera observations Dolginov et al. (1968) found for
−4
the intrinsic eld MV < 3 × 10
ME . Venus had clearly only a very weak intrinsic
magnetic moment or was completely unmagnetized. While Venera approached the
Venus atmosphere, Mariner observed IMF to be reasonably steady in the upstream
solar wind and thus no signicant temporal variations aected the observations
(Dolginov et al., 1969). This was an early example of multi-spacecraft observations
in planetary plasma physics. Both spacecraft also observed the outermost boundary
of the plasma environment, the bow shock, and parts of the magnetotail by their
magnetometers and plasma instruments.
Detailed exploration of the Venusian plasma environment began in the mid-1970s
with Venera 9 and 10 by the USSR. They arrived at Venus in October 1975 and
were put on orbit around the planet. The orbiting spacecraft were able to gather
more data from the Venus system compared to previous missions. Importantly, it
was found that the planet had a long magnetotail.
Altough a new upper limit for the magnetic moment of

17
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E

was es-
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tablished (Eroshenko, 1979), the question still remained whether the long tail was
caused by the planet's weak intrinsic magnetic eld or was it due to an interaction of the solar wind with an ionosphere of a completely unmagnetized planet. In
papers by Russell (1976) and Dolginov et al. (1979) the Venera observations were
interpreted to present evidence that Venus possessed an intrinsic magnetic moment.
However, it had been shown in laboratory experiments that also an unmagnetized
body could form an obstacle to the plasma ow that resulted in a long magnetotail
(Dubinin et al., 1979). Russell and Vaisberg (1983) acknowledge these experiments
for giving guidance in the interpretation of the magnetic and plasma observations
at Venus.
Nowadays it is established that

M < 10−5 M
V

E

or

M < 8.4 × 1010 Tm3
V

(Phillips

and Russell, 1987), which corresponds to a dipole eld magnitude less than 1 nT
on the surface of Venus and has no major role in the solar wind interaction. Thus,
Venus is our best example of an unmagnetized planet.

2.2 Pioneer Venus Orbiter
After Venera 9 and 10 the stage was set for further Venus exploration by NASA's
upcoming Pioneer Venus mission.

Much of our current knowledge of the Venus

plasma and magnetic environment is originally based on the observations made by
the Pioneer Venus Orbiter (PVO) spacecraft.

PVO orbited Venus for almost 14

years from December 1978 to October 1992. The mission prole was such that the
spacecraft was able to sample the lowest altitudes including the Venus ionosphere
only during the solar cycle 21 and 22 maxima at the beginning and at the end of the
mission. No

in situ

cycle minimum.

observations from low altitudes were obtained during the solar

PVO carried onboard, among other things, several instruments

to study electric and magnetic elds and neutral and charged particles around the
planet.
In the following sections features of the solar wind interaction with Venus essential to this work prior to the orbit insertion of Venus Express are reviewed.
References to the original publications as well as review articles are given.

Literature
Several review articles have been published about the Venusian plasma environment
and the planet's interaction with the solar wind. The rst post- Venera and Mariner
summaries were given by Bauer et al. (1977) and Breus (1979). The big question
then was whether the unmagnetized nature of Venus was accurate or did the planet
possess a weak intrinsic magnetic eld. A collection of results from the early Pioneer
Venus mission including the solar wind interaction and the plasma environment were
published in a special issue of Journal of Geophysical Research (Colin, 1980).

In

the book titled Venus (Hunten et al., 1983) Russell and Vaisberg (1983) concentrate
in their review paper on the transition from the Venera and Mariner missions to
the Pioneer Venus era of exploration of the Venus plasma environment. By then a
basic understanding of the induced nature of the Venus magnetosphere and hints
of the non-thermal ion loss were reached. A mid-PVO mission update on the solar
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wind interaction with Venus was given by Luhmann (1986).

The review includes

observations covering almost a full solar cycle. Several important statistical results
existed by then such as the bow shock dependence on the interplanetary conditions
and the average structure of the distant magnetotail and picked up oxygen ions.
Luhmann (1990) gives a tutorial of the Venus-solar wind interaction emphasizing
dierences between the solar maximum and the solar minimum conditions. In the
special Venus Aeronomy issue of Space Science Reviews (Russell, 1991) Phillips and
McComas (1991) discuss the Venus plasma interaction widely. The Venus and Mars
plasma environments are discussed in parallel in proceedings of the Chapman Conference on Venus and Mars (Luhmann et al., 1992). The book Venus II (Bougher
et al., 1997) includes a summary article by Donahue and Russell (1997) which emphasizes the neutral atmosphere and the ionosphere in the solar wind interaction
with Venus. A comparative pre-Mars Express and pre-Venus Express review on the
magnetotails of Mars and Venus and comets was given by Lundin and Barabash
(2004). Recently, Russell et al. (2006) wrote a short review of the Venus-solar wind
interaction as observed by PVO in a special pre-Venus Express issue of Planetary
and Space Science (Taylor, 2006).

Magnetospheric and ionospheric current sys-

tems of planets including unmagnetized bodies were discussed in a recent article by
Baumjohann et al. (2010).

2.3 Boundaries
Many boundaries have been found and dened in dierent ways in the Venusian
plasma environment. Boundaries separate dierent plasma regions around the planet.
Also, behaviour of the boundaries as a function of dierent incident parameters and
as a response to changes in the upstream conditions provides insight about the
physical processes in the system. Essential magnetic and plasma boundaries around
Venus to this work are discussed next.

Bow shock
The bow shock is the outermost boundary of the Venusian induced magnetosphere.
It forms because information about the planetary obstacle cannot propagate upstream in the supermagnetosonic solar wind ow. In a stationary situation the bow
shock is a standing shock wave in the planet's rest frame which slows down the solar
wind. Further, the bow shock also heats and deects the incident ow.
The structure of the bow shock depends heavily on the angle between the magnetic eld frozen in the solar wind and the normal of the shock surface.

In the

parallel and anti-parallel cases the nature of the bow shock is turbulent whereas in
the perpendicular case the shock is easy to identify as a jump in the eld magnitude. The part of the bow shock near the parallel region is called the quasi-parallel
bow shock and the part near the perpendicular region the quasi-perpendicular bow
shock. In MHD the changes in plasma properties across a shock wave are described
by the Rankine-Hugoniot jump conditions (see, e.g., Parks, 1991).
The Venus bow shock has been studied actively since the early PVO mission (e.g.
Alexander and Russell, 1985; Alexander et al., 1986; Russell, 1977; Russell et al.,

20

CHAPTER 2.

VENUSIAN PLASMA ENVIRONMENT

1979, 1988; Slavin and Holzer, 1981; Slavin et al., 1979a,b, 1980; Tatrallyay et al.,
1983; Zhang et al., 1991b, 2004).

The most studied properties of the Venus bow

shock include its shape and size in the terminator plane. Both of these are known to
correlate with the upstream solar wind conditions and the solar activity. A synthesis
of the PVO bow shock observations was given by Russell et al. (1988).
A conic section is an important tool in the bow shock studies. It is a curve that
results as an intersection between a cone and a plane and it can be used used to t
the shape of planetary bow shocks (Slavin and Holzer, 1981). The equation for the
conic section can be written in a polar form as

r=
where

L

L
,
1 +  cos(θ)

is the semi-latus rectum and

the eccentricity of the section and

(r, θ)

The focus point along the Venus-Sun line (x0 ) is an

are the polar coordinates.
additional parameter.



(2.1)

Typically the bow shock size or altitude is measured as a

distance between the shock surface and the planet's center in the terminator plane
(x

= 0).

The conic model is used to extrapolate near terminator observations of the

bow shock crossings to the

x=0

plane.

During the solar maximum the shock terminator distance at Venus is about

2.4 R

V

whereas during the minimum the distance is about

2.1 R

V

(Russell et al.,

2006). This change has been attributed to the changing solar EUV conditions which
aect directly the photoionization rates of the atmospheric particles and indirectly
the structure of the Venus neutral upper atmosphere and the exosphere (Alexander
and Russell, 1985; Russell et al., 1988).

Figure 2.1 shows the Venus bow shock

terminator distance as a function of time during the PVO mission. Also the solar
EUV ux and the solar activity (the sunspot number) are shown. The correlation
between the 11-year solar cycle and the bow shock is evident.
The Venus bow shock also responds to more sudden changes than the solar cycle.
The bow shock is most strongly controlled by the Mach number of the upstream
solar wind ow (Russell et al., 1988; Tatrallyay et al., 1983). The lower the Mach
number, the farther away from the planet the bow shock is. Both the Alfvénic Mach
number and magnetosonic Mach numbers show a strong correlation with the bow
shock altitude.

Mach numbers also have a correlation with the solar cycle with

maxima at the solar minimum (Luhmann et al., 1993). Thus, this contributes to
the correlation between the bow shock altitude and the solar cycle seen in Figure
2.1. Dynamic pressure of the solar wind aects the bow shock location only weakly
(Russell et al., 1988; Tatrallyay et al., 1983). The high dynamic pressure squeezes
the bow shock somewhat closer to the planet compared to the lower pressure.
The shape of the Venus bow shock is controlled by the IMF orientation. The bow
shock is asymmetric with respect to the IMF clock angle or the orientation of the
interplanetary electric eld. The cross section of the bow shock in the terminator
plane is an ellipse elongated in the direction of the interplanetary electric eld (see
Figure 14 in Russell et al., 1988). This is caused by the asymmetric propagation of
the magnetosonic wave and the eect is more pronounced when the IMF is perpendicular to the solar wind ow (Verigin et al., 2003). When the IMF is aligned with
the ow, i.e. the IMF cone angle is small, the cross section is more circular than in
the perpendicular IMF case.
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Figure 2.1: Altitude of the Venus bow shock at the terminator as a function of solar
cycle (from Russell, 1995).

The magnetic eld jump at the Venus bow shock was discussed and showed to be
in reasonable agreement with the MHD Rankine-Hugoniot relations by Tatrallyay
et al. (1984).

Magnetic barrier
The magnetic barrier forms since the magnetized solar wind cannot enter the highly
conducting ionosphere of Venus during nominal solar wind conditions (Luhmann,
1990; Russell et al., 2006). See Figure 2.2 for a schematic illustration. The magnetic
eld lines pile up against the ionosphere in the dayside of the planet increasing
the eld magnitude. Here the dynamic pressure of the solar wind is converted to
the magnetic pressure, which is then balanced by the ionospheric thermal pressure.
Thus, the solar wind is excluded from the lower altitudes.

Orange and red areas

in Figure 2.3 denote the highest magnitudes of the magnetic eld, i.e. the dayside
magnetic barrier, around Venus.
If the dynamic pressure of the solar wind is higher than nominal, the magnetic
barrier is compressed towards the planet and the upstream magnetic eld enters the
ionosphere (see discussion in the next sub-section).
The magnetic barrier extends to higher SZAs from the dayside as a boundary
between the magnetosheath and the magnetotail.

The magnetic pressure of the

barrier decreases with SZA (see Figure 4 in Zhang et al., 1991a) because the angle
between the solar wind ow and the normal of the barrier surface increase. That
is, with higher SZA the incident dynamic pressure to the barrier is less than in the
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Figure 2.2: Illustration of the forward part of the Venusian induced magnetosphere
(from Zhang et al., 1991a).

subsolar region and can be balanced by lower magnetic pressure.
Note that in Figure 2.3 an axial symmetry is assumed about the Venus-Sun line.
However, this is does not give a completely accurate picture of the system since the
magnetic barrier is known to be asymmetric in the direction of the interplanetary
electric eld (see Figure 5 in Zhang et al., 1991a). The barrier is stronger in the +E
hemisphere.

Ionopause
The ionopause is a boundary between the Venus ionosphere and plasma environment (see, e.g. Luhmann, 1986, 1990; Phillips and McComas, 1991). The ionopause
separates the areas governed predominantly by the thermal pressure and the magnetic pressure. Below the ionopause the ionosphere is approximately in a hydrostatic
photochemical equilibrium, whereas above or near the ionopause the magnetic elds
of the induced magnetosphere play an important role. The ionopause based on the
pressure equilibrium forms in a region where the incident dynamic pressure of the
solar wind is balanced by the ionospheric thermal pressure. The pressure balance is
achieved via piling up of the magnetic eld lines at the magnetic barrier as described
in the previous sub-section. The currents owing below the magnetic barrier at the
ionopause shield the ionosphere and the neutral atmosphere from the upstream mag-
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Figure 2.3: Statistical map of the observed magnitudes of the magnetic in the vicinity
of Venus (from Russell et al., 2006).

The top panels are from the solar cycle 21

maximum years, the middle panels from the declining phase and the bottom panels
from the solar minimum years between the solar cycles 21 and 22.
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Figure 2.4: The average ionopause altitude at Venus (left) and the data (Phillips
et al., 1984) showing the variablity in its location (right) (adapted from Luhmann,
1986).

netic eld. See Figure 12 in Zhang et al. (1991a) for comparison of the altitudes of
the magnetic barrier and ionopause as a function of SZA.
The altitude of the ionopause is lower in the subsolar point, about 300 km, than

∼1000 km

near the terminator, where it is

near solar maximum (Phillips and Mc-

Comas, 1991). Figure 2.4 shows the observed average altitude of the ionopause as a
function of distance along the Venus-Sun line. The ionopause altitude is controlled
by the incident dynamic pressure normal to the ionopause surface and the ionization mechanisms that vary considerably from the dayside ionosphere to the nightside
ionosphere.
Figure 2.5 shows the ionopause for three PVO orbits with dierent solar wind
dynamic pressures. The ionopause is seen in the gure as a sudden decrease in the
magnitude of the magnetic eld and a sharp increase in the electron density when
moving closer to the planet. With higher dynamic pressure the ionopause is pushed
closer to the planet, to altitudes

∼200 km,

as seen in the middle and right panels of

Figure 2.5. The ionopause is thicker and the ionosphere magnetized for the larger
incident pressures, which is related to more collisional plasma and the downward
convection at lower altitudes (Elphic et al., 1981).
Sometimes the Venus ionopause is compared to the terrestrial magnetopause.
However, this analogy should not be taken too far. The size of the terrestrial magnetopause is controlled by the dynamic pressure of the solar wind, which is the case
also with the Venus ionopause. However, whereas the size of the Earth's bow shock
is strongly correlated with the magnetopause size, the Venus bow shock is quite insensitive to the ionopause location and the incident dynamic pressure (Russell et al.,
1988). See Figure 9 in Slavin et al. (1980) for the dependence between the altitude
of the Venus ionopause and bow shock.
Also the ionopause shows variations with the solar cycle as found by Knudsen
et al. (1987). However, this has not been studied as extensively as the bow shock
dependence on the solar activity.
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Figure 2.5: The magnitude of the magnetic eld (solid line) and the electron density
(dots) vs.

the altitude for three PVO orbits with dierent dynamic pressure of

the solar wind (from Russell and Vaisberg, 1983). The lowest (nominal) dynamic
pressure is on the leftmost panel and the highest on the rightmost panel.

2.4 Magnetic environment
Venus is a prototype of a planet with an induced magnetosphere that is controlled by
the IMF and the solar wind. The Venus-type induced magnetosphere forms around
an internally unmagnetized and conducting obstacle that is in a magnetized supersonic plasma ow. When the ow meets the obstacle the magnetic eld is perturbed
from the upstream conguration.

The parts of the magnetic eld lines travelling

close to the obstacle are slowed down while the other parts are still connected to the
upstream ow and travel at the supersonic speed. This conguration results in a
draping of the eld about the object and a formation of the (induced) magnetotail
in the nightside downstream region as suggested already by Alfvén (1957) for the
cometary tails.

The length of the tail and a degree of the draping are related to

the time it takes for the eld lines to slip over the obstacle. The longer the slipping
time, the farther the upstream ow takes the unperturbed parts of the eld lines.
That is, the draping is stronger and the tail longer the more time the eld lines
spent passing the obstacle compared to the upstream ow.
There are two basic types of unmagnetized obstacles to the incident plasma ows
with an induced magnetospheres and magnetotails in the Solar System. A cometary
obstacle forms when the solar wind encounters ionized particles in a comet's atmosphere. These particles are accelerated and picked up by the solar wind. This way
the magnetic ux tubes of the incident plasma become mass-loaded and are slowed
down.
At Venus the obstacle to the solar wind ow is, to the rst order, the highly
conducting ionosphere.

The magnetized solar wind is deected by the magnetic

barrier at the dayside of the planet and, as a consequence, the eld lines are slowed

26

CHAPTER 2.

VENUSIAN PLASMA ENVIRONMENT

down. This is called the Venus-type obstacle or the Venus-type solar wind interaction. However, also the mass-loading of the planetary ions to the solar wind ow is
known to aect the details of the eld line draping at Venus (Phillips et al., 1987).
Two main regions of the Venus magnetotail were observed by PVO: the near
tail behind the planet at the altitudes of about
at the altitudes of about

5 − 11 R

V

.

150 − 2500 km

and the deep tail

There have been several studies of plasma

and magnetic eld properties in these regions, see, for example, Luhmann (1986);
Phillips and McComas (1991); Russell et al. (2006) and references therein for the
description of the formation of the Venus magnetotail. Luhmann et al. (2004) give
a general description of induced magnestopheres and Venus as an example.
The total length of the Venus magnetotail is not known from observations but
it can be estimated from the time delay it takes for the upstream perturbations of
the IMF to reach the the central near wake.

This slipping time of the eld lines

is not accurately known but it has been estimated to be 10-30 minutes from the
simultaneous Venera 9 and 10 observations (Eroshenko, 1979; Saunders and Russell,
−1
−1
1986). Since the solar wind travels typically at 400 km s
(≈ 4 RV min ), the
magnetotail length becomes about

50 − 150 R

V

(Slavin et al., 1984, 1989).

Statistical studies
Many statistical studies of the Venusian induced magnetosphere have been done.

x = −5... − 12 R .
Bx in the
x = −10... − 12 R . The study

Saunders and Russell (1986) studied the Venus tail in the region

V

They reported that their major nding in the study was the polarity of
deep tail that is shown in Figure 2.6 for the range

V

showed that Venus has a well developed classical two-lobed induced magnetotail
controlled by the IMF orientation. The Venus tail consists of two magnetic lobes
with

Bx

polarities towards and away from the planet. The lobes are separated by

the central tail current sheet. The orientation of the lobes is controlled by the IMF
clock angle. The asymmetry in the gure between the hemispheres of negative and
positive polarity is attributed to the sampling of more positive IMF
the negative cases. Hints of the

Bx

Bx

cases than

polarities ordered by the cross-ow component

of the IMF in the Venus tail were found already in the earlier studies by Eroshenko
(1979) (Venera 9 and 10) and Russell et al. (1985) (PVO).
Further, Saunders and Russell (1986) also determined the average cross-tail

By

(shown in Figure 2.7) which is almost always positive in the magnetic coordinates
and, thus, no large scale geometry favoring the magnetic reconnection is present on
average in the deep tail. (Opposing, Phillips and McComas (1991) note that actually
some of the bins have

By < 0 in the gure.)

From the average cross-tail eld of about

2 nT they approximated that the tail contains

∼3 MWb

of magnetic ux. This is

in agreement with the earlier studies (Russell et al., 1981, 1985). McComas et al.
(1986) took into account the tail asymmetries caused by the IMF
found the average cross-tail

By

Bx component and

of 3.5 nT, which means that even more magnetic ux

is present in the Venus tail.
Since 3 MWb is at least an order of magnitude more magnetic ux than what
is estimated to reside in the dayside ionosphere or in the radial nightside elds
(Luhmann et al., 1981), the eld lines in the deep tail cannot be draped around the

2.4.

MAGNETIC ENVIRONMENT

Figure 2.6: Average polarity of

Bx

27

in the deep Venus magnetotail (from Saunders

and Russell, 1986).

dayside of the planet nor be rooted to the nightside ionosphere (Russell et al., 1985).
About 1 MWb of this ux may close above the ionosphere in the plasma mantle at
the terminator region (Russell et al., 1985).

However, most of the tail ux must

close across the tail at the central tail current sheet. That is, most of the eld lines
travelling in the deep tail have already slipped over the obstacle and are escaping
in the antisolar direction due to the release of the Maxwell stress of the strongly
draped magnetic eld at the central tail current sheet.
Saunders and Russell (1986) also determined the average shape and aring of
the tail boundary that separates the Venus magnetotail from the magnetosheath
and where the shocked solar wind ows downstream of the bow shock.
boundary at

x = −10... − 12 R

V

The tail

is shown in Figures 2.6 and 2.7.

Figure 2.8 displays a schematic illustration of the Venus-solar wind interaction
where Saunders and Russell (1986) summarize their understanding of the tail formation. The gure is based on the deep tail observations and it is drawn for the purely

Bx component.
Another illustration by McComas et al. (1986) includes also the IMF Bx component
cross-ow IMF case leaving out the asymmetries related to the IMF
(see Figure 2.12).
In addition to the magnetic eld lines draping around and slipping over Venus
the upper panel of Figure 2.8 shows also the morphology of the Poynting ux. The
Poynting ux is focused from the bow shock towards the magnetotail and from the
tail boundary it is directed to the central tail current sheet where the dissipation
of the electromagnetic energy occurs.

The crosses in the gure indicate that the

energy is transformed from the plasma to the eld at the bow shock and at the tail
boundary. At the central tail current sheet the energy is transformed from the eld
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in the deep Venus magnetotail (from Saunders and Russell,

1986).

to the plasma (dots).

Magnetic coordinates
The coordinate system based on the upstream magnetic eld orders the Venus magnetotail. In Figure 2.8 the IMF vector is taken to be along the
the

xy

plane with

z=0

the

which denes

as the magnetic equator plane. The magnetic dawn-dusk

or magnetic east-west hemispheres refer to the
component (i.e.

y -axis

Byz

y≷0

regions. If the IMF cross-ow

By

component) has only a non-zero

in the VSO coor-

dinates, the magnetic equator coincides approximately with the ecliptic plane of
the Solar System and the geographical equator of the planet. The dawn and dusk
hemispheres are symmetric, excluding the aberration caused by the planet's orbital
motion around the Sun, if the IMF

Bx

is zero and the obstacle itself is axially sym-

metric (i.e. the structure of the upper atmosphere depends only on the solar-zenith
angle).
In magnetic coordinates, if the solar wind is assumed to ow along the negative

x-axis,

as a consequence, the interplanetary electric eld is along the

z -axis.

The

interplanetary electric eld denes the magnetic north and south hemispheres or the
+E (z

> 0)

and -E (z

< 0)

hemispheres where the electric eld points away from

the planet and towards the planet, respectively. The Venus orbital motion around
−1
the Sun is on average about 35 km s . This causes an aberration of the solar wind
◦
−1
of about 5 (if the solar wind velocity is 430 km s ) from the Venus-Sun line.
When the eld lines drape and slip over the planetary obstacle, they form socalled magnetic polar regions in the +E and -E hemispheres. The magnetic polar
region is a region close to the terminator plane at

z

VSE

∼ ±R

V

where the draping of
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Figure 2.8: Schematic illustration of the Venusian induced magnetosphere and the
interaction with the solar wind based on the PVO observations (adapted from Saunders and Russell, 1986).
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Averaged magnetic eld vectors around Venus (from Phillips et al.,

1986b).

the eld is strong and the eld lines slip to the tail side of the induced magnetosphere.

Magnetic eld draping
The draping of the magnetic eld around Venus aects the structure of the whole
induced magnetosphere and the plasma and it is found in all regions from the bow
shock to the ionosphere. Curvature in the magnetic eld is associated with electric
currents through Ampère's law.

The currents are further related to the electric

eld via the J×B Hall term (Equation 4.5).

Moreover, the electric eld couples

back to the magnetic eld by Faraday's law and the charged plasma particles are
accelerated by the Lorentz force.

The eect is known as the J

×

B force or the

slingshot force. Curvature of the magnetic eld lines is also important in creating a
eld line morphology related to the magnetic reconnection.
Figure 2.9 shows the magnetic eld vectors in the vicinity of Venus from a study
by Phillips et al. (1986b). The vectors show average magnetic conguration at two

z =const.

planes on the +E hemisphere.

The eld lines closer to the magnetic

equator on the right-hand side in the gure show a greater degree of draping than
the eld lines above the magnetic polar region on the left panel. This demonstrates
the basic feature of the Venusian induced magnetosphere that the slipping of the
eld lines about the planet at the magnetic equator takes longer than above the
magnetic polar region (see the three eld lines in the lower panel of Figure 2.8 for
illustration).
In a more detailed study of the magnetic morphology near Venus Phillips et al.
(1986a) showed that the magnetic eld in the nightside ionosphere has a tendency to
encircle the planet at low altitudes. This means that the cross-ow component of the
magnetic eld turns opposite to the IMF (By

< 0).

Such a draping pattern indicates
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Figure 2.10: Two models for the eld line draping around Venus (from Marubashi
et al., 1985).

a morphology favoring the magnetic reconnection. Figure 2.10 shows two examples
of possible morphologies of the eld line draping around Venus. In the left panel
the eld lines encircle the planet at low altitudes because of the convergence of the
magnetosheath ow creating an X-type geometry in the near tail. The morphology
in the left panel has also been suggested for the high solar wind dynamic pressure
(Luhmann, 1992; Luhmann et al., 1981). In the right panel the eld lines slip over
the planet without a strong convergence towards the central tail.
A comparative Venus-Titan study by Kivelson and Russell (1983) suggests that
reconnection geometry is possible in the near Venus tail although no direct reconnection dynamics has been observed. Also, a study by Luhmann (1992) supports
possibility for the X-line in the near tail.

On the other hand, some studies have

concluded that the eld draping pattern does not indicate suitable geometry for
the reconnection between the magnetic lobes in the deep tail (e.g. McComas et al.,
1986). In any case, magnetic reconnection has not been studied extensively in the
Venusian plasma environment based on the PVO observations.

Magnetosheath
The Venus magnetosheath is the region where the shocked solar wind ows downstream of the bow shock. The magnetosheath is separated from the magnetotail by
the region often referred as the tail boundary or the magnetic barrier. The magnetic
barrier extends from the dayside of the planet to the nightside. The solar wind also
becomes mass-loaded from the ionized particles of the Venus exosphere in the magnetosheath. Mihalov et al. (1980) determined the average ow eld of the plasma
in the Venus magnetosheath from the PVO observations, which is shown in Figure
2.11. The gure uses an axisymmetric projection of the vectors. The deection of
the solar wind around the planet is evident from the gure. Further, no clear convergence of the magnetosheath ow towards the central tail is seen at these distances
from the planet.
The IMF

Bx aects strongly the magnetic conditions in the Venus magnetosheath

and the whole Venusian induced magnetosphere.

When the IMF cone angle is
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Figure 2.11: Average ow vectors of the plasma in the Venus magnetosheath (from
Mihalov et al., 1980).

small, that is, when

Bx

is the dominating component in the IMF vector, magnetic

uctuations are known to dominate the magnetosheath eld (Phillips et al., 1986a).
This is also true for the magnetosheath regions near the quasi-parallel bow shock.

Intriligator et al. (1979) conclude in their examination of the early PVO plasma
observations that the solar wind may converge from the magnetosheath towards the
central tail already at

x = 5R

V

in the nightside.

Phillips and McComas (1991)

summarize in their review article that this is compatible with the observations of
the magnetic eld draping in some orbit cases (Pérez-de-Tejada et al., 1983) and also
in a statistical treatment (Marubashi et al., 1985). However, Phillips and McComas

that convergence of the magnetic eld does not necessarily
indicate convergence of the ow eld." Earlier Venera observations were interpreted
(1991) warn the reader "

to suggest a closure point of the solar wind ow in the magnetosheath to the tail
even closer to the planet at

4R

V

(Verigin et al., 1978).
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Asymmetries
The Venusian plasma environment is known to possess several asymmetries. Some
of these were already discussed related to the bow shock in the earlier section. Most
of the asymmetries are ordered by the direction of the IMF clock angle and the
IMF cone angle. The clock angle determines the orientation of the interplanetary
electric eld, and it is natural to expect that such a large scale energy source for
the acceleration of charged particles causes asymmetries in the plasma environment.
Moreover, the IMF

Bx

usually dominates the cross-ow IMF component, i.e. the
◦
cone angle is smaller than 45 , at Venus, which must somehow manifest itself in the
magnetic and plasma conguration around the planet. Asymmetries of the pickup
ions are discussed in the next section.
The basic asymmetry of the Venus magnetic and plasma environment is between
the +E and -E hemispheres as shown in the cross section of the deep tail in Figure
2.7.

This dierence is present in the eld magnitude and in the

By

component

both in the near and deep tail. In general, it was found in several studies that the
magnetic eld is stronger and more draped in the +E (upper) hemisphere compared
to the -E hemisphere (Luhmann et al., 1985; McComas et al., 1987; Phillips et al.,
1986a, 1987; Saunders and Russell, 1986; Slavin et al., 1989). This asymmetry was
attributed to more ecient ion pickup in the direction of the interplanetary electric
eld than against it as theorized by Cloutier et al. (1974). A study by Slavin et al.
(1989) synthesized the asymmetry with the properties of the Venus pickup ions.
Further, attening of the Venus deep tail is another asymmetry eect (Russell
et al., 1985; Saunders and Russell, 1986; Vaisberg and Zeleny, 1984). This is seen
in Figures 2.6 and 2.7 as an ellipse shaped tail boundary. The boundary is wider
in the IMF cross-ow direction than in the direction of the interplanetary electric
eld. Saunders and Russell (1986) note that a similar asymmetry is found in the
terrestrial magnetotail and it is argued to be caused by the pressure anisotropy of
the draped IMF eld lines with the magnetic stress squeezing the tail into an ellipse.
The dawn-dusk asymmetries of the Venus tail were studied in detail by McComas
et al. (1986). They developed a coordinate system that retains the eects caused
by the IMF

Bx

component and, thus, provides a possibility to statistically study

the cross-tail asymmetries.
hemispheric dierences.
and

±E

However, such a coordinate system ignores the

±E

No coordinate system exists where both the dawn-dusk

hemispheric asymmetries can be studied simultaneously using statistical

methods. An illustration of the Venusian induced magnetosphere when the IMF cone
angle is small is displayed in Figure 2.12. The draping of the eld lines near Venus
in Figure 2.9 shows also clear dierences between the dawn and dusk hemispheres.
Finally, also the neutral atmosphere can have an eect on the plasma properties
around Venus. For example, the super-rotation of the atmosphere around the planet
couples to the ionospheric plasma via particle collisions (Schubert, 1983).

This

somewhat distorts and creates a dawn-dusk asymmetry in the antisolar horizontal
ionospheric ow (Miller et al., 1984).
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Figure 2.12: Dawn-dusk asymmetry of the Venusian induced magnetosphere (from
McComas et al., 1986).

2.5 Atmospheric ion escape
Atmospheric particles can escape from a planet in several ways. The planet's mass,
structure of its atmosphere and interplanetary conditions determine which escape
mechanisms are eective and potentially contribute to atmospheric evolution. Venus
has enough mass to retain oxygen atoms in its atmosphere against Jeans escape.
However, non-thermal escape mechanisms can erode ions from the planet's upper
atmosphere. The escape of ionized oxygen from Venus has been studied widely.
PVO observed the oxygen ion escape from Venus using the spacecraft's plasma
analyzer (OPA) (described, for example, in Luhmann et al., 2006; Mihalov and
Barnes, 1982; Moore et al., 1990). The instrument was primarily designed for the
solar wind monitoring and it did not have resolution to distinguish dierent parti+
cle m/q ratios. The indirect identication of O was based on the particle energy
per charge ratios when two peaks existed in the energy spectra (see, e.g., Intriligator, 1982; Mihalov and Barnes, 1981, 1982; Mihalov et al., 1980). Another feature
+
unfavouring the O
observations by the OPA instrument was the upper limit of
−1
8 keV |qe |
for the particle E/q . An oxygen ion picked up in the solar wind ow
−1
with a typical speed of 430 km s
at Venus and a purely perpendicular IMF has
about 15 keV of kinetic bulk energy. But, the energy can be even 60 keV depending
on a gyrophase of the particle.

This means that presumably most of the Venus

pickup oxygen ions could not be detected by the OPA instrument.

The orbit of

PVO was such that the spacecraft was able to make observations of the oxygen ions
in the deep tail (at

x = −5... − 11 R

V

behind the planet) and in the near region of
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150 − 2500 km).

Several studies of oxygen ions at Venus have been carried out. One of the rst
comprehensive statistical works using the OPA observations from June 1979 was

sporadic bursts of energetic ions

done by Mihalov and Barnes (1982). They found "
"
+
in the deep tail which were interpreted as O . The oxygen ions were found to be
highly variable from orbit to orbit and located inside the tail and also sometimes
25
+
in the magnetosheath. They concluded that at most 10
O ions per second are
escaping though the planet's wake in the distant tail.
Brace et al. (1987) studied the near tail of Venus using the rst seven years of
PVO observations.

The main conclusion from their study was that the Venusian

ion environment becomes "

stream ".

increasingly raylike and lamentary with distance down-

In the study the energies were way below pickup ion energies in the range

up to couple of tens of eV. Based on the increased coverage of the observations they
+
rened their earlier estimate of the upper limit for the O escape rate from Venus
26 −1
25 −1
from 7 × 10 s
(Brace et al., 1982a) to 5 × 10 s . Moreover, they approximated
+
25 −1
the H
escape rate to be half of the oxygen value, i.e. 2.5 × 10 s . This was
+
+
based on the indirect argument that the average H /O ratio in the Venus upper
+
ionosphere is about 0.5. Their value for the H escape is somewhat lower than the
+
estimates by Hodges and Tinsley (1981) and Kumar et al. (1983). However, the H
+
escape has not been studied as widely as the O escape from Venus.
In a statistical study about the Venus magnetotail structure McComas et al.
1 × 1026 amu s−1 .

(1986) estimated that the average mass ux in the deep tail is

This is gives an upper limit for the planetary mass loss rate through the Venus tail
24 + −1
and corresponds to ∼6 × 10 O s
if all the ions in the tail are oxygen.

Pickup O+
A review of the studies using the PVO observations of the pickup O

+

ions at Venus

was given by Moore and McComas (1992). They used also test particle tracing in
a gasdynamic simulation for the Venus-solar wind interaction and a hybrid code to
estimate the total planetary escape rate due to the pickup process and ended up
24 + −1
with a value ∼ 10 O s .
+
A recent statistical study of the Venus O ions utilizing the observations during
the whole PVO mission was carried out by Luhmann et al. (2006). They analyzed

∼5000 orbits of PVO and found 427 high energy peaks from the particle energy+
time spectrograms that were interpreted as pickup O . In comparison, in a study
all

by Moore et al. (1990) 296 oxygen peaks were found.
Figure 2.13 displays the locations of the picked up oxygen ions observed by the
OPA instrument.

Most of the observations are sampled in the deep tail.

In the

original VSO coordinates (left panels) only the asymmetry caused by the planet's
motion around the Sun is evident. That is, the oxygen ions are more clustered to
the

y>0

hemisphere in the tail due to the aberration (middle panel).
+
To transform the O detections to the VSE coordinate system Luhmann et al.

(2006) used magnetic eld measurements at the locations where the oxygen was
observed.

The cross-ow component of the magnetic eld was rotated to the

+y

direction. They omitted the cases where the magnetic eld was too uctuating to
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Figure 2.13: Pickup oxygen ions observed by the plasma analyzer onboard the PVO
spacecraft from 1978 to 1992 (adapted from Luhmann et al., 2006). Left panels
+
show the O
detection sites in the aberrated VSO coordinate system and right
panels show the sites in the VSE coordinates with a correction for the aberration
due to the planet's orbital motion. Three energy intervals are denoted in the VSE
coordinates:

< 4 keV (open circles), 4−6 keV (plus symbols) and 6−8 keV (asterisks).
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determine its direction. Further, they also applied a correction for the average tail
aberration due to the planet's orbital motion.
In the VSE coordinates the O

+

asymmetry in the direction of the interplanetary

electric eld is clear (right panels in Figure 2.13). Oxygen ions are more abundant
on the +E hemisphere compared to the -E hemisphere in the distant tail which
suggests that they are picked up by the solar wind from the upper atmosphere of
Venus.

Also, the energies seem to be higher on the +E hemisphere compared to

the central tail. The

±E

asymmetry is also present in the near tail although the

sampling of this area is not as complete as in the distant tail. The north-south or

±E hemispheric asymmetry of the pickup ions has been found also in earlier studies
using the PVO data (see, for example, works by Intriligator, 1989; Moore et al.,
1990; Slavin et al., 1989).
Further, Figure 2.14 shows the observed O

+

energies and the related proton

energies as a function of distance along the Venus-Sun line in the VSO coordinates.
+
At the O energies below 8 keV (the OPA instrument upper limit) no trend is seen
that suggests energization of the ions when they move away from the planet in the
tail. The energization may have happened close to the planet where the spacecraft
sampling is poor compared to the distant tail.
Luhmann et al. (2006) conclude their work by propagating O

+

test particles in a

solution from a global MHD simulation for the Venus-solar wind interaction. They
use two dierent scale heights for the initial oxygen population to see the dierences
+
between ionospheric and exospheric O . Further, they generate simulated timeenergy spectrograms to predict what the ASPERA-4 plasma instrument onboard
Venus Express may observe.

Finite Larmor Radius eects
A charged particle picked up in the solar wind by the IMF and the convection
electric eld performs a gyro motion. The radius of the particle's trajectory in the
guiding center frame is directly proportional to the particle mass. An oxygen ion
picked up in the undisturbed solar wind at Venus has typically a Larmor radius
almost the same size as the planet's radius (see Table 1.2 on page 10). If the electric
current density carried by the pickup ions is strong enough, the pickup ions can
aect the structure of the induced magnetosphere. This nite Larmor radius eect
(FLR) caused by the pickup ion current was estimated to be strong enough at Venus
to produce the observed

±E

hemispheric asymmetry in the eld draping (Phillips

et al., 1987).
Moreover, it should be noted that in addition to a large Larmor radius of the
O

+

pickup ions at Venus a ow-aligned IMF component may result in a signicantly

dawn-dusk asymmetric pickup process. For example, see particle tracings in Figure
10 in Phillips et al. (1987) or in Figure 6 in Moore et al. (1991a). However, such an
asymmetry has not yet been demonstrated based on the observations.
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Figure 2.14: Energies of the picked up oxygen ions observed by PVO as a function of
distance along the Venus-Sun line (from Luhmann et al., 2006). Also corresponding
proton energies are shown. The data set is the same as in Figure 2.13.

Plasma clouds and tail rays
Features of the atmospheric ions in the near planet region around Venus include
plasma clouds and tail rays.

These are typical dynamical phenomena observed

regularly near the terminator region and in the nightside.
Plasma clouds are likely detached plasma regions scavenged from the ionosphere
(e.g. Brace et al., 1980). Their generation mechanism has not been determined from
the observations but it may involve temporal eects such as sudden changes in the
IMF orientation (Ong et al., 1991a) and in the solar wind dynamic pressure (Brace
et al., 1982a). It has been suggested that the Kelvin-Helmholtz instability at the
ionopause, where the velocity shear is present between the ionospheric ow of few
kilometers per second and the magnetosheath ow of several hundred kilometers per
second, is responsible for the generation of the plasma clouds (Elphic and Ershkovich,
1984; Wol et al., 1980).
Tail rays are sudden increases of plasma density observed in the nightside of
Venus above the main ionospheric layer (Brace et al., 1987). Most commonly, 1-3
tail rays were observed during a single PVO orbit but also 4 ray structures were seen
occasionally. The highest density tail rays are located from

x = −R

V

to

x = −1.5 R

V
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(see Figure 9 in Ong et al., 1991b). Brace et al. (1987) suggested that the Venus
tail rays are extensions of the nightside ionospheric plasma further downstream and
that the same structures are observed in the lower altitudes as the ionospheric holes
(Brace et al., 1982b).

On the other hand, Luhmann (1993) demonstrated that

the structures compatible with the PVO tail ray observations result from simple
+
O
pickup process from the terminator region. In the study it is concluded that

may be simply interpreted as the low-altitude, low-energy
manifestation of the standard ion pickup process at a weakly magnetized planet ".
the tail ray observations "

While the plasma clouds show a correlation with dynamic upstream conditions, the
tail rays seem to be a typical feature of the steady state solar wind interaction with
Venus (Ong et al., 1991b).

40

CHAPTER 2.

VENUSIAN PLASMA ENVIRONMENT

Chapter 3
The HYB simulation code
A global Particle-In-Cell (PIC) hybrid simulation code, called HYB, was used in
this work to study the solar wind induced ion escape from Venus and the Venusian
plasma environment in general. The HYB code has been developed at the Finnish
Meteorological Institute (FMI) for plasma interactions of unmagnetized and weakly
magnetized celestial objects. Originally the FMI's hybrid code was applied for the
interaction between Mars and the solar wind (Kallio and Janhunen, 2001, 2002) and
the Mercury-solar wind interaction (Kallio and Janhunen, 2003a,b). Then, dierent
versions of the code were developed for dierent celestial bodies.

Titan's plasma

interaction has been studied in several works based on the code (e.g. Kallio et al.,
2004; Sillanpää et al., 2007).

The code has also been applied to the interaction

between the solar wind and the Moon (Kallio, 2005) and the asteroid Ceres (Kallio
et al., 2008b). The Venus version of the code was developed around 2005 and has
been used in the Venus studies since (Jarvinen et al., 2008a, 2009, 2010a,b; Kallio
et al., 2006, 2008c; Liu et al., 2009). Moreover, global solutions of planetary plasma
environments from the HYB simulation runs have been used as input conditions
for other models such as a model for the generation of the solar wind interaction
X-rays at Mars and Venus (Gunell et al., 2004, 2005, 2007).

The code has also

been preliminary applied to exoplanetary environments such as a magnetized Mars
(Kallio et al., 2008a) and a super-Venus, and also to the Jovian moon Ganymede,
the only magnetized moon in the Solar System. The latest major development of
the code is the fully kinetic electromagnetic version for studies of instabilities and
waves in planetary plasma environments (Pohjola and Kallio, 2010).
During 2006 dierent versions of the FMI's hybrid code were unied in the
single simulation framework, and it was named HYB. At the same time the code
development was transformed to a centralized version control. Simulation runs for
dierent objects using the unied code framework are referred as HYB-Venus, HYBMars, etc.

3.1 Theory
The HYB code is based on the quasi-neutral hybrid (QNH) description of plasma.
Positively charged ions are treated explicitly as kinetic particles and electrons are
modelled as a charge-neutralizing, massless MHD uid. The ions and the electro-
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magnetic elds are self-consistently coupled to each other. The implicit treatment
of electrons by the uid momentum equation denes the electric eld. Physical laws
that dene the QNH model are:

•

The Lorentz force acting on the ions:

mi

where

E

and

of a particle,

dvi
= qi (E + vi × B)
dt
dxi
= vi ,
dt

(3.1)
(3.2)

B are the electric and magnetic eld, respectively, mi
qi the charge of a particle, vi the velocity of a particle

the mass
and

xi

is

the position of a particle.

•

The momentum equation of the electron uid:

E + Ue × B = ηa J +
where

Ue

is the electron velocity,

current density,
and

•

qe

pe

ηa

∇pe
,
qe ne

the resistivity,

J

is the total electric

ne is the electron number density
resistivity ηa is a given 3-D function.

is the electron pressure,

is the electron charge. The

The ideal gas law as the electron equation of state:

pe = ne k Te ,

(3.4)

B

where

•

(3.3)

Te

is a given constant (isothermal electrons) in the HYB code currently.

The quasi-neutrality condition:

ρq =

X

qi ni + qe ne = 0,

(3.5)

i
where

ρq

is the total electric charge density and

ion species

•

i

ni

the number density of the

in a grid cell.

Denition of the electric current density:

J =

X

qi ni Vi + qe ne Ue ,

(3.6)

i
where

Vi

is the ion bulk velocity in a grid cell. The rst term on the right-

hand side is called the ion current density and the second term is called the
electron current density.

•

The Maxwell equations:

ρq
=0
0
∇·B = 0
∂B
∇×E = −
∂t
∇ × B = µ0 J,
∇·E =

(3.7)
(3.8)
(3.9)
(3.10)
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where the displacement current is neglected in Ampère's law (Equation 3.10),
which means that the electromagnetic radiation is not included in the model.
Typically, Gauss's law (Equation 3.7) and the divergence-free condition of
the magnetic eld (Equation 3.8) are not explicitly solved in hybrid simulations. However, the used numerical algorithms may keep the magnetic eld
divergence-free (as is the case with the HYB code). Also, departures of

∇·E

(charge density) from zero are typically small in the HYB simulations.

Solving the model
The equations of the QNH model can be solved by starting with initial values for
the ions (positions and velocities) and the magnetic eld in the simulation domain.
The system is propagated in time as follows.

•

First, the current density is obtained from the magnetic eld by Ampère's law

J = µ−1
0 ∇×B
•

(3.11)

and the electron charge density comes from the quasineutrality assumption in
a grid cell

qe ne = −

X

qi ni ,

(3.12)

i
where the summation is over all ion species.

•

The velocity eld of the electron uid is determined as

Ue =

•

X
1
(J −
qi ni Vi ).
qe ne
i

(3.13)

Now, all the quantities needed to calculate the electric eld from the electron
momentum equation are known:

E = −Ue × B + ηa J +

k Te ∇ne
,
qe ne
B

(3.14)

where isothermal electrons are assumed.

•

Finally, Faraday's law is used to advance the magnetic eld

∂B
= −∇ × E
∂t
•

(3.15)

and the particles are moved and accelerated by the Lorentz force (Equation
3.1 and 3.2).
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3.2 Numerics
The equations of the QNH model are solved numerically in the HYB code by using an
algorithm based on the leapfrog integration. In the leapfrog algorithm the positions
of the particles and the magnetic eld are stored at a half timestep behind (or ahead)
compared to the velocities of the particles. The numerical solver of the HYB code
consists of the Boris-Buneman integrator for the Lorentz force (e.g. Birdsall and
Langdon, 1991) and a Yee lattice type gridding for the magnetic and electric eld
(e.g. Dai and Woodward, 1998). The magnetic eld is stored as uxes on cubic grid
cell faces and the electric eld is located at the cell nodes. This construct makes
it possible to exactly fulll

∇ · B = 0.

Initially divergence-free magnetic eld stays

divergence-free when the magnetic uxes on cell faces are propagated by Faraday's
law using the electric eld at the cell nodes.
Physical particles are modelled in the HYB simulation by the Cloud-In-Cell
(CIC) technique using macroparticle clouds and the volume-weighting scheme to
accumulate particle content in grid cells (e.g. Birdsall and Langdon, 1991).

Each

macroparticle has the same size and shape as a local grid cell and a statistical weight
that tells how many real physical particles the macroparticle represents. The CIC
technique reduces the particle noise, i.e. uctuations of dierent physical quantities
from cell to cell, caused by the nite amount of macroparticles in simulation runs.
The amount of macroparticles per grid cell has to be large enough to guarantee
that the uctuations related to the particle noise do not dominate the system under
study. Also, the cell size of the grid should be ne enough to resolve relevant length
scales of the problem. However, at the same time the resolution and the macroparticle amount should not be too large to keep the computational cost feasible.

In

order to deal with this issue the HYB code has an adaptive Cartesian grid structure and a controlling of the macroparticle amount in each grid cell. The adaptive
grid is implemented as hierarchical grid renements. Each cell can be divided into
eight children, but only one renement level dierence is allowed per cell boundary
to impose hierarchicality. The controlling of the macroparticle amount is done by
splitting and joining macroparticles if their count diers from the optimal value in
a grid cell.
The main algorithm and the adaptive grid and the macroparticle splitting and
joining are described in Kallio and Janhunen (2003a). The current implementation
and features of the HYB code were discussed in detail by Sillanpää (2008).

3.3 HYB-Venus
Next, Venus specic details of the HYB code are shortly summarized. These include
the selection of the resolution and the planetary boundary condition for elds and
particles and the planetary ion sources. The HYB-Venus simulation is presented in
detail in Article I. Table 1 in Article III summarizes typical numerical and physical
input parameters for the simulation.
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Spatial and temporal resolution
The HYB-Venus simulation runs analyzed in this work use constant-size grid cells in
the whole simulation domain. The adaptive grid renement feature of the HYB code
is not utilized. Instead, the constant-size grid cells were set small enough to describe
the whole Venusian plasma environment. While this approach wastes computation
resources in uniform plasma regions (e.g. the solar wind), where larger cells could
be used, it avoids uctuations of dierent quantities related to the grid renements.
3
3
3
In the simulation runs the size of a grid cell was (∆x) = (RV /10) = (605.18 km) ,
which is smaller than the gyroradius of a pickup oxygen ion, but larger than the
thermal gyroradius of a hydrogen ion in the solar wind at Venus (see Table 1.2
on page 10).

The timestep length

∆t

was selected to be small enough that the

total energy within the simulation reaches a quasi-stationary state after the initial
transient (see Figure 3 in Article I). With the selected temporal and spatial resolution
∆x/∆t equals to signal speed of 15130 km s−1 . This satises the CFL (CourantFriedrichs-Lewy) condition needed for a stable integration of the partial dierential
equations of the QNH model. Dependence of the HYB-Venus solution on the cell
size was studied by Jarvinen et al. (2010b).

In the study it was found that the

solution, and especially the ion escape rate, are not very sensitive to the cell size
even if the spatial resolution is doubled.

Inner boundary
The inner boundary condition or the obstacle in the HYB-Venus simulation is located
in the Venus upper ionosphere or at the exobase.

At the altitude of 300 km the

electron velocity and pressure and resistivity are set to zero in the grid cells. Thus,
as can be seen from Equations 3.14 and 3.15, there is no diusion or convection of
the magnetic eld inside the obstacle. Further, all particles are absorbed at 200 km
altitude.
In simulation runs in which the IMF ow-aligned component is non-zero a scalar
potential eld corresponding to the magnetic eld around an ideally conducting
sphere is used to implement the ow-aligned IMF component (see Figure 2 in Article
I). This constant eld is zero inside the inner boundary.

Planetary ion sources
Ions of atmospheric origin are injected into the simulation domain from two dierent
types of sources in the HYB-Venus model.

First, the exospheric ions are created

from neutral corona proles by constant EUV photoionization, excluding the optical
shadow of Venus where the photoion production is zero. The EUV rates correspond
to the solar minimum values.

The used neutral proles include the hot oxygen

population and the hot and thermal hydrogen populations. Second, ions from the
ionosphere are modelled by a spherical emission surface at 400 km altitude.

The

emission rate has a cosine dependence on the SZA decreasing towards the terminator
on the dayside and a constant nightside. The nightside emission rate equals to 10%
+
of the emission at noon. In Articles I-III only ionospheric O was considered. In
+
Article IV also an ionospheric source of H
ions was used. The total ionospheric
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emission rate is a free parameter since the grid size is too coarse to model selfconsistent ionospheric physics. The emission parameter can be xed based on the
ion and magnetic eld observations (see Article III). Section 2.2 and Tables 1 and 2
in Article I describe the planetary ion production thoroughly.

Chapter 4
On ion escape from Venus
The ion escape from Venus has been an active research topic for over thirty years.
Still, the question of atmospheric evolution and the fate of the original Venus water
is still an ongoing issue.

One important factor is the solar wind interaction with

Venus, which provides a mechanism to remove heavier elements such as oxygen from
the ionized upper atmosphere of the planet. Observations of the planetary ion escape
from Venus started with the PVO spacecraft and have continued now with the Venus
Express mission. This chapter discusses the Venus Express measurements of the ion
escape and the results of Articles I-IV in which data from the both spacecraft were
used to study the Venus ion escape and plasma environment by a global hybrid
simulation.

4.1 Venus Express observations
Venus Express carries onboard an ion mass analyzer that is capable of distinguishing
ions with dierent

m/q

ratios as a part of the ASPERA-4 particle instrument. The

spacecraft has also a magnetometer to observe all three components of the magnetic
eld.
Venus Express started observations in the planet's orbit in April 2006 when the
Sun had almost entered the extended activity minimum between solar cycles 23 and
24.

Thus, observations made by the spacecraft so far provide information about

Venus during the solar minimum conditions. Figure 4.1 shows the orbital coverage
of Venus Express.

The orbit passes the planet's nightside in the near tail region

and the periapsis is approximately above the geographic north pole of Venus. The
apoapsis of the orbit is in the undisturbed solar wind about 12 Venus radii above
the planet.
Barabash et al. (2007a) studied the ions escaping from Venus in the near plasma
wake measured by ASPERA-4 during 33 orbits between May 18th, 2006 and De+
+
+
cember 30th, 2006. Their statistics of the O , H and He ions moving away from
the planet are shown in Figure 4.2. The

±E asymmetry in the energy is clearly seen

in all three ion species. The ions with higher energies are on the +E hemisphere.
Further, also the ion uxes are greater on the +E hemisphere. In the study the ratio
+
+
of the O escape rate to the H escape rate is estimated to be 1.9 in the near plasma
+
+
wake of Venus. Moreover, the ratio of the He to O escape rate is approximately
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Figure 4.1: Orbital coverage of Venus Express from April 2006 to the end of 2009
in cylindrical coordinates. Color gives the time in seconds the spacecraft spent in
each

0.1R × 0.1R
V

V

square around the planet. The conic bow shock t shown by

the black line is from Martinecz et al. (2008).

+
+
+
0.07. The O :He :H energy ratios are about 4:2:1 in the wake at the plasma sheet.
+
25 −1
The lower limit of the H escape rate through the wake is estimated to be 10 s .
Fedorov et al. (2008) compared ASPERA-3 observations from Mars and ASPERA4 observations from Venus. They studied the properties of planetary ions and the
solar wind on the nightsides of the two planets. Figure 4.3 shows the ux of planetary heavy ions in the wake from 50 Venus Express orbits between August 1st
to September 18th, 2006. They dened the magnetosheath as a downstream re+
gion where the H energy exceeds 300 eV. Heavy ions in the magnetosheath are not
shown.

4.2 Asymmetries
Asymmetries of the ion escape from Venus and asymmetries of the Venusian plasma
environment have been studied as parts of Articles I-IV based on the HYB-Venus
simulation.

Both the hemispheric asymmetry in the direction of the interplane-

tary electric eld and the dawn-dusk asymmetry caused by the dominant IMF
component were explored.

Bx
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+

+
+
(a), H
(b) and He
ions in the Venus near tail (x

as observed by ASPERA-4 (from Barabash et al., 2007a).
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m/q > 14 and energies below 300 eV

in the Venus plasma wake observed by the ASPERA-4 instrument (from Fedorov
et al., 2008). The color scale is in arbitrary units, blue indicating zero ux. The
dashed white circle shows the radius of Mars for comparison.

In the simulation the Venus upper atmosphere is assumed to be axially symmetric. That is, the ion production proles of the ionospheric ions and the exospheric
photoions and the background electron density depend only on the SZA. The resistivity model in Equation 3.3 and the inner boundary condition are spherically
symmetric. These assumptions mean that the asymmetries seen in the simulation
are not caused by the parametrization of the planetary ionosphere and exosphere
nor the planetary obstacle. The asymmetries are related to the physics of the Venussolar wind interaction described by the equations of the hybrid model.

Plasma environment
The

±E

hemispheric asymmetry is present in the simulation in the magnetic eld

and plasma properties (see Figures 4-7 in Article I, Figures 5, 7 and 8 in Article
+
III). The asymmetry is especially pronounced in the O
energy and density (left
panels in Figure 5 and middle panels in Figure 7 in Article I and Figure 8 in Article
+
III). This is caused by the FLR eects of the pickup O ions as shown in Article
+
IV. The asymmetries in the H properties and in the magnetic eld are more subtle
compared to the oxygen properties although still very apparent. Small m/q of the
+
H
ions keeps them tied to the drift motion and, as a result, the hydrogen ion
trajectories resemble the E×B streamlines unlike the oxygen ions. In this sense the
+
asymmetries in the H properties and in the magnetic eld are coupled.
Figure 5 in Article III shows that the magnetic barrier on the dayside of Venus
extends from the subsolar point to the +E hemisphere but not to the -E hemisphere
in the simulation.

Also the PVO observations show such an asymmetry (Zhang
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et al., 1991a).
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Further, the draping of the magnetic eld around the planet was

found to be asymmetric between the

±E

hemispheres according the Venus Express

MAG observations which is also consistent with the HYB-Venus simulation (Zhang
et al., 2010).
In the simulation several factors can contribute to the asymmetries of the magnetic eld between the

±E

hemispheres:

the self-consistent kinetic eects of the

ions, including the planetary populations and the solar wind protons, and the Hall
term of the electric eld. In the ideal MHD none of these factors are present and
the solution is symmetric between the two hemispheres.
◦
The IMF cone angle is typically less than 45 at Venus and the ow-alinged
component of the IMF dominates. The ow-aligned component does not contribute
to the convection electric eld but it gives rise to dawn-dusk asymmetries in the
Venusian plasma environment.
In the Venus magnetotail the magnetic eld forms two lobes as a result of the
eld line draping around the planet. The lobes are located on the (magnetic) dawn
and dusk hemispheres in the nightside.

The magnetic eld points approximately

along and opposite to the Venus-Sun line in the lobes as seen in Figures 2.6 and
2.8 and in Figure 2 in Zhang et al. (2010).

The eld draping and the plasma

properties are symmetric between the dawn and dusk hemispheres in the HYBVenus simulation if the IMF

Bx

component is zero.

A non-zero

Bx

introduces

quasi-perpendicular and quasi-parallel regions at the bow shock and the eld line
draping becomes asymmetric in the magnetosheath as sketched in Figure 2.12 and as
shown based on the simulation in Figure 8 in Article I. Further, the morphology and
magnitude of the magnetic lobes become asymmetric (see right panels in Figure 6
and bottom panels in Figure 7 in Article I). Figure 4.4 shows a comparison between
HYB-Venus runs with a pure cross-ow IMF case and a ow-aligned dominating
IMF case (nominal Venus).

Ion escape
+
The solar wind induced O escape from Venus is known to be asymmetric between
the +E and -E hemispheres as predicted by the theory of pickup ions (Figures 2.13
and 4.2). The asymmetry is seen by particle instruments in ion energies and counts
(or uxes). The higher energies and uxes are found on the +E hemisphere where
the interplanetary electric eld is accelerating the ions away from the planet. Also
+
the H ions in the near Venus wake show similar asymmetry as the oxygen according
to the Venus Express measurements. No study has been published where the dawndusk asymmetries of the planetary pickup ions related to the IMF

Bx

component

was studied based on the observations.
Properties of the planetary oxygen and hydrogen ions in the HYB-Venus simulation are shown in Figure 5 and middle panels of Figure 7 in Article I, right panels
of Figure 4 and Figures 8 and 9 in Article III and Figure 1 in Article IV. Simulation
runs in these works are all case studies with a dominant IMF ow-aligned component
and the nominal solar wind density and velocity.
+
In the simulation the highest ux of the O ion escape from the planetary atmo+
sphere is concentrated on the +E hemisphere. Moreover, the O energies are higher
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Figure 4.4: Magnetic eld vectors at the magnetic equator (z
Venus simulation runs. The left panel shows a pure

= 0) plane in two HYBcross-ow IMF case (BIMF =

[0, 5.88, 0] nT) and the right panel a nominal Venus case with a dominant ow-aligned
◦
◦
component in the IMF (BIMF = [−8.09, 5.88, 0] nT = [− cos(36 ), sin(36 ), 0]×10 nT).
The cross-ow component of the IMF is the same in both runs as well as all other
input parameters except the ow-aligned IMF component.

the larger the

z

coordinate is in the VSE coordinates.

These are consistent with

the observations from the deep and near tail of Venus. However, the simulation also
+
shows a notable dawn-dusk asymmetry in the high ux O
ow. The dawn-dusk
asymmetry is dicult to compare between the data and a simulation case since positive and negative IMF

Bx

components are mixed in the observations statistics. For

this reason, dawn and dusk hemispheres are symmetric in Figures 2.13 and 4.2.
The dawn-dusk asymmetry of the planetary ions is related to the IMF
ponent as follows. In the VSE coordinates the IMF has only
and the interplanetary electric eld is along the

z -axis.

Bx

and

By

Bx

com-

components

The E×B drift velocity

comes

V

×B

E

=

Ez By
Ez Bx
E×B
=− 2
êx + 2
êy .
2
2
B
Bx + By
Bx + By2

(4.1)

Further, the convection electric eld eld can be written as

E = −VSW × B = VSW By êz ,
where the solar wind velocity

VSW

is along the negative

(4.2)

x-axis.

Combining these
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two equations gives

V

×B

E


= VSW −


By2
Bx By
ê
+
ê
x
y .
Bx2 + By2
Bx2 + By2

(4.3)

When the IMF does not have a ow-alinged component the drift velocity is the
solar wind velocity (VE×B

= −VSW êx ).

In this case planetary pickup ions move

xz -plane. However, in the
y -component (the second term in

with the solar wind performing Larmor motion on the
case of a non-zero

Bx

the drift velocity has also a

Equation 4.3), which makes the dawn and dusk hemispheres asymmetric. That is,
the E×B drift motion is perpendicular to the electric and magnetic elds and, thus,

Bx

turns the bulk velocity of the pickup ions from the solar wind direction towards

the negative
The IMF

y -axis (y < 0 hemisphere) as seen in Figure 1 of Article IV.
Bx aects also the total kinetic energy the pickup ions can

achieve.

The maximum velocity is a projection of the solar wind velocity vector along the
E×B drift direction.

The IMF

Bx

does not contribute to the convection electric

eld but it aects the Larmor radius of the ion gyro motion.

The stronger the

IMF the smaller the radius. The Larmor radius determines how far from the planet
pickup ions can travel along the convection electric eld before being turned back.
The smaller the distance the smaller the energy gain. The total energy of pickup
ions is the largest when the IMF ow-aligned component is zero provided that the
perpendicular component remains constant.

This can be seen by considering the

magnitude of the drift velocity in Equation 4.3:

s
|V

×B

E

| = VSW

1−

Bx2
.
Bx2 + By2

(4.4)

The radicand of the square root reaches its maximum of 1 when
all other values of

Bx

the drift velocity is smaller than

VSW .

Bx

is zero.

For

Since the ow-aligned

component of the IMF dominates at Venus this eect can be important for the
pickup ions.
It should be noted that the above analysis is quantitative only for homogeneous
electric and magnetic elds. Close to the planet and in the magnetotail the elds
have gradients, which alter the behaviour of the pickup ions. Oxygen ions, however,
have large Larmor radii and they reach almost homogeneous elds in the magnetosheath easily due their rigid movement.
+
Planetary H
ions were studied in Article IV. Their asymmetries are not as
pronounced as the oxygen asymmetries in the simulation. The

±E

asymmetries are
+
still clear and the ow is concentrated on the -E hemisphere. The H
movement
follows closely the E×B drift in non-homogeneous electric and magnetic eld around
Venus as shown in Figures 1 and 4 in Article IV. The E×B streamlines lead from
the planet's upper atmosphere to the wake of the planet.
The dawn-dusk asymmetry was found to aect the oxygen escape rate from
Venus in Article II. In the pure perpendicular IMF case with otherwise nominal
+
upstream conditions the O escape rate was found to be about 30% lower than in
the nominal case with a dominant ow-aligned IMF component.

Since the cross-

ow component of the IMF was kept constant between the two sets of runs, the
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dierence is not related to the convection electric eld. The higher escape rate may
be a consequence of the dierent morphology of the Venusian plasma environment,
i.e. the dawn-dusk asymmetries. Further, the increase in the escape rate when the
IMF

Bx

is non-zero may also be related to kinetic eects such as the change of the

E×B drift velocity (Equation 4.4) or the change of the Larmor radius of the pickup
ions.

4.3 Upstream conditions
The solar wind powers the Venusian induced magnetosphere as well as the ion escape
from the planet. Upstream of the bow shock the energy is mostly in the bulk ow
of the solar wind protons.

At the bow shock the energy is transformed from the

bulk ow to the magnetic eld (see Figure 2.8) and to the plasma thermal energy.
The Poynting ux is focused at the bow shock towards the central tail current sheet
where the magnetic energy is transferred to plasma energy.
schematic illustration of the Poynting vector streamlines.

Figure 2.8 shows a

The eect of the solar

wind density on the ion escape from Venus was studied in Article II.
Ionization of the Venus upper atmosphere is controlled by the Sun's EUV radiation. The EUV radiation aects also the structure of the Venus neutral upper
+
atmosphere. The eect of the planetary O ion production rate on the ion escape
and on the Venusian plasma environment was studied in Article III.

Solar wind
The energy density of the solar wind is directly proportional to the proton density.
By changing the upstream density in the simulation it is possible to study the
response of the ion escape to the dynamical pressure while keeping the convection
electric eld unchanged. Increase in the density has two main eects on the Venusian
plasma environment.

First, it provides more energy and momentum close to the

planet, for example, for the pickup ion energization. This way, if the ion escape is
limited by the available energy in the system (the escape process is "energy limited"),
more ions can escape from the atmosphere when the solar wind density is high. An
opposite to this is the "source limited" escape where all available ions escape from the
planet and the density increase in the upstream does not aect the escape. Second
eect of the increasing density is that it alters the structure of the Venusian plasma
environment. For example, the Mach number of the solar wind ow is aected by
the density which again has an impact on the bow shock.

This has potential to

change the energy ow close to the planet and, thus, the pickup ion energization.
In the HYB-Venus simulations runs where the solar wind density was increased
+
the O escape was also found to increase (Article II). However, the escape rate al−3
most saturated to a constant value with densities higher than 100 cm . In general,
there are two possible explanations for this kind of behaviour of the Venus system.
First, the escape is limited by the available energy or momentum when the solar
3
wind density is close to nominal of 14 protons per cm . The increase in the density
provides more energy and momentum and, thus, more ions escape. At extremely
high densities the system saturates because it becomes possibly more limited by the
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However, only less than half of the produced oxygen ions are

removed from the atmosphere at the saturation level. Thus, the escape is not completely source limited. Second possibility is that the increasing solar wind density
changes the structure of the induced magnetosphere allowing more ions to escape
from the planet.

Planetary ion production
+
In Article III it was found that increase in the planetary O production rate above
25 −1
the nominal ionospheric value (10 s ) decreases the average escape energies of
oxygen ions. Further, the bow shock is pushed away from the planet with higher
production rates whereas with lower rates the bow shock altitude remains almost
constant. It was concluded that the planetary ions behave almost like test particles in
+
25 −1
the Venusian plasma environment when the ionospheric O emission rate is 10 s
or below.

This hints that the pickup ion escape rate at Venus may be close to a

limit where it starts to self-consistently aect the structure of the Venusian induced
magnetosphere. With higher escape rates the available energy in the system cannot
accelerate all the escaping planetary oxygen ions to full pickup energies close to the
planet.

4.4 Dierent ion species
Article IV focuses on the dierences between the oxygen and hydrogen ion escape
from Venus.

The two ion species follow dierent paths in the Venusian plasma

environment when they have been picked up from the atmosphere. This is important
when interpreting observations, such as those by Barabash et al. (2007a), made in
limited regions around the planet.
Oxygen and hydrogen ions demonstrate two basic types of charged particle movement in the Venusian plasma environment. Hydrogen ions are tied to the magnetic
eld and their trajectories resemble closely the E×B drift streamlines from the upper atmosphere. Oxygen ions, on the other hand, do not follow the drift streamlines
but move according to the gyro motion with Larmor radii comparable to the Venus
radius. Trajectories of test particles launched from a spherical shell around Venus
with

m/q

ratios from 1 to 32 proton masses per elementary charge are shown in

Figures 4.5 and 4.6. In the tracings the global electric and magnetic elds from the
HYB-Venus simulation run analyzed in Article IV were used.
These gures display in detail the transformation from the magnetized ion behaviour (small mass per charge ratio) to the non-magnetized, FLR dominated, ion
trajectories with higher mass per charge values. The gures also show how the

±E

and dawn-dusk hemispheric asymmetries of the pickup ions depend on the particle
mass.
The FLR eects start to aect the ion behaviour at around m/q = 4, which
+
species. Increasing mass results in more ions escaping from

correspond to the He

the +E hemisphere due to their large gyro radii.

At the same time ions on the

-E hemisphere impact the inner boundary of the simulation domain for the same
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Figure 4.5: Trajectories of test particles propagated in the global electric and magnetic elds from the simulation run analyzed in Article IV. The particles were
−1
launched from a spherical shell at r = 1.2 RV with an initial velocity of 1 km s

mp (top),
2 mp (middle) and 4 mp (bottom). Three dierent projection are shown: xz (left),
xy (center) and yz (right). The background coloring shows the magnetic eld magnitude at y = 0, z = 0 and x = −2 R planes. A positive particle charge of one

upwards. Dierent particle masses were used to study the FLR eects:

V

elementary charge was used. See Figure 4.6 for larger particle masses.

4.4.

DIFFERENT ION SPECIES

57

Figure 4.6: Trajectories of test particles propagated in the global electric and magnetic elds from the simulation run analyzed in Article IV. Used particle masses are:

8 mp

(top),

16 mp

(middle) and

32 mp

(bottom). See Figure 4.5 for smaller particle

masses and for more detailed desciption of the gure format.
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reason. The FLR eects dominate the ion dynamics at

m/q = 8 and above and only

few ions escape in the -E hemisphere.
Movement of ions with

m/q ≤ 4

resembles the E×B streamlines in the wake of

the planet. In the wake the dawn-dusk asymmetry of the magnetic eld is not as
pronounced as in the magnetosheath and at the bow shock (see Figure 4.4). As a
result, the ions moving according to the drift have a smaller dawn-dusk asymmetry
as the ions with higher

m/q .

4.5 Limitations of simulations
Planetary plasma interaction simulations are numerical tools, which are used to
help to interpret

in situ

or remote measurements of planetary plasma environments

as well as to study physics beyond observations. At best, simulations can provide
global context to local plasma measurements and predict phenomena. However, in
practice no simulation model can describe a planetary magnetosphere in global scale
starting from accurate microscopic physics of single plasma particles. Simulations
are numerical experiments with a selected set of equations and algorithms to approximate a real physical system. It is crucial to understand limitations of simulations
when applying them.
Plasma simulations can be restricted from describing the physics on two principal
levels. First, the selected equations, laws of physics, set fundamental boundaries for
the model. Only phenomena included in the equations can be simulated. Second,
algorithms and numerical techniques used to solve the equations constrain accuracy
and resolution of a numerical simulation. In practice it is often the case that available
computing resources limit accuracy and resolution of a simulation run in terms of
memory and CPU (Central Processing Unit) time.
Limitations of the HYB-Venus simulation code important to this work are discussed next. This critique also points to further development needs of global planetary plasma interaction simulations and methods to analyze their results.

Statistical observations
Comparisons between a self-consistent global simulation and spacecraft measurements from a planetary plasma environment are complicated by the fact that observations are usually of statistical nature. It takes several orbits for a spacecraft to
sample, for example, the Venus tail cross-section to generate a 2-dimensional map
(e.g. Figures 2.7 and 2.6). During long accumulation time the solar wind changes
constantly. All kinds of upstream conditions and events such as passage of coronal
mass ejections aecting the plasma environment can end up in the statistics. If the
statistics are gathered from several years of observations, even the changes in the
solar EUV radiation can be signicant.
Some of the obscurities like above can be handled by ltering out or categorizing
dierent time intervals or states of the system. Especially, the obstacle to the solar
wind ow at unmagnetized planets is cylindrically symmetric, i.e. the ionosphere
and the upper atmosphere depend only on the SZA to a rst approximation. For this
reason, changes in the orientation of the interplanetary electric eld can be handled
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Probability density maps of the solar wind velocity and density and
and

By

components at Venus based on the Pioneer Venus Orbiter

observations (adapted from Jarvinen et al., 2008a).

by suitable coordinate transformations. Also the polarity of the IMF Bx and the
related tail apping can be handled at unmagnetized planets as done by McComas
et al. (1986) for Venus. However, as already mentioned, no such coordinate system
exists where both the

±E

and dawn-dusk hemispheric asymmetries can be resolved

simultaneously from observations in a statistical manner.
A global self-consistent simulation of planetary plasma interaction describes the
conguration of a plasma environment for selected upstream conditions. One can
select to compare a single simulation run case using nominal input conditions to
statistical observations (e.g. Zhang et al., 2010). But, the changes in the upstream
conditions do not necessarily cancel themselves out over time and discrepancies will
occur in the comparison. Another possibility would be to combine several simulation
runs with dierent input conditions that cover the conditions when the spacecraft
was sampling the system.

From these one can determine an averaged simulation

solution mimicking the observational statistics.

Known probabilities of the solar

wind and IMF conditions, such as those in Figure 4.7 for Venus, could be used for
the weighting of dierent upstream conditions in averaging several simulation runs.

Case studies
Simulations can be compared to observations also in case studies (see, for example, Jarvinen et al., 2008a; Martinecz et al., 2009; Zhang et al., 2009).

Here the

challenges are to nd suitable orbit congurations and upstream conditions. Case
studies in Articles II and III use stationary solutions from the HYB-Venus simulation. When using a stationary solution it is important that the solar wind and the
IMF do not change too much and drive dynamics in the plasma environment when
the spacecraft is in the downstream region. Simulation runs with dynamical input
conditions are also possible with the HYB-Venus simulation.

However, a planet
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orbiting spacecraft is in the downstream region during an orbit much longer than
present day hybrid simulations can routinely cover. For Venus Express this time interval is typically about two hours while physical time modelled in the HYB-Venus
simulation is usually up to 1000 seconds. Further, the upstream conditions cannot
be measured

in situ

simultaneously by a single spacecraft when it is sampling the

downstream region. The dynamics of the upstream conditions could be determined
by interpolation from the solar wind observations before the inbound and after the
outbound bow shock crossing during a single orbit.

Also, time shifting the solar

wind observations at other planets provides a possibility to estimate the upstream
conditions when the orbital conguration of the planets is suitable for this.
Another possibility to study the upstream dynamics in a global simulation is
to use the axial symmetry of a non-magnetized obstacle to the solar wind.

The

changes in the orientation of the interplanetary electric eld reorient the induced
magnetosphere, which can be mimicked by rotating a stationary simulation solution
around the

x-axis.

In this way one stationary solution is enough to describe all

IMF clock angle cases if other upstream conditions stay the same. Furthermore, it
is possible to rotate a solution around the

x-axis

to dierent clock angles along a

spacecraft trajectory. The rotation angle can be determined, for example, as a best
t between magnetic eld measurements and the simulation. The solution obtained
like this corresponds to a changing IMF clock angle. However, no temporal dynamics
driven by the clock angle changes, such as possible reconnection, can be described
by this method. Only features present in the stationary solution are considered.
The rotation method has been tested with the HYB-Venus simulation (Jarvinen
et al., 2007, 2008b). Preliminary comparisons were carried out between the simulation and the concurrent magnetic eld observations by MESSENGER during its
2nd Venus yby and Venus Express on 5th of June, 2007. The comparison showed
that the method was able to reproduce some of the dynamics seen in the Venusian
induced magnetosphere when the upstream clock angle was changing.

Ionosphere in a global hybrid simulation
In order to study quantitatively absolute escape rates of ions from the Venus atmosphere a hybrid simulation should include self-consistent ionospheric chemistry.
Ions are produced from the neutral atmosphere by photoionization, charge exchange,
electron impact ionization and chemical processes. In the upper ionosphere and in
the exosphere ions are energized by the electric eld of the induced magnetosphere.
The resulting ion escape from the atmosphere and ion (re)impacting to the atmosphere aects the ionospheric chemistry and transport providing sources and losses
of particles and energy. Ion chemistry, on the other hand, is the source of planetary
ions in the Venusian plasma environment. Thus, the ionospheric chemistry and the
solar wind induced ion escape from the planet are coupled processes.
The lack of a thermal ionosphere in the HYB-Venus simulation can be seen, for
example, in Figure 3 of Article III. The ASPERA-4 ion spectrogram in panel b
+
shows ionospheric O
ions with low energies (.10 eV) near the orbit periapsis at
about 6:30 - 6:40 UT. In the simulation bulk parameters (panel c) these low energies
are absent.
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Modelling an ionosphere self-consistently requires ne resolution near and below
the obstacle to the solar wind (the ionopause).

The Venus ionosphere starts at

an altitude of about 120 km from the surface on the dayside. The main ionosphere
extends up to an altitude of about 400 km (excluding the tail rays and the ionospheric
clouds). To model the structure of the ionosphere a spatial resolution of

1 − 10 km

is needed in the radial direction below the ionopause (see, e.g., Pätzold et al., 2007).
Such resolutions are not feasible with present day 3-D hybrid simulations even with
models utilizing grid renements.

See Terada et al. (2009) for an example of a

3-dimensional MHD simulation of the Venus-solar wind interaction with a a selfconsistent ionosphere. Their spatial resolution varies from 6 km in the ionosphere
to 1400 km at the outer boundary.

The inner boundary of their simulation is at

120 km.
One way to approach the self-consistent ionosphere in a global 3-D hybrid simulation is to use separate grids for chemistry and plasma physics (for example, Brecht
and Ledvina, 2009, 2010). The ne resolution chemistry grid is located at low altitudes and overlaps with the plasma grid.

The challenge is to couple these two

domains which dier about by an order of magnitude in spatial resolution together.
Another possibility is to rene the grid resolution at low altitudes to resolve the
ionosphere. Using hierarchical grid adaptations 7 renement levels would be needed
to reach a 5 km cell size starting from a typical HYB-Venus base resolution of

R /10.
V

This many renements may be problematic because the number of macroparticles
per cell needs to be sucient while not too large for feasible computational cost in
the ionosphere and in the homogeneous plasma regions (the solar wind). Controlling
the local amount of macroparticles in dierent renement levels has to be eective.
Also eld interpolations at several sequential renement boundaries may become
challenging.
A grid structure based on spherical coordinates provides ner resolution at low
altitudes since the cell volume decreases naturally when approaching the origin.
Further, the grid renements in the radial direction can be naturally non-hierarchical
which may be good for controlling the density of macroparticles.

Unstructured

grids such as the one used by Terada et al. (2009) have also the advantage of nonhierarchical renements but the interpolations and particle accumulation in the grid
may be more challenging than in the Cartesian or spherical coordinates.
Ultimately, to describe the whole upper atmosphere self-consistently also the
models for the lower neutral atmosphere and the exosphere above the ionosphere
need to be coupled in the same simulation (e.g. González-Galindo et al., 2009).
Achieving this kind of a model is very challenging since alone a realistic modelling
of the exospheric hot particles is a laborious task (see, e.g., Gröller et al., 2010).

Spatial and temporal scales
Spatial resolution is typically a limiting factor in studies using a global 3-dimensional
planetary hybrid simulation. Resolving, for example, the structure of the Venus bow
shock in detail is not feasible in a 3-D hybrid simulation (see Figure 2 in Article III).
A simulation can produce gradients in eld properties that are larger than the cell
size of the spatial grid. This poses a limit for all the quantities involving derivatives
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like the current density and the electron pressure gradient in the denition of the
electric eld (Equation 3.3).

Relative magnitudes of these terms with respect to

the ion convection electric eld and dependence on the spatial resolution can be
estimated as follows (see, for example, Boyd and Sanderson, 2003; Ledvina et al.,
2008):
The electric eld in a hybrid simulation is dened by Equation 3.3 which can be
written as

P
E =

i qi ni Vi

×B

qe ne
{z

|

}

≡Eion

−

(∇ × B) × B ∇pe
+
+ ηa J ,
µ0 qe ne
qe ne |{z}
|
{z
} |{z} ≡Eres

(4.5)
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where the subscripts refer to the ion (convection) term, the Hall term, the electron
pressure term and the resistive term, respectively.
The relative magnitude of the Hall term compared to the convection term is

E
E

Hall

where

LB

v

A

∼

ion

B2
qe ne
v λi
×
=
,
L B µ0 qe ne qi ni V i B
Vi L B
A

is the Alfvén velocity,

Vi

(4.6)

λi the ion inertial length and
LB is limited by the spatial
size ∆x is about the ion inertial

the ion velocity,

the length scale of the magnetic eld.

Minimum

grid resolution of the simulation. When the cell

length, the system can produce Hall terms comparable to the ion (convection) term.

LB ≈ ∆x at sharp boundaries whereas elsewhere in the system LB is not
by ∆x. This raises a question does the global solution depend on the ne

Typically,
limited

scales of the Hall term? The strength of the Hall term as a function of the spatial
resolution was studied in the HYB-Venus simulation by Jarvinen et al. (2010b).
Dimensional analysis gives for the electron pressure term

E
E

pres

where

v

e,th

∼

ion

n e k Te
qe ne
v r
×
,
=
Lp qe ne
qi ni V i B
Vi Lp
B

is the electron thermal velocity,

e,th

r

L,e,th

L,e,th

(4.7)

the electron thermal Larmor radius

Lp the scale length of the electron pressure gradient. If the electron temperature
5
−1
is 2 × 10 K, the ion velocity 430 km s
and the magnetic eld 10 nT (the solar wind
conditions) the ratio is about 4 km/Lp . With typical values at lower altitudes (in
and

the upper ionosphere) the values are 2000 K, 1 km s
the ratio comes

−1

and 1 nT, respectively, and

170 km/Lp .

The relative magnitude of the resistive term is

E
E

res

∼

ion

ηa B
qe ne
ηa
×
=
,
LB
q i n i Vi B
L B Vi

(4.8)

which is the inverse of the magnetic Reynolds number. Thus, the cell size and the
value of the resistivity aect the diusion to convection ratio in the simulation.
Thus, when studying the eects of dierent terms of the electric eld in a hybrid
simulation (for example, the ion energization), one needs to be aware of possible
dependence of the results on

∆x.

It is possible to estimate where the cell size is

restricting the solution based on plasma and eld properties in the simulation. If

4.5.
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gradients in these properties are close to a cell size, then the solution in this region
can benet from a better resolution.
The ever increasing computing power in the past decades has make it possible
to run simulations continuously with higher resolution than before. This progress
is still going on. However, technical architecture of computer hardware behind this
development is subject to constant changes. Nowadays the speed of a single CPU
increases mostly because more cores are being introduced in chips.

Further, su-

percomputers include more and more parallel computing nodes every year. These
trends pose challenges in simulation codes. In order to be able to benet from faster
computers codes need to be multithreaded and have good scaling properties in parallel systems. Also, utilization of the GPU (Graphics Processing Unit) computing is
becoming widespread providing potential for large speedups in plasma simulations
too (e.g. Wong et al., 2009). Modifying or rewriting existing codes for multithreading, massively parallel supercomputers and/or GPU computing is an essential task
in the near future.
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Chapter 5
Conclusions
Venus is an Earth-sized planet without an intrinsic magnetic eld and with a dense
carbon dioxide atmosphere, which makes it unique in the Solar System.

In this

thesis a global hybrid plasma simulation, where ions are treated as particles and
electrons as a uid, was developed for the interaction between Venus and the solar
wind.

Further, the simulation was used to study the ion escape from Venus and

the planet's plasma environment and its asymmetries based on the Venus Express
and Pioneer Venus Orbiter ion and magnetic observations. The goals 1-3 set for the
work in the rst chapter were successfully reached. The main results of the study
based on the HYB-Venus hybrid simulations are summarized as follows:

•

A global hybrid simulation with a constant sized grid is a feasible tool for
studying quantitatively the Venus-solar wind interaction under nominal and
also under extreme solar wind conditions.

•

The mass-loading of the atmospheric pickup ions to the solar wind ow affects only weakly or not at all to the conguration of the Venusian induced
magnetosphere during solar minimum EUV and solar wind conditions (Article
III).

•

The oxygen ion escape from Venus is aected by both the available energy in
the Venusian induced magnetosphere (energy limited escape) and the source
of oxygen ions in the upper atmosphere (source limited escape). Increase in
the planetary oxygen ion production rate introduces lower escape energies in
the near tail (Article III). Increase in the solar wind density, and, thus, in
the energy density, rst increases the planetary oxygen ion escape rate but at
extremely high densities the rate saturates (Article II).

•

Escaping hydrogen ions behave dierently from oxygen ions in the Venusian
induced magnetosphere due to their dierent mass-to-charge ratios (Article
IV).

•

Oxygen ions get less energy per unit length along the Venus-Sun line in the
near-Venus wake than in the magnetosheath, which results in the observed
(Barabash et al., 2007a) 4:1 oxygen to hydrogen energy ratio in the near wake
(Article IV).
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The Venus ion escape is asymmetric between the magnetic dawn and dusk
hemispheres in a hybrid simulation in addition to the well known hemispheric
asymmetry of the escaping oxygen ions and the plasma environment in the
direction of the interplanetary electric eld (Articles I-IV). The dawn-dusk
asymmetry is caused by the dominant IMF ow-aligned component at Venus.

Future prospects
Within this thesis several remaining questions and suggestions have been identied
which could potentially improve our knowledge of the Venus ion escape and plasma
environment. They are listed as follows:

•

Is the ion escape from Venus asymmetric between the magnetic dawn and
dusk hemispheres dened by the IMF ow-aligned component as predicted by
models?

•

What proportion of oxygen ions is escaping from the Venus atmosphere outside
of the wake in the magnetosheath?

•

What are the factors controlling the magnetic

±E and dawn-dusk hemispheric

asymmetries of the Venusian plasma environment?

•

A self-consistent ionosphere based on photochemical reactions is needed for
studying quantitatively absolute escape rates of ions from the Venus atmosphere in a global hybrid simulation. This may be feasible by using a spherical
coordinate system and adapting spatial resolution in the radial direction near
the atmosphere.

Coupling of an ionospheric MHD simulation and a global

hybrid simulation could also lead to an improved description of the ion escape
from Venus.

•

When comparing statistical observations from the Venusian plasma environment and simulation cases, knowledge about upstream conditions can be used
to average multiple simulation runs with dierent solar wind and IMF conditions.

This is expected to be important at Venus because of the strong

ow-aligned component of the IMF.

•

An important rst step towards understanding dierences between global models of the interaction between an unmagnetized planet and the solar wind was
taken in 2009 when a team of plasma modellers around the world gathered two
times at the International Space Science Institute (ISSI) in Bern. The SWIM
(Solar Wind Interaction with Mars) model challenge was initiated a year before at the Chapman Conference on January 2008 in San Diego.

The task

was to compare global MHD, multi-uid and hybrid models for the Mars-solar
wind interaction (Brain et al., 2010). This kind of comparison could deepen
our understanding of physical processes in dierent models and in nature.

•

Increasing computing power makes it possible to run also hybrid simulations
with better resolution.

Smaller size of grid cells introduces more physics at
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ner scales, for example, waves and instabilities, which may aect ion acceleration in induced magnetospheres and in magnetized plasmas in general. In
development of simulations it should be taken into account that the level of
parallelism of even desktop computers increases nowadays. Also novel techniques such as GPU computing are becoming common.

•

New analysis and visualization techniques for simulations are foreseen to provide many possibilities. Especially, in global hybrid simulations velocity distributions of ions are known in each grid cell.

Comparison of these to ob-

servational spectral ion data potentially opens up more detailed view of the
processes related to the Venus-solar wind interaction.
Finally, hybrid simulations are useful tools in providing global context for local

situ

in

observations of the Venusian plasma environment. But, hybrid simulations can

also be used to study the Venus-solar wind interaction beyond observational limitations. For example, general interest is growing on Earth-like exoplanets. Whether
these planets usually have intrinsic magnetic moments or not, is not known. Some
of them may be Venus-type or super-Venus-type bodies. Further, conditions in the
young Solar System are important for understanding the evolution which lead to
the current properties of the atmospheres of the terrestrial planets. Global hybrid
simulations have potential applications in all these elds and can help to provide
knowledge about our neighbourhood in the universe.

68

CHAPTER 5.

CONCLUSIONS

Bibliography
M. H. Acuna et al. Magnetic Field and Plasma Observations at Mars: Initial Results
of the Mars Global Surveyor Mission.

Science,

279:1676, March 1998. doi: 10.

1126/science.279.5357.1676.
C. J. Alexander and C. T. Russell. Solar cycle dependence of the location of the

Geophys. Res. Lett.,

Venus bow shock.

12:369371, June 1985.

doi:

10.1029/

GL012i006p00369.
C. J. Alexander, J. G. Luhmann, and C. T. Russell.

Interplanetary eld control

of the location of the Venus bow shock - Evidence for comet-like ion pickup.

Geophys. Res. Lett., 13:917920, September 1986. doi:

10.1029/GL013i009p00917.

Tellus, 9:9296, 1957.

H. Alfvén. On the theory of comet tails.

S. Barabash et al. The loss of ions from Venus through the plasma wake.

Nature,

450:650653, November 2007a. doi: 10.1038/nature06434.
S. Barabash et al. The Analyser of Space Plasmas and Energetic Atoms (ASPERA4) for the Venus Express mission.

Planet. Space Sci.,

55:17721792, October

2007b. doi: 10.1016/j.pss.2007.01.014.
S. J. Bauer et al. The Venus ionosphere and solar wind interaction.

Space Sci. Rev.,

20:413430, June 1977. doi: 10.1007/BF02186461.
W. Baumjohann, M. Blanc, A. Fedorov, and K.-H. Glassmeier.
in Planetary Magnetospheres and Ionospheres.

Current Systems

Space Sci. Rev., 152:99134, May

2010. doi: 10.1007/s11214-010-9629-z.
R. Bauske et al.

A three-dimensional MHD study of solar wind mass load-

ing processes at Venus:
and charge exchange.

Eects of photoionization, electron impact ionization,

J. Geophys. Res.,

103:2362523638, October 1998.

doi:

10.1029/98JA01791.
P. C. Birch and S. C. Chapman. Particle-in-cell simulations of the lunar wake with
high phase space resolution.

Geophys. Res. Lett., 28:219222, January 2001.

doi:

10.1029/2000GL011958.
C. K. Birdsall and A. B. Langdon.

Plasma physics via computer simulation.

Publishing Ltd, 1991. ISBN 0-7503-0117-1.

69

IOP

70

BIBLIOGRAPHY

Venus II,

S. W. Bougher, D. M. Hunten, and R. J. Phillips, editors.

1997. The

University of Arizona Press. ISBN 0-8165-1830-0.
T. J. M. Boyd and J. J. Sanderson.

The Physics of Plasmas.

Cambridge University

Press, February 2003.
L. H. Brace and A. J. Kliore. The structure of the Venus ionosphere.

Space Sci. Rev.,

55:81163, February 1991. doi: 10.1007/BF00177136.
L. H. Brace et al.

The dynamic behavior of the Venus ionosphere in response to

solar wind interactions.

J. Geophys. Res.,

85:76637678, December 1980.

doi:

10.1029/JA085iA13p07663.
L. H. Brace, R. F. Theis, and W. R. Hoegy. Plasma clouds above the ionopause of
Venus and their implications.

Planet. Space Sci.,

30:2937, January 1982a. doi:

10.1016/0032-0633(82)90069-1.
L. H. Brace, R. F. Theis, H. G. Mayr, S. A. Curtis, and J. G. Luhmann. Holes in
the nightside ionosphere of Venus.

J. Geophys. Res., 87:199211, January 1982b.

doi: 10.1029/JA087iA01p00199.
L. H. Brace et al. The ionotail of Venus - Its conguration and evidence for ion escape.

J. Geophys. Res., 92:1526, January 1987.

doi: 10.1029/JA092iA01p00015.

D. Brain et al. A comparison of global models for the solar wind interaction with
Mars.

Icarus, 206:139151, March 2010.

doi: 10.1016/j.icarus.2009.06.030.

S. H. Brecht. Magnetic asymmetries of unmagnetized planets.

Geophys. Res. Lett.,

17:12431246, August 1990. doi: 10.1029/GL017i009p01243.
S. H. Brecht and J. R. Ferrante. Global hybrid simulation of unmagnetized planets
- Comparison of Venus and Mars.

J. Geophys. Res.,

96:11209, July 1991.

doi:

10.1029/91JA00671.
S. H. Brecht and S. A. Ledvina. Hybrid Simulations of Venus.

Abstracts, page B1202, December 2009.

AGU Fall Meeting

S. H. Brecht and S. A. Ledvina. The loss of water from Mars: Numerical results and
challenges.
T. K. Breus.

Icarus, 206:164173, March 2010.

doi: 10.1016/j.icarus.2009.04.028.

Venus - Review of present understanding of solar wind interaction.

Space Sci. Rev., 23:253275, April 1979.

doi: 10.1007/BF00173812.

O. Buneman, C. W. Barnes, J. C. Green, and D. E. Nielsen. Principles and capabilities of 3-D, E-M particle simulations.

J. Comp. Phys., 38:144, November 1980.

doi: 10.1016/0021-9991(80)90010-8.
S. Cable and R. S. Steinolfson. Three-dimensional MHD simulations of the interaction between Venus and the solar wind.
November 1995. doi: 10.1029/95JA02174.

J. Geophys. Res.,

100:2164521658,

BIBLIOGRAPHY

71

Theory of planetary atmospheres. An introduction to their physics and chemistry. Academic Press Inc., 1987. ISBN

J. W. Chamberlain and D. M. Hunten.
0-12-167252-2.

P. A. Cloutier, R. E. Daniell, and D. M. Butler. Atmospheric ion wakes of Venus
and Mars in the solar wind.

Planet. Space Sci.,

22:967990, June 1974.

doi:

10.1016/0032-0633(74)90166-4.
L. Colin. The Pioneer Venus Program.

J. Geophys. Res., 85:75757598, December

1980. doi: 10.1029/JA085iA13p07575.
T. E. Cravens, T. Gombosi, and A. F. Nagy.
Venus.

Nature, 283:178180, January 1980.

Hot hydrogen in the exosphere of

doi: 10.1038/283178a0.

W. Dai and P. R. Woodward. On the Divergence-free Condition and Conservation
Laws in Numerical Simulations for Supersonic Magnetohydrodynamic Flows.

ApJ,

494:317, February 1998. doi: 10.1086/305176.
D. L. De Zeeuw, A. F. Nagy, T. I. Gombosi, K. G. Powell, and J. G. Luhmann. A
new axisymmetric MHD model of the interaction of the solar wind with Venus.

J. Geophys. Res., 101:45474556, 1996.

doi: 10.1029/95JE03363.

S. S. Dolginov, E. G. Eroshenko, and D. N. Zhuzgov. Magnetic Field Investigation
with Interplanetary Station Venera-4 .

Cosmic Research, 6:469, May 1968.

S. S. Dolginov, E. G. Eroshenko, and L. Lewis. Nature of the Magnetic Field in the
Neighborhood of Venus.

Cosmic Research, 7:675, September 1969.

Sh. Sh. Dolginov, L. N. Zhuzgov, V. A. Sharova, and V. B. Buzin. Magnetic eld
and magnetosphere of the planet Venus.

Cosmic Research, 16:657687, May 1979.

T. M. Donahue and C. T. Russell. The Venus Atmosphere and Ionosphere and Their
Interaction with the Solar Wind: an Overview. In S. W. Bougher, D. M. Hunten,
& R. J. Phillips, editor,

Wind Environment,

Venus II: Geology, Geophysics, Atmosphere, and Solar

pages 331. The University of Arizona Press, 1997.

ISBN

0-8165-1830-0.
E. M. Dubinin, I. M. Podgornyi, I. N. Potanin, and S. I. Shkolnikova. Determining
the magnetic moment of Venus by magnetic measurements in the tail.

Research, 16:693697, May 1979.

R. C. Elphic and A. I. Ershkovich.

Cosmic

On the stability of the ionopause of Venus.

J. Geophys. Res., 89:9971002, February 1984.

doi: 10.1029/JA089iA02p00997.

R. C. Elphic, C. T. Russell, J. G. Luhmann, F. L. Scarf, and L. H. Brace. The Venus
ionopause current sheet - Thickness length scale and controlling factors.

phys. Res., 86:1143011438, December 1981.

doi: 10.1029/JA086iA13p11430.

E. G. Eroshenko. Unipolar induction eects in the magnetic tail of Venus.

Research, 17:7787, July 1979.

J. GeoCosmic

72

BIBLIOGRAPHY

L. W. Esposito, J.-L. Bertaux, V. Krasnopolsky, V. I. Moroz, and L. V. Zasova.
Chemistry of Lower Atmosphere and Clouds. In S. W. Bougher, D. M. Hunten,
& R. J. Phillips, editor,

Venus II: Geology, Geophysics, Atmosphere, and Solar

Wind Environment, pages 415458. The University of Arizona Press, 1997.

ISBN

0-8165-1830-0.
A.

Fedorov

et

al.

Comparative

analysis

Planet. Space Sci., 56:812817, May 2008.

of

Venus

and

Mars

magnetotails.

doi: 10.1016/j.pss.2007.12.012.

F. González-Galindo, F. Forget, M. A. López-Valverde, M. Angelats i Coll, and
E. Millour. A ground-to-exosphere Martian general circulation model: 1. Seasonal,
diurnal, and solar cycle variation of thermospheric temperatures.

J. Geophys. Res.,

114(E13):4001, April 2009. doi: 10.1029/2008JE003246.
H. Gröller et al.

Venus' atomic hot oxygen environment.

J. Geophys. Res.,

115

(E12):17, December 2010. doi: 10.1029/2010JE003697.
H. Gunell, M. Holmström, E. Kallio, P. Janhunen, and K. Dennerl. X rays from solar
wind charge exchange at Mars: A comparison of simulations and observations.

Geophys. Res. Lett., 31:22801, November 2004.

doi: 10.1029/2004GL020953.

H. Gunell, M. Holmström, E. Kallio, P. Janhunen, and K. Dennerl.
of X-rays from solar wind charge exchange at Mars:

Adv. Space Res., 36:20572065, 2005.

Simulations

Parameter dependence.

doi: 10.1016/j.asr.2005.06.007.

H. Gunell et al. Simulations of solar wind charge exchange X-ray emissions at Venus.

Geophys. Res. Lett., 34:3107, February 2007.

doi: 10.1029/2006GL028602.

B. Häusler et al. Radio science investigations by VeRa onboard the Venus Express
spacecraft.

Planet. Space Sci., 54:13151335, November 2006.

doi: 10.1016/j.pss.

2006.04.032.
R. R. Hodges, Jr. and B. A. Tinsley.

Charge exchange in the Venus ionosphere

as the source of the hot exospheric hydrogen.

J. Geophys. Res.,

86:76497656,

September 1981. doi: 10.1029/JA086iA09p07649.
D. M. Hunten, L. Colin, T. M. Donahue, and V. I. Moroz.

Venus.

The University

of Arizona Press, 1983. ISBN 0-8165-0788-0.
D. S. Intriligator. Observations of mass addition to the shocked solar wind of the
Venusian ionosheath.

Geophys. Res. Lett.,

9:727730, June 1982. doi: 10.1029/

GL009i006p00727.
D. S. Intriligator.

Results of the rst statistical study of Pioneer Venus Orbiter

plasma observations in the distant Venus tail - Evidence for a hemispheric asymmetry in the pickup of ionospheric ions.

Geophys. Res. Lett., 16:167170, February

1989. doi: 10.1029/GL016i002p00167.
D. S. Intriligator, H. R. Collard, J. D. Mihalov, R. C. Whitten, and J. H. Wolfe. Electron observations and ion ows from the Pioneer Venus Orbiter plasma analyzer
experiment.

Science, 205:116119, July 1979.

doi: 10.1126/science.205.4401.116.

BIBLIOGRAPHY

73

R. Jarvinen et al. Global Hydrid Modelling of the Venus Express MAG Observations.

AGU Fall Meeting Abstracts, page B1290, December 2007.

R. Jarvinen, E. Kallio, I. Sillanpää, and P. Janhunen. Hybrid modelling the Pioneer

Adv. Space Res., 41:13611374, 2008a.

Venus Orbiter magnetic eld observations.
doi: 10.1016/j.asr.2007.10.003.

R. Jarvinen et al. Hybrid modelling the Venus-solar wind interaction when the IMF
clock angle is not constant. In

37th COSPAR Scientic Assembly, Symposium D,

session 33 (oral), pages D33002608, 2008b.
R. Jarvinen et al. Oxygen ion escape from Venus in a global hybrid simulation: role
+
of the ionospheric O ions.
, 27:43334348, November 2009.

Ann. Geophys.

R. Jarvinen, E. Kallio, S. Dyadechkin, P. Janhunen, and I. Sillanpää.

Widely

dierent characteristics of oxygen and hydrogen ion escape from Venus.

phys. Res. Lett., 37:16201, August 2010a.

Geo-

doi: 10.1029/2010GL044062.

R. Jarvinen, E. Kallio, P. Janhunen, V. Pohjola, and I. Sillanpää. Grid Convergence
of the HYB-Venus Hybrid Simulation. In N. V. Pogorelov, E. Audit, & G. P. Zank,

Numerical Modeling of Space Plasma Flows, Astronum-2009, proceedings
of a conference held 29 June through 3 July 2009 in Chamonix, France., volume 429 of Astronomical Society of the Pacic Conference Series, pages 193200,
editor,

September 2010b.
E. Kallio.

Formation of the lunar wake in quasi-neutral hybrid model.

phys. Res. Lett., 32:6107, March 2005.

Geo-

doi: 10.1029/2004GL021989.

E. Kallio and P. Janhunen. Atmospheric eects of proton precipitation in the Martian atmosphere and its connection to the Mars-solar wind interaction.

phys. Res., 106:56175634, April 2001.

J. Geo-

doi: 10.1029/2000JA000239.

E. Kallio and P. Janhunen. Ion escape from Mars in a quasi-neutral hybrid model.

J. Geophys. Res., 107:1035, March 2002.

doi: 10.1029/2001JA000090.

E. Kallio and P. Janhunen. Modelling the solar wind interaction with Mercury by
a quasi-neutral hybrid model.

Ann. Geophys., 21:21332145, November 2003a.

E. Kallio and P. Janhunen. Solar wind and magnetospheric ion impact on Mercury's
surface.

Geophys. Res. Lett.,

30(17):1700001, September 2003b. doi: 10.1029/

2003GL017842.
E. Kallio, J. G. Luhmann, and J. G. Lyon.

Magnetic eld near Venus - A com-

parison between Pioneer Venus Orbiter magnetic eld observations and an MHD
simulation.

J. Geophys. Res., 103:4723, March 1998.

E. Kallio, I. Sillanpää, and P. Janhunen.

doi: 10.1029/97JA02862.

Titan in subsonic and supersonic ow.

Geophys. Res. Lett., 31:15703, August 2004.

doi: 10.1029/2004GL020344.

74

BIBLIOGRAPHY

E. Kallio, R. Jarvinen, and P. Janhunen. Venus solar wind interaction: Asymmetries
+
and the escape of O ions.
, 54:14721481, November 2006. doi:

Planet. Space Sci.

10.1016/j.pss.2006.04.030.
E. Kallio, S. Barabash, P. Janhunen, and R. Jarvinen. Magnetized Mars: Transformation of Earth-like magnetosphere to Venus-like induced magnetosphere.

Planet. Space Sci., 56:823827, May 2008a.

doi: 10.1016/j.pss.2007.12.005.

E. Kallio et al. On the impact of multiply charged heavy solar wind ions on the surface of Mercury, the Moon and Ceres.

Planet. Space Sci., 56:15061516, October

2008b. doi: 10.1016/j.pss.2008.07.018.
E. Kallio et al. The Venusian induced magnetosphere: A case study of plasma and

Planet. Space Sci.,

magnetic eld measurements on the Venus Express mission.
56:796801, May 2008c. doi: 10.1016/j.pss.2007.09.011.

G. M. Keating and S. W. Bougher. Isolation of major Venus thermospheric cooling
mechanism and implications for earth and Mars.

J. Geophys. Res., 97:41894197,

April 1992. doi: 10.1029/91JA02444.
M. G. Kivelson and C. T. Russell. The interaction of owing plasmas with planetary
ionospheres - A Titan-Venus comparison.

J. Geophys. Res.,

88:4957, January

1983. doi: 10.1029/JA088iA01p00049.
W. C. Knudsen, A. J. Kliore, and R. C. Whitten. Solar cycle changes in the ionization sources of the nightside Venus ionosphere.

J. Geophys. Res., 92:1339113398,

December 1987. doi: 10.1029/JA092iA12p13391.
S. Kumar,

D. M. Hunten,

sphere of Venus.

and H. A. Taylor.

Geophys. Res. Lett.,

H2

abundance in the atmo-

8:237240, March 1981.

doi:

10.1029/

GL008i003p00237.
S. Kumar, D. M. Hunten, and J. B. Pollack. Nonthermal escape of hydrogen and
deuterium from Venus and implications for loss of water.

Icarus,

55:369389,

September 1983. doi: 10.1016/0019-1035(83)90109-4.
H. Lammer et al. Loss of hydrogen and oxygen from the upper atmosphere of Venus.

Planet. Space Sci., 54:14451456, November 2006. doi:

10.1016/j.pss.2006.04.022.

S. A. Ledvina, Y.-J. Ma, and E. Kallio. Modeling and Simulating Flowing Plasmas
and Related Phenomena.

Space Sci. Rev.,

139:143189, August 2008.

doi: 10.

1007/s11214-008-9384-6.
H. I. M. Lichtenegger, H. Gröller, H. Lammer, Y. N. Kulikov, and V. I. Shematovich.
On the elusive hot oxygen corona of Venus.

Geophys. Res. Lett.,

36:10204, May

2009. doi: 10.1029/2009GL037575.

The hybrid multiscale simulation technology: an introduction with
application to astrophysical and laboratory plasmas. Springer-Verlag, 2002. ISBN

A. S. Lipatov.

3-540-41734-6.

BIBLIOGRAPHY

75

K. Liu et al. Hybrid simulations of the O

+

ion escape from Venus: Inuence of the

solar wind density and the IMF x component.

Adv. Space Res.,

43:14361441,

May 2009. doi: 10.1016/j.asr.2009.01.005.
J. G. Luhmann. The solar wind interaction with Venus.

Space Sci. Rev., 44:241306,

September 1986. doi: 10.1007/BF00200818.
J. G. Luhmann. The solar wind interaction with unmagnetized planets - A tutorial.

Washington DC American Geophysical Union Geophysical Monograph Series, 58:
401411, 1990.

J. G. Luhmann. Pervasive large-scale magnetic elds in the Venus nightside ionosphere and their implications.

J. Geophys. Res., 97:61036121, April 1992.

J. G. Luhmann. A model of the ionospheric tail rays of Venus.

J. Geophys. Res.,

98:1761517622, October 1993. doi: 10.1029/93JA01471.
J. G. Luhmann,

R. C. Elphic,

C. T. Russell,

J. A. Slavin,

and J. D. Mi-

halov. Observations of large scale steady magnetic elds in the nightside Venus
ionosphere and near wake.

Geophys. Res. Lett.,

8:517520, May 1981.

doi:

10.1029/GL008i005p00517.
J. G. Luhmann, C. T. Russell, J. R. Spreiter, and S. S. Stahara.
mass-loading of the Venus magnetosheath.

Evidence for

Adv. Space Res., 5:307311, 1985.

doi:

10.1016/0273-1177(85)90155-3.
J. G. Luhmann, R. J. Warniers, C. T. Russell, J. R. Spreiter, and S. S. Stahara.
A gas dynamic magnetosheath eld model for unsteady interplanetary elds Application to the solar wind interaction with Venus.

J. Geophys. Res., 91:3001

3010, March 1986. doi: 10.1029/JA091iA03p03001.
J. G. Luhmann, M. Tatrallyay, and R. O. Pepin. Venus and Mars: Atmospheres,
ionospheres, and solar wind interactions; Proceedings of the Chapman Conference,
Balatonfured, Hungary, June 4-8, 1990.

Washington DC American Geophysical

Union Geophysical Monograph Series, 66, 1992.

J. G. Luhmann et al. Solar cycle 21 eects on the Interplanetary Magnetic Field
and related parameters at 0.7 and 1.0 AU.

J. Geophys. Res., 98:55595572, April

1993. doi: 10.1029/92JA02235.
J. G. Luhmann, S. A. Ledvina, and C. T. Russell.

Adv. Space Res., 33:19051912, 2004.

Induced magnetospheres.

doi: 10.1016/j.asr.2003.03.031.

J. G. Luhmann, S. A. Ledvina, J. G. Lyon, and C. T. Russell. Venus O
Collected PVO results and expectations for Venus Express.

+

pickup ions:

Planet. Space Sci.,

54:14571471, November 2006. doi: 10.1016/j.pss.2005.10.009.
R. Lundin and S. Barabash.

The wakes and magnetotails of Mars and Venus.

Adv. Space Res., 33:19451955, 2004.

doi: 10.1016/j.asr.2003.07.054.

76

BIBLIOGRAPHY

R. Lundin, H. Lammer, and I. Ribas. Planetary Magnetic Fields and Solar Forcing:
Implications for Atmospheric Evolution.

Space Sci. Rev.,

129:245278, March

2007. doi: 10.1007/s11214-007-9176-4.
Y. Ma, A. F. Nagy, I. V. Sokolov, and K. C. Hansen.

Three-dimensional, multi-

species, high spatial resolution MHD studies of the solar wind interaction with
Mars.

J. Geophys. Res., 109(A18):7211, July 2004.

Y.-J. Ma et al.
yby.

doi: 10.1029/2003JA010367.

3D global multi-species Hall-MHD simulation of the Cassini T9

Geophys. Res. Lett., 34:24, December 2007.

doi: 10.1029/2007GL031627.

C. Martinecz et al. Location of the bow shock and ion composition boundaries at
Venus - initial determinations from Venus Express ASPERA-4.

Planet. Space Sci.,

56:780784, May 2008. doi: 10.1016/j.pss.2007.07.007.
C. Martinecz et al. Plasma environment of Venus: Comparison of Venus Express
ASPERA-4 measurements with 3-D hybrid simulations.

J. Geophys. Res.,

114:

E00B30, March 2009. doi: 10.1029/2008JE003174.
K. Marubashi et al.
ionospheric holes.

Magnetic eld in the wake of Venus and the formation of

J. Geophys. Res., 90:13851398, February 1985.

doi: 10.1029/

JA090iA02p01385.
N. McBride and I. Gilmour.

An Introduction to the Solar System.

Cambridge

University Press, February 2004. ISBN 0-521-54620-6. doi: 10.2277/0521837359.
D. J. McComas, H. E. Spence, C. T. Russell, and M. A. Saunders.

The average

magnetic eld draping and consistent plasma properties of the Venus magnetotail.

J. Geophys. Res., 91:79397953, July 1986.

doi: 10.1029/JA091iA07p07939.

D. J. McComas, J. T. Gosling, C. T. Russell, and J. A. Slavin. Magnetotails at unmagnetized bodies - Comparison of Comet Giacobini-Zinner and Venus.

phys. Res., 92:1011110117, September 1987.

J. Geo-

doi: 10.1029/JA092iA09p10111.

J. D. Mihalov and A. Barnes. Evidence for the acceleration of ionospheric O
the magnetosheath of Venus.

Geophys. Res. Lett.,

+

in

8:12771280, December 1981.

doi: 10.1029/GL008i012p01277.
J. D. Mihalov and A. Barnes. The distant interplanetary wake of Venus - Plasma
observations from Pioneer Venus.

J. Geophys. Res.,

87:90459053, November

1982. doi: 10.1029/JA087iA11p09045.
J. D. Mihalov, J. H. Wolfe, and D. S. Intriligator. Pioneer Venus plasma observations
of the solar wind-Venus interaction.

J. Geophys. Res.,

85:76137624, December

1980. doi: 10.1029/JA085iA13p07613.
K. L. Miller, W. C. Knudsen, and K. Spenner. The dayside Venus ionosphere. I Pioneer-Venus retarding potential analyzer experimental observations.
386409, March 1984. doi: 10.1016/0019-1035(84)90125-8.

Icarus, 57:

BIBLIOGRAPHY

77

R. Modolo, G. M. Chanteur, E. Dubinin, and A. P. Matthews.
solar EUV ux on the Martian plasma environment.

Inuence of the

Ann. Geophys., 23:433444,

February 2005. doi: 10.5194/angeo-23-433-2005.
K. R. Moore and D. J. McComas. A synthesis of measured and deduced properties

Washington DC American
Geophysical Union Geophysical Monograph Series, 66:405415, 1992.
of pickup ions in the Venus-solar wind interaction.

K. R. Moore, D. J. McComas, C. T. Russell, and J. D. Mihalov.
study of ions and magnetic elds in the Venus magnetotail.

A statistical

J. Geophys. Res., 95:

1200512018, August 1990. doi: 10.1029/JA095iA08p12005.
K. R. Moore, D. J. McComas, C. T. Russell, S. S. Stahara, and J. R. Spreiter.
Gasdynamic modeling of the Venus magnetotail.

J. Geophys. Res., 96:56675681,

April 1991a. doi: 10.1029/90JA02251.
K. R. Moore, V. A. Thomas, and D. J. McComas. Global hybrid simulation of the
solar wind interaction with the dayside of Venus.

J. Geophys. Res., 96:77797791,

May 1991b. doi: 10.1029/91JA00013.
A. F. Nagy, T. E. Cravens, J.-H. Yee, and A. I. F. Stewart. Hot oxygen atoms in
the upper atmosphere of Venus.

Geophys. Res. Lett., 8:629632, June 1981.

doi:

10.1029/GL008i006p00629.
A. F. Nagy, T. E. Cravens, and T. I. Gombosi. Basic theory and model calculations
of the Venus ionosphere. In Hunten, D. M., Colin, L., Donahue, T. M., & Moroz,
V. I., editor,

Venus, pages 841872. The University of Arizona Press, 1983.

ISBN

0-8165-0788-0.
K.-I. Nishikawa.

Tristan code and its application.

In J. Büchner, C. T. Dum, &

Space plasma simulation: proceedings of the Sixth International
School/Symposium, ISSS-6, Garching, Germany, 3-7 September, 2001, page 306,

M. Scholer, editor,
2001.

M. Ong, J. G. Luhmann, C. T. Russell, R. J. Strangeway, and L. H. Brace. Venus
ionospheric 'clouds' - Relationship to the magnetosheath eld geometry.

phys. Res., 96:11133, July 1991a.

J. Geo-

doi: 10.1029/91JA01100.

M. Ong, J. G. Luhmann, C. T. Russell, R. J. Strangeway, and L. H. Brace. Venus
ionospheric tail rays - Spatial distributions and interplanetary magnetic eld control.

J. Geophys. Res., 96:17751, October 1991b.

G. K. Parks.

doi: 10.1029/91JA01831.

Physics of space plasmas - an introduction. Addison-Wesley Publishing

Company, 1991. ISBN 0-201-50821-4.
M. Pätzold et al. The structure of Venus' middle atmosphere and ionosphere.

Nature,

450:657660, November 2007. doi: 10.1038/nature06239.
H. Pérez-de-Tejada, M. Dryer, D. S. Intriligator, C. T. Russell, and L. H. Brace.
Plasma Distribution and Magnetic Field Orientation in the Venus Near Wake:

78

BIBLIOGRAPHY

Solar Wind Control of the Nightside Ionopause.

J. Geophys. Res., 88:90199026,

November 1983. doi: 10.1029/JA088iA11p09019.
J. L. Phillips and D. J. McComas. The magnetosheath and magnetotail of Venus.

Space Sci. Rev., 55:180, February 1991.

doi: 10.1007/BF00177135.

J. L. Phillips and C. T. Russell. Upper limit on the intrinsic magnetic eld of Venus.

J. Geophys. Res., 92:22532263, March 1987.

doi: 10.1029/JA092iA03p02253.

J. L. Phillips, J. G. Luhmann, and C. T. Russell.

Growth and maintenance of

large-scale magnetic elds in the dayside Venus ionosphere.

J. Geophys. Res., 89:

1067610684, December 1984. doi: 10.1029/JA089iA12p10676.
J. L. Phillips, J. G. Luhmann, and C. T. Russell.
Venus magnetosheath.

Magnetic conguration of the

J. Geophys. Res., 91:79317938, July 1986a. doi:

10.1029/

JA091iA07p07931.
J. L. Phillips, J. G. Luhmann, C. T. Russell, and C. J. Alexander. Interplanetary
magnetic eld control of the Venus magnetosheath eld and bow shock location.

Adv. Space Res., 6:179183, 1986b.

doi: 10.1016/0273-1177(86)90030-X.

J. L. Phillips, J. G. Luhmann, C. T. Russell, and K. R. Moore. Finite Larmor radius
eect on ion pickup at Venus.

J. Geophys. Res., 92:99209930, September 1987.

doi: 10.1029/JA092iA09p09920.
V. Pohjola and E. Kallio. On the modeling of planetary plasma environments by a
fully kinetic electromagnetic global model HYB-em.

Ann. Geophys., 28:743751,

March 2010. doi: 10.5194/angeo-28-743-2010.
A. J. Ridley, T. I. Gombosi, I. V. Sokolov, G. Tóth, and D. T. Welling. Numerical
considerations in simulating the global magnetosphere.

Ann. Geophys., 28:1589

1614, August 2010. doi: 10.5194/angeo-28-1589-2010.
C. T. Russell.
terpreted.

The magnetic moment of Venus - Venera-4 measurements rein-

Geophys. Res. Lett.,

3:125128,

March

1976.

doi:

10.1029/

GL003i003p00125.
C. T. Russell. The Venus bow shock - Detached or attached.

J. Geophys. Res., 82:

625631, February 1977. doi: 10.1029/JA082i004p00625.
C. T. Russell. Introduction (Venus Aeronomy).

Space Sci. Rev., 55:viiviii, March

1991. doi: 10.1007/BF00177134.
C. T. Russell. The solar wind interaction with Venus: A comparison of Galileo and
Pioneer Venus observations.

Adv. Space Res.,

15:5, April 1995. doi: 10.1016/

0273-1177(94)00060-E.
C. T. Russell and O. Vaisberg. The interaction of the solar wind with Venus. In
Hunten, D. M., Colin, L., Donahue, T. M., & Moroz, V. I., editor,

Venus, pages

873940. The University of Arizona Press, 1983. ISBN 0-8165-0788-0.

BIBLIOGRAPHY

79

C. T. Russell, R. C. Elphic, and J. A. Slavin. Pioneer magnetometer observations of
the Venus bow shock.

Nature, 282:815, December 1979.

doi: 10.1038/282815a0.

C. T. Russell, J. G. Luhmann, R. C. Elphic, and F. L. Scarf.

The distant bow

shock and magnetotail of Venus - Magnetic eld and plasma wave observations.

Geophys. Res. Lett., 8:843846, July 1981.

doi: 10.1029/GL008i007p00843.

C. T. Russell, M. A. Saunders, and J. G. Luhmann. Mass-loading and the formation
of the Venus tail.

Adv. Space Res., 5:177184, 1985.

doi: 10.1016/0273-1177(85)

90287-X.
C. T. Russell et al.
Venus bow shock.

Solar and interplanetary control of the location of the

J. Geophys. Res.,

93:54615469, June 1988.

doi:

10.1029/

JA093iA06p05461.
C. T. Russell, J. G. Luhmann, and R. J. Strangeway. The solar wind interaction
with Venus through the eyes of the Pioneer Venus Orbiter.

Planet. Space Sci., 54:

14821495, November 2006. doi: 10.1016/j.pss.2006.04.025.
M. A. Saunders and C. T. Russell. Average dimension and magnetic structure of
the distant Venus magnetotail.

J. Geophys. Res.,

91:55895604, May 1986. doi:

10.1029/JA091iA05p05589.
G. Schubert. General circulation and the dynamical state of the Venus atmosphere.
In Hunten, D. M., Colin, L., Donahue, T. M., & Moroz, V. I., editor,

Venus, pages

681765. The University of Arizona Press, 1983. ISBN 0-8165-0788-0.
H. Shimazu. Three-dimensional hybrid simulation of magnetized plasma ow around
an obstacle.
I. Sillanpää.

Saturn.

Earth Planets Space, 51:383393, May 1999.

Hybrid Modelling of Titan's Interaction with the Magnetosphere of

PhD thesis, University of Helsinki, Finland, February 2008. URL

//urn.fi/URN:ISBN:978-951-697-660-3.

http:

I. Sillanpää, E. Kallio, R. Jarvinen, and P. Janhunen. Oxygen ions at Titan's exobase
in a Voyager 1-type interaction from a hybrid simulation.

J. Geophys. Res., 112

(A11):12205, December 2007. doi: 10.1029/2007JA012348.
S. Simon, A. Böÿwetter, T. Bagdonat, U. Motschmann, and K.-H. Glassmeier.
Plasma environment of Titan: a 3-D hybrid simulation study.

Ann. Geophys.,

24:11131135, May 2006. doi: 10.5194/angeo-24-1113-2006.
J. A. Slavin and R. E. Holzer.

Solar wind ow about the terrestrial planets. I

- Modeling bow shock position and shape.

J. Geophys. Res.,

86:1140111418,

December 1981. doi: 10.1029/JA086iA13p11401.
J. A. Slavin, R. C. Elphic, and C. T. Russell.

A comparison of Pioneer Venus

and Venera bow shock observations - Evidence for a solar cycle variation.

phys. Res. Lett., 6:905908, November 1979a.

Geo-

doi: 10.1029/GL006i011p00905.

80

BIBLIOGRAPHY

J. A. Slavin, R. C. Elphic, C. T. Russell, J. H. Wolfe, and D. S. Intriligator. Position and shape of the Venus bow shock - Pioneer Venus Orbiter observations.

Geophys. Res. Lett., 6:901904, November 1979b. doi:

10.1029/GL006i011p00901.

J. A. Slavin et al. The solar wind interaction with Venus - Pioneer Venus observations
of bow shock location and structure.

J. Geophys. Res., 85:76257641, December

1980. doi: 10.1029/JA085iA13p07625.
J. A. Slavin, E. J. Smith, and D. S. Intriligator.
magnetotail structure at Venus and earth.

A comparative study of distant

Geophys. Res. Lett.,

11:10741077,

October 1984. doi: 10.1029/GL011i010p01074.
J. A. Slavin, D. S. Intriligator, and E. J. Smith. Pioneer Venus Orbiter magnetic
eld and plasma observations in the Venus magnetotail.

J. Geophys. Res.,

94:

23832398, March 1989. doi: 10.1029/JA094iA03p02383.
E. J. Smith, L. Davis, Jr., P. J. Coleman, Jr., and C. P. Sonett. Magnetic Field.

Science, 139:909910, March 1963.

doi: 10.1126/science.139.3558.909.

E. J. Smith, L. Davis, Jr., P. J. Coleman, Jr., and C. P. Sonett.
Measurements near Venus.

J. Geophys. Res.,

Magnetic

70:15711586, April 1965.

doi:

10.1029/JZ070i007p01571.
J. R. Spreiter and S. S. Stahara.
comparisons.

J. Geophys. Res.,

Solar wind ow past Venus - Theory and
85:77157738, December 1980.

doi:

10.1029/

JA085iA13p07715.
S. S. Stahara.

Adventures in the magnetosheath:

two decades of modeling and

planetary applications of the Spreiter magnetosheath model.

Planet. Space Sci.,

50:421442, April 2002. doi: 10.1016/S0032-0633(02)00023-5.
H. Svedhem, D. V. Titov, F. W. Taylor, and O. Witasse. Venus as a more Earth-like
planet.

Nature, 450:629632, November 2007.

doi: 10.1038/nature06432.

H. Svedhem, D. Titov, F. Taylor, and O. Witasse. Venus Express mission.

phys. Res., 114:E00B33, March 2009.

T. Tanaka.

J. Geo-

doi: 10.1029/2008JE003290.

Congurations of the solar wind ow and magnetic eld around the

planets with no magnetic eld: Calculation by a new MHD simulation scheme.

J. Geophys. Res., 98:1725117262, October 1993.

doi: 10.1029/93JA01516.

T. Tanaka and K. Murawski. Three-dimensional MHD simulation of the solar wind
interaction with the ionosphere of Venus:
plasma simulation.

J. Geophys. Res.,

Results of two-component reacting

102:1980519822, September 1997.

doi:

10.1029/97JA01474.
M. Tatrallyay, C. T. Russell, J. D. Mihalov, and A. Barnes. Factors controlling the
location of the Venus bow shock.
10.1029/JA088iA07p05613.

J. Geophys. Res., 88:56135621, July 1983.

doi:

BIBLIOGRAPHY

81

M. Tatrallyay, C. T. Russell, J. G. Luhmann, A. Barnes, and J. D. Mihalov. On the
proper Mach number and ratio of specic heats for modeling the Venus bow shock.

J. Geophys. Res., 89:73817392, September 1984. doi:
F. W. Taylor. Venus before Venus Express.

10.1029/JA089iA09p07381.

Planet. Space Sci., 54:12491262, Novem-

ber 2006. doi: 10.1016/j.pss.2006.04.031.
N. Terada, S. Machida, and H. Shinagawa. Global hybrid simulation of the KelvinHelmholtz instability at the Venus ionopause.

J. Geophys. Res.,

107:1471, De-

cember 2002. doi: 10.1029/2001JA009224.
N. Terada, H. Shinagawa, T. Tanaka, K. Murawski, and K. Terada.

A three-

dimensional, multispecies, comprehensive MHD model of the solar wind interaction with the planet Venus.

J. Geophys. Res., 114(A13):9208, September 2009.

doi: 10.1029/2008JA013937.
O. L. Vaisberg and L. M. Zeleny.
sian magnetosphere.

Formation of the plasma mantle in the Venu-

Icarus, 58:412430, June 1984.

doi: 10.1016/0019-1035(84)

90087-3.
M. Verigin, J. Slavin, A. Szabo, G. Kotova, and T. Gombosi. Planetary bow shocks:
Asymptotic MHD Mach cones.
M. I. Verigin et al.
analyzer data.

Earth Planets Space, 55:3338, January 2003.

Plasma near Venus from the Venera 9 and 10 wide-angle

J. Geophys. Res.,

83:37213728, August 1978.

doi:

10.1029/

JA083iA08p03721.
D. R. Williams. Planetary Fact Sheet, NASA Goddard Space Flight Center, October
2010. URL

http://nssdc.gsfc.nasa.gov/planetary/factsheet/.

R. S. Wol, B. E. Goldstein, and C. M. Yeates.

The onset and development of

Kelvin-Helmholtz instability at the Venus ionopause.

J. Geophys. Res., 85:7697

7707, December 1980. doi: 10.1029/JA085iA13p07697.
H.-C. Wong, U.-H. Wong, X. Feng, and Z. Tang. Ecient magnetohydrodynamic
simulations on graphics processing units with CUDA.

ArXiv e-prints,

August

2009.
Y. L. Yung and W. B. DeMore.

Photochemistry of the stratosphere of Venus -

Implications for atmospheric evolution.

Icarus,

51:199247, August 1982.

doi:

10.1016/0019-1035(82)90080-X.
T. L. Zhang, J. G. Luhmann, and C. T. Russell. The magnetic barrier at Venus.

J. Geophys. Res., 96:11145, July 1991a.

doi: 10.1029/91JA00088.

T.-L. Zhang, K. Schwingenschuh, C. T. Russell, and J. G. Luhmann. Asymmetries
in the location of the Venus and Mars bow shock.

Geophys. Res. Lett., 18:127129,

February 1991b. doi: 10.1029/90GL02723.
T. L. Zhang et al. On the venus bow shock compressibility.
19201923, 2004. doi: 10.1016/j.asr.2003.05.038.

Adv. Space Res.,

33:

82

BIBLIOGRAPHY

T. L. Zhang et al. Magnetic eld investigation of the Venus plasma environment:
Expected new results from Venus Express.

Planet. Space Sci.,

54:13361343,

November 2006. doi: 10.1016/j.pss.2006.04.018.
T. L. Zhang et al.

MAG: The Fluxgate Magnetometer of Venus Express.

Special Publication, SP-1295, November 2007.

ESA

T. L. Zhang et al. Disappearing induced magnetosphere at Venus: Implications for
close-in exoplanets.

Geophys. Res. Lett.,

36:20203, October 2009. doi: 10.1029/

2009GL040515.
T. L. Zhang et al. Hemispheric asymmetry of the magnetic eld wrapping pattern
in the Venusian magnetotail.
10.1029/2010GL044020.

Geophys. Res. Lett.,

37:14202, July 2010.

doi:

Article I

c

2006 Elsevier Ltd.

Reproduced with permission from Elsevier Ltd.
(13-14), p. 1472-1481, November 2006.

Planetary and Space Science, 54

ARTICLE IN PRESS

Planetary and Space Science 54 (2006) 1472–1481
www.elsevier.com/locate/pss

Venus–solar wind interaction: Asymmetries and the escape of Oþ ions
E. Kallioa,, R. Jarvinena, P. Janhunena,b
a

Finnish Meteorological Institute, Space Research Unit, P.O. Box 503, FI-00101, Finland
b
Department of Physical Sciences, University of Helsinki, Finland
Accepted 10 April 2006
Available online 1 September 2006

Abstract
We study the interaction between Venus and the solar wind using a global three-dimensional self-consistent quasi-neutral hybrid
(QNH) model. The model treats ions ðHþ ; Oþ Þ as particles and electrons as a massless charge neutralizing ﬂuid. In the analysed Parker
spiral interplanetary magnetic ﬁeld (IMF) case ðIMF ¼ ½8:09; 5:88; 0 nTÞ, a notable north–south asymmetry of the magnetic ﬁeld and
plasma exists, especially in the properties of escaping planetary Oþ ions. The asymmetry is associated with ion ﬁnite gyroradius effects.
Furthermore, the IMF x-component results in a dawn–dusk asymmetry. Overall, the QNH model is found to reproduce the main
observed plasma and magnetic ﬁeld regions (the bow shock, the magnetosheath, the magnetic barrier and the magnetotail), implying the
potential of the developed model to study the Venusian plasma environment and especially the non-thermal ion escape.
r 2006 Elsevier Ltd. All rights reserved.
Keywords: Venus; Solar wind; Interaction; Hybrid; Asymmetries; Oxygen

1. Introduction
Neither Venus nor Mars has a strong global intrinsic
magnetic ﬁeld and therefore the solar wind is able to ﬂow
close to the planets in regions where the exospheric neutral
density is high. Because of the resulting direct interaction
between the exosphere and the solar wind, ionized atmospheric neutrals are accelerated (picked up) by the solar
wind electric ﬁeld. Charge exchange reactions between the
solar wind protons and planetary neutrals also produce
energetic neutral hydrogen atoms (H-ENAs). Observation
of H-ENAs is thus a manifestation of the direct interaction
between the solar wind plasma and planetary neutrals.
Picked-up planetary Oþ ions can also form energetic
neutral oxygen atoms (O-ENA) via charge exchange
process. The ion escape, H-ENAs, O-ENAs and electrons
will be investigated at Venus and Mars by two identical
instruments: ASPERA-4 on Venus Express (see Barabash
et al., 2006) and ASPERA-3 on Mars Express (see
Barabash et al., 2004).

Corresponding author. Tel.: +358 9 1929 4636; fax: +358 9 1929 4603.

E-mail address: esa.kallio@fmi.ﬁ (E. Kallio).
0032-0633/$ - see front matter r 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.pss.2006.04.030

The Venus–solar wind interaction can be analysed
self-consistently by three-dimensional (3-D) magnetohydrodynamic (MHD) and quasi-neutral hybrid (QNH)
models. The MHD models (see, for example, Kallio et al.,
1998, or Bauske et al., 1998, and references therein) are
computationally cheaper than the QNH models (see, for
example, Brecht and Ferrante, 1991; Shimazu, 1999), thus
allowing a better grid resolution. Two-dimensional (2-D)
QNH models (Terada et al., 2004) allow similar or even
better resolution than 3-D MHD models, but then e.g.
the 3-D draping of the magnetic ﬁeld around the planet
cannot be efﬁciently studied. An advantage of a 3-D multiion species QNH model, as compared with the 3-D
multiﬂuid MHD model, is that it includes ﬁnite ion
gyroradius effects. Furthermore, different ion species are
allowed to have different velocities and temperatures. Even
arbitrary non-Maxwellian distributions functions are
allowed. Therefore, the QNH model makes it possible to
increase our understanding of those plasma environments
where the ion gyroradius is comparable to or larger than
the planet size.
In this paper the Venusian plasma environment is
studied with a recently developed 3-D QNH model. The
model is based on previous 3-D QNH models that have
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been used to study plasma and magnetic ﬁelds near Mars
(Kallio and Janhunen, 2002), Mercury (Kallio and
Janhunen, 2003), Saturnian moon Titan (Kallio et al.,
2004) and the Moon (Kallio, 2005). The analysis focuses on
the asymmetries caused by kinetic effects, the role of the
interplanetary magnetic ﬁeld (IMF) x-component and the
properties of the escaping planetary Oþ ions.
The paper is organized as follows. First, the developed
Venus model is described. Then the basic properties of Hþ
ions, Oþ ions and the magnetic ﬁeld near Venus are
presented.

2. Model description
2.1. QNH model
The QNH model is based on the QNH models that have
been used earlier to study Mars, Mercury, Titan and the
Moon (Kallio and Janhunen, 2002, 2003; Kallio et al.,
2004; Kallio, 2005). Here, we describe only some of its
basic features and its new possibilities.
In this work, the coordinate system is a Cartesian system
with the origin ﬁxed at the centre of Venus. The x-axis
points from Venus towards the Sun. The z-axis is deﬁned
ux  ~
v=j~
ux  ~
vj, where ~
ux is a unit vector in the
by ~
uz ¼ ~
positive x-direction, and ~
v is the orbital velocity of Venus
around the Sun, i.e., z is perpendicular to the orbital plane
of Venus. The y-axis completes the right-handed coordinate system.
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Fig. 1. Illustration of the used simulation box and the adopted
terminology. See text for details.
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Fig. 1 illustrates the coordinate system, grid structure
and terminology employed. The size of the simulation box
is 3RV oxo3RV and 4RV oy; zo4RV and the radius of
the obstacle to the plasma ﬂow is taken to be
RV ¼ 6051:8 km. The grid size is one-tenth of the obstacle
radius (605 km). The upstream plasma parameters analysed
~SW ¼ ½430; 0; 0 km s1
in this paper are nSW ¼ 14 cm3 , U
1
and the thermal velocity 50 km s . The IMF corresponds
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
to a Parker spiral angle ð¼ arctanð B2y þ B2z =jBx jÞÞ of
~SW ¼ ½cosð36 Þ; sinð36 Þ; 010 nT ¼ ½8:09; 5:88; 0 nT.
36 : B
It should be noted that the aberration caused by the
orbital motion of Venus of about 35 km s1 caused by the
rotation of the planet around the Sun had not been taken
into account. In the used solar wind velocity of 430 km s1
the aberration angle would have been about
5 ð¼ arctanð35 km s1 =430 km s1 ÞÞ. Had the aberration
been taken into account, the solution presented in this
paper would have been rotated about 51 clockwise around
the þz-axis if the results were presented in a coordinate
system where x-axis points from Venus towards the Sun. In
the rotation, the IMF x and y components would also have
been slightly changed.
As depicted in Fig. 1, in this paper the z40 hemisphere is
referred to as the þESW hemisphere. The convective electric
~SW  B
~SW Þ on the XY
~SW ð¼ U
ﬁeld in the solar wind E
plane points towards the þESW hemisphere. The opposite
hemisphere is referred to as the ESW hemisphere. The
terminology reminds us of the fact that the results
presented depend on the the choice of the direction of the
IMF and that the asymmetries rotate around the x-axis
along with the IMF. The þESW and ESW hemispheres are
important when the properties of the Oþ ions are
considered, as will be seen in the next section.
In addition, the yo0 hemisphere is called the BSperp
hemisphere because there are points on the bow shock on
the yo0 hemisphere where the IMF is perpendicular and
quasi-perpendicular to the bow shock in the analysed
IMF case. Similarly, the opposite y40 hemisphere is
referred to as the BSpar because there are points on the
bow shock on the y40 hemisphere where the IMF is
parallel and quasi-parallel to the bow shock in the analysed
IMF case. It should be noted that if one had analysed the
IMF Bx o0 case the BSperp hemisphere would have been
at the y40 hemisphere. The BSperp =BSpar hemispheres will
be discussed in the next section when the asymmetries in
the magnetosheath and the magnetic tail lobes are
considered.
The model contains two ion species, Hþ and Oþ . The
ions are modelled as particles and they are accelerated by
the Lorentz force:
mHþ

d~
vHþ
~þ~
~
¼ eðE
vHþ  BÞ,
dt

(1)

mOþ

d~
vO þ
~þ~
~
¼ eðE
vOþ  BÞ.
dt

(2)
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~ B
~ and e are the ion velocity, ion mass, electric
Here ~
v, m, E,
ﬁeld, magnetic ﬁeld and elementary charge, respectively.
The subscript Hþ ðOþ Þ refers to protons (oxygen ions).
Electrons form a massless ﬂuid and their equation of
motion (the momentum equation) is
~
~ ¼ Za J,
~þ U
~e  B
E

(3)

~e , J~ and Za are the electron density, electron
where ne , U
bulk velocity, electric current density and the anomalous
resistivity, respectively. In the hybrid model the resistivity
function can be a fully 3-D function, i.e., Za ¼ Za ðx; y; zÞ. At
Venus the resistivity is largest near the planet, where the
electron–neutral collision frequency becomes high, and
smallest in the undisturbed solar wind. In this paper,
however, no ad hoc 3-D or 2-D resistivity models are
developed. In contrast, a constant resistivity 230 kO m is
used everywhere outside Venus for simplicity.
The electric current is deﬁned as
~Hþ þ nOþ V
~Oþ  ne U
~e Þ.
J~ ¼ eðnHþ V

(4)

~i are the number density and average
Here, ni and V
velocity of the ith ion species. The electric current density J~
~ according to Ampère’s
is related to the magnetic ﬁeld B
law:
~
~ ¼ m0 J,
rB

(5)

where m0 is the vacuum permeability.
The QNH model assumes quasi-neutrality, i.e.,
ne ¼ nHþ þ nOþ .

(6)

The magnetic ﬁeld is propagated by Faraday’s law
~
qB
~
¼ r  E,
qt

(7)

where the electric ﬁeld is derived from Eq. (3).
The solution of Eqs. (1)–(7) proceeds as follows. First,
the total current density is derived from the magnetic ﬁeld
using Ampère’s law (5). Second, the velocity ﬁeld of the
electron ﬂuid is derived from the electric current, the
number density and the average speed of ions by Eqs. (4)
and (6). Third, the updated electric ﬁeld is derived from the
updated magnetic ﬁeld, the current density and the velocity
ﬁeld of the electron ﬂuid by using Eq. (3). Finally, the ions
are moved according to Eqs. (1) and (2) by using the new
electric and magnetic ﬁelds. The movement of ions results
in updated plasma densities and bulk velocities and the
magnetic ﬁeld can be propagated by using the updated
electric ﬁeld in Faraday’s law (7) (see Kallio and Janhunen,
2003, for the details of the used algorithms).
The obstacle within the simulation box is assumed to
represent an ideally conducting ball inside which the
resistivity is zero. We apply fully absorbing boundary
conditions on the surface of the obstacle by taking an ion
away from the simulation if it crosses the obstacle
boundary. In the analysed run the simulation box contains
about 12 million Hþ ions and about 0.2 million Oþ ions at

every time step. The average number of macroions per a
cell is 30 and the timestep Dt ¼ 0:04 s.
In the model the IMF is derived from the velocity ﬁeld
that represents the ﬂow of a laminar incompressible ﬂuid
around a spherical obstacle by assuming that the magnetic
ﬁeld is ‘‘frozen in’’ to the laminar incompressible ﬂow. The
same approach has been used earlier in a 3-D QNH model
(Shimazu, 2001). If the ﬂow at inﬁnity is along the
(negative) x-axis, the magnetic ﬁeld outside of the obstacle
can be shown to be

3
3 2
ex ¼ B0 1 þ RV  3RV x ,
B
2r3
2r5
3
ey ¼ B0 3RV xy ,
B
2r5
3
3R
ez ¼ B0 V xz ,
B
2r5

ð8Þ

where B0 is the magnitude of the IMF and
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
r ¼ x2 þ y2 þ z2 . The radial component of the magnetic
ﬁeld on the surface of the obstacle is zero. The total
magnetic ﬁeld in the simulation box outside of the obstacle
is, therefore,
e
~ r; tÞ,
~ r; tÞ ¼ B
~laminar ð~
r Þ þ dBð~
Bð~

(9)

e
~laminar ð~
rÞ is time-independent magnetic ﬁeld derived
where B
~ r; tÞ is time-dependent self-consistent
from Eq. (8) and dBð~
e
~laminar ð~
magnetic ﬁeld. It should be noted that B
rÞ is derived
e
~laminar ¼ rðf Þ) and therefore
from the potential ﬁeld (B
e
~laminar ð~
there are no electric currents associated with the B
rÞ
~
ﬁeld outside the obstacle ðJr  rðf Þ ¼ 0Þ. The magnetic
e
~laminar ð~
r Þ is associated with electric
ﬁeld component B
currents on the surface of the obstacle.
Eqs. (8) are needed to introduce the IMF x-component
into the simulation box. In the previous 3-D QNH Venus
model, the IMF x-component has been assumed to be zero
(Brecht and Ferrante, 1991; Shimazu, 2001) which is not
a good approximation at Venus where the nominal Parker
spiral angle is about 361 and, consequently, the
x-component is often larger in magnitude that the y or z
components. Implementation of the IMF x-component
enables us to study its associated set of asymmetries.
In this work Eqs. (8) are used to model the full IMF,
and not only its x-component, by rotating the laminar
ﬂow around the z-axis in order to produce a magnetic
ﬁeld which is equal to the IMF at inﬁnity. Such a magnetic
ﬁeld is derived from Eqs. (8) by rotating the magnetic ﬁeld
around the z-axis. Fig. 2 shows an example of the magnetic
ﬁelds used in this work.
2.2. Plasma sources
The simulations contain three Hþ sources: the solar
wind, the cold atmospheric hydrogen and the hot neutral

ARTICLE IN PRESS
E. Kallio et al. / Planetary and Space Science 54 (2006) 1472–1481

1475

Table 1
The constants used in Eq. (12) to model the hot hydrogen exosphere
(corona)

3

2

SZA (deg.)

a1 ðkm1 Þ

a2

a3 (km)

0
90
180

6:2625  105
8:4607  105
6:2309  105

15.4817
15.9944
15.2723

3:6414  104
2:9743  104
4:3781  104

Y [RV]

1
Table 2
Summary of Hþ and Oþ production rates from the hot H neutral corona
and cold hydrogen component and from the hot O neutral corona

0

Source

Ionization
frequency
f (1/s)

Tot. production/
emission
rate (#/s)

Comments

Hhotþcold ! Hþ
Ohot ! Oþ
Ocold ! Oþ

1:39  107
4:55  107
–

6:42  1024
4:09  1024
1025

EUV ionization
EUV ionization
From the
obstacle

-1

-2

The photoionization frequencies (f) are for the quiet solar EUV condition.
Oxygen ions from the cold Oþ component is modelled by emitting oxygen
ions from the obstacle boundary. Note that part of the generated oxygen
ions hit to the obstacle boundary and that the total escape rate from the
simulation box is about 2:2  1024 s1 .

-3

2

1

0
X [RV]

-1

-2

Fig. 2. An example of magnetic ﬁeld which is ‘‘frozen in’’ to the laminar
incompressible ﬂow around a sphere. Such a constant magnetic ﬁeld is
used in this work to generate the IMF x- and y-components.

hydrogen exosphere. Likewise there are two Oþ sources:
the cold atmospheric oxygen and the hot neutral oxygen
exosphere. The major source for Hþ is the solar wind. In
the simulation the solar wind Hþ ions are injected to the
simulation box at the front face at x ¼ 3RV . The planetary
hydrogen and oxygen densities are similar, or slightly
simpliﬁed versions, of the density proﬁles that have been
used recently to study generation of ENAs at Venus
(Gunell et al., 2005).
2.2.1. Hydrogen atoms
The cold atmospheric hydrogen is modelled by the
Chamberlain exosphere model
 
b
bð1=r0 1=rÞ
,
(10)
z
nðrÞ ¼ n0 e
r
where n0 is the hydrogen density at the planetocentric
distance r ¼ r0 , z is Chamberlain’s partition function and
b¼

GM V mHþ
.
kB T

(11)

Here G, M V , kB and T are the gravitational constant,
planet’s mass, Boltzmann’s constant and neutral temperature, respectively. At noon we adopt the parameters n0 ¼
1:32  1011 m3 and T ¼ 285 K and at the midnight n0 ¼

2:59  1012 m3 and T ¼ 110 K. Both noon and midnight
have r0 ¼ 170 km þ RV . The densities between noon and
midnight are obtained by linear interpolation with respect to
the solar zenith angle (SZA). Chamberlain’s partition
function differs only slightly from unity within the simulation
box and, therefore, it’s value was taken to be unity.
The hot hydrogen exosphere (corona) is modelled at
noon, the terminator and midnight by a function
nðrÞ ¼ ea1 rþa2 þa3 =r ,

(12)

where the coefﬁcients ai are given in Table 1. Linear
interpolation in SZA is used to get densities between
SZA ¼ 0 , 901 and 1801.
2.2.2. Oxygen atoms
The atmospheric scale height of the cold oxygen
population is much smaller than the grid size on the
simulation ð¼ 605 kmÞ and therefore the emission of
oxygen ions originating from the cold oxygen component
is modelled by emitting oxygen ions from the obstacle
boundary. The particle ﬂux has its maximum at the noon
and it decreases as cosðSZAÞ towards the terminator. At
nightside the oxygen ion emission rate is 10% of the noon
value. The total Oþ emission rate from the obstacle
boundary is 1025 s1 .
The hot oxygen exosphere is modelled by Eq. (10) with
the following values: at noon n0 ¼ 7:5  1010 m3 , r0 ¼
200 km and T ¼ 6400 K and at midnight n0 ¼ 2  109 m3 ,
r0 ¼ 300 km and T ¼ 4847 K. Values for other SZA values
are obtained by linear interpolation.
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En. Dens. [keV/cm3]

2.2.3. Ionization
The hydrogen ion production rate qHþ ðs1 m3 Þ and the
oxygen ion production rate qOþ ðs1 m3 Þ in sunlight are

Average Energy Density in the Box
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Fig. 3. (a) The time evolution of the total energy density (kinetic energy
density + magnetic energy density) inside the simulation box. (b) The
number of escaping Oþ ions from the side faces of the simulation box.

modelled as
rÞ ¼ f tot
r ÞnH ð~
rÞ,
qHþ ð~
Hþ ð~

(13)

qOþ ð~
rÞ ¼ f tot
r ÞnO ð~
rÞ,
Oþ ð~

(14)

r Þ ðf tot
r ÞÞ ðs1 Þ is the total ionization frequency
where f tot
Hþ ð~
Oþ ð~
rÞ ðnO ð~
rÞÞ ðm3 Þ the total density of the hydroand nH ð~
tot
gen(oxygen) atoms at ~
r. f tot
Hþ and f Oþ are zero within the
optical shadow. The three most important ionization
processes at Venus are photoionization, electron impact
ionization and charge exchange (see, for example, Zhang
et al., 1993). In this work only EUV ionization is taken into
account for simplicity. Table 2 shows the used constant
photoionization frequencies for solar minimum conditions
and the corresponding total ion EUV production rates
within the simulation box.
The presented run corresponds to the situation after
240 s from the start of the simulation. At that time the
simulation has reached a quasi-stationary state where the
total energy within the simulation box does not increase
much (Fig. 3a). Also, at that time the total escape rate of
Oþ ions from the simulation box has reached a relatively
stationary rate of about 2:2  1024 s1 (Fig. 3b).

Fig. 4. Properties of the Hþ ions near Venus: proton density ðcm3 Þ on (a) the XZ plane and on (b) the XY plane and the bulk velocity ðkm s1 Þ on (c) the
XZ plane and on (d) the XY plane.
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3. Results
In this sections several plasma and magnetic ﬁeld
parameters are presented on the XY and XZ planes. The
used grid size of 0:1RV prevents us from a detailed study of
the position and the shape of the various boundary layers.
Nevertheless, a conic shape is included in the ﬁgures to help
the eye in catching asymmetries more easily and to simplify
comparisons between various plasma and magnetic ﬁeld
parameters. The conical shape (Slavin and Holzer, 1981)
r¼

L
,
1 þ  cosðYÞ

~
rfocus ¼ ðx0 ; 0; 0Þ

(15)

(16)

is used to provide a rough estimation for the shape of the
bow shock. Here, r is the radial distance from the focus
point, ~
rfocus to the bow shock,  is the eccentricity, Y is the
angle between the point of a bow shock and the x-axis and
L is the distance of the bow shock from the focus point on
the x ¼ x0 plane. In this paper, the conical shape on the XY
and XZ planes is derived from Eqs. (15)–(16) for the
parameters x0 ¼ 0:6RV ,  ¼ 0:87 and L ¼ 1:8RV .
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Fig. 4 presents the density and bulk velocity of protons
in the XZ and XY planes. The proton density has increased
and the velocity decreased at the bow shock. At nightside
behind the planet the density decreases again, becoming
smaller than the undisturbed solar wind density. A clear
asymmetry can be identiﬁed between the þESW hemisphere
(z40) and the ESW hemisphere (zo0).
It can be seen in Figs. 4a and c that the bow shock is
more blunt and further away from the planet on the þESW
hemisphere than on the ESW hemisphere. Furthermore,
the bulk velocity on the nightside in the tail is higher on the
þESW hemisphere than on the opposite hemisphere. Only a
slight asymmetry can be found between the BSperp hemisphere (yo0) and on the opposite BSpar hemisphere (y40).
Note also that the distance of the bow shock from the
planet is not identical in the XY and XZ planes.
Fig. 5 presents plasma parameters similar to those in
Fig. 4 but now for the oxygen ions. In this case a very clear
þESW =  ESW asymmetry is found. On the ESW hemisphere a much sharper density gradient exists between the
bow shock and the planet than on the þESW hemisphere.
Also, the bulk velocity of Oþ ions near the bow shock and
in the solar wind is much higher on the þESW hemisphere
than on the opposite hemisphere. In addition, the density

Fig. 5. Properties of Venusian Oþ ions: particle density ½log10 ð½cm3 Þ (a) in XZ plane and (b) in XY plane and the bulk velocity ðkm s1 Þ (c) in XZ plane
and (d) in XY plane.
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of the oxygen ions near Venus is higher on the ESW
hemisphere than on the þESW hemisphere. These asymmetries can be understood on the basis of the direction of the
convective electric ﬁeld and the large gyroradius of Oþ ions
compared to the size of the planet: the convective electric
ﬁeld accelerates newly born Oþ ions away (against) from
the planet on the þESW ðESW Þ hemisphere in the XZ
plane. A slight BSperp =BSpar asymmetry arises in nðOþ ) the
Oþ density being slightly higher on the BSperp hemisphere
than on the BSpar hemisphere.
Fig. 6 shows how the plasma parameters are associated
with the properties of the magnetic ﬁeld. The bow shock
can be identiﬁed clearly from an enhanced total magnetic
ﬁeld and enhanced Bx component near the white line in
Fig. 6a and the black line in 6c, respectively. Increase of Bx
in the middle of the tail is associated with the magnetic tail
lobe on the BSperp hemisphere, as will be seen later.
In the XY plane a clear BSperp =BSpar asymmetry can be
found. The total magnetic ﬁeld is much larger on the BSperp
hemisphere (yo0) than on the opposite hemisphere. In
addition, the magnitude of Bx on the magnetic lobe on the
BSperp hemisphere is much larger than jBx j on the opposite
hemisphere. The asymmetry is associated with the IMF

e
~laminar in Eq. (9) is
x-component: x-component of the B
positive and thus it decreases jBx j in the BSpar hemisphere
where Bx is negative in the magnetic lobe. On the BSperp
hemisphere Bx is positive in the magnetic lobe and on that
e
~laminar increases jBx j.
hemisphere B
Plasma and magnetic ﬁeld in the Venusian tail is studied
in more detail in Fig. 7. Note that the density of Oþ ions is
in its maximum downstream of the bow shock in the same
region where the proton density is low. The þESW =  ESW
asymmetry can be seen in all plasma parameters: the bow
shock is farther away from the planet in z40 than in zo0
(Fig. 7a), the proton velocity is higher in z40 than in the
opposite hemisphere (Fig. 7b), the maximum nðOþ Þ is sited
in the zo0 hemisphere and Oþ ions can be found in the
solar wind in the z40 hemisphere (Fig. 7c), the Oþ ions
obtain higher velocities in the þESW hemisphere (z40) than
in the opposite hemisphere (Fig. 7d). The magnetic ﬁeld is
~SW .
also asymmetric with respect to the direction of E
A somewhat unexpected feature in Figs. 7e and f is the
very clear asymmetry between the magnetic tail lobes. In
the analysed IMF direction case the electric currents in the
tail result in the magnetic tail lobes having Bx 40 at yo0

Fig. 6. Magnetic ﬁeld near Venus: The total magnetic ﬁeld (nT) (a) in XZ plane and (b) in XY plane and the x-component (nT) (c) in XZ plane and (d) in
XY plane.
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Fig. 7. Plasma and the magnetic ﬁeld at x ¼ 2RV plane: (a) the density ½nðHþ Þ in cm3  and (b) the velocity ½vðHþ Þ in km s1  of protons, (c) the density
½nðOþ Þ in log10 ð½cm3 Þ scale and (d) the velocity ½vðOþ Þ in km s1  of the escaping planetary Oþ ions, (e) the total magnetic ﬁeld [jBj in nT], and (f) the
x-component of the magnetic ﬁeld [Bx in nT].

and Bx o0 at y40. As already noted before, the IMF
e
~laminar in this study,
x-component, which is modelled by B
decreases the total magnetic ﬁeld at the y40 hemisphere and
increases the ﬁeld at the opposite hemisphere. The magnetic
tail lobe is therefore much stronger at yo0 than at y40.
A similar asymmetry can be found in the strength of the
magnetic ﬁeld between the yo0 and y40 hemispheres. The
magnetic ﬁeld is clearly enhanced at the bow shock and in
the magnetosheath in the BSperp hemisphere (yo0). At the
BSpar hemisphere (y40), instead, the enhancement of the
ﬁeld is much weaker. In fact, practically no enhancement of
the magnetic ﬁeld can be seen in the BSpar hemisphere at
the z ¼ 0 plane.
Fig. 8 illustrates how the morphology of the magnetic
ﬁeld is associated with the BSperp =BSpar asymmetry. On the

BSperp hemisphere magnetic ﬁeld piles up against the
magnetic tail lobe, resulting in an enhanced magnetic ﬁeld.
On the BSperp hemisphere, the sign of the Bx at the
magnetic tail lobe is the same as the sign of the Bx in the
solar wind. On the opposite BSpar hemisphere, the sign of
the Bx in the magnetic tail lobe is opposite to the sign of the
Bx in the solar wind and the direction of the ﬁeld line
therefore must change.
4. Discussion
This paper presents the ﬁrst step to study the Venusian
plasma environment with a new 3-D QNH model. To the
authors’ knowledge it is the ﬁrst published QNH model
study which uses a realistic Parker spiral IMF where the
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Fig. 8. Draped magnetic ﬁeld lines at Venus. Note the asymmetry between
the quasi-perpendicular bow shock hemisphere, BSperp ðyo0Þ, and the
quasi-parallel bow shock hemisphere, BSpar ðy40Þ.

IMF x-component is larger in magnitude than the
magnetic ﬁeld components perpendicular to the ﬂow.
The study suggests that the model can reproduce the
basic observed plasma and magnetic ﬁeld regions and
boundaries near Venus, implying a future potential of the
developed numerical approach. However, the study leaves
many open issues for future studies. The grid resolution is
not ﬁne enough to resolve the position and the shape of the
bow shock and the inner structure of the magnetic barrier.
Especially, the grid resolution makes it impossible to
include a self-consistent ionosphere. Furthermore, at the
present stage of the model the total Oþ emission rate from
the obstacle boundary is a freely chosen parameter. In the
future, its value can be adjusted by comparing the
simulated Oþ densities with the observed densities. Similar
approach has been used earlier to estimate the total ion
escape rate at Mars and a similar type of estimation can
be made when direct Oþ measurements from ASPERA-4/
Venus Express mission becomes available in 2006. In
the future one of the biggest challenges in modelling is
to implement a more realistic ionosphere to the 3-D
QNH model.
The second limitation of the presented study is that is
presents the solution only for one set of upstream
parameters. In practice, Venus is under the inﬂuence of

varying plasma and magnetic ﬁeld conditions (see, for
example, Luhmann et al., 1993). How the model responds
to the upstream parameters, which also have time
dependence, will be a topic of future studies.
It is worth recalling that in the presented run the
resistivity is constant outside Venus. The used resistivity
was not ‘‘optimized’’ to its minimum value and the value is
artiﬁcial in the sense that its value can be smaller in reality.
The speciﬁc resistivity value was adopted because it has
been found to be large enough to be used for various
upstream parameter runs (not shown in this paper) to
reduce ﬂuctuations formed near the obstacle boundary
(Venus). The role of the non-uniform, for example,
spherically symmetric resistivity model, will be studied in
the future when a smaller grid size near Venus than used in
this paper will be used.
It is also worth noting that there is a large magnetic ﬁeld
data set available from Pioneer Venus Orbiter (PVO) over
10 year measurements. The data set makes it possible to
make a detailed quantitative comparison between the
developed QNH model and the observations. In fact,
preliminary comparisons between the model and the
magnetic ﬁeld measurements made by PVO when the
spacecraft clearly crossed both magnetic tail lobes (see
Luhmann et al., 1991) have shown that the developed
Venus model is capable of reproducing many of the
observed features (ﬁgures not shown). In the model the
high velocity Oþ ions were also found on the þESW
hemisphere (cf. Fig. 5c), that is, on the same hemisphere
where PVO observed fast moving escaping Oþ ions, for
example, in the far tail (see, for example, Slavin et al.,
1989). A detailed comparison between PVO magnetic ﬁeld
and ion observations and the model will be a topic of
future studies.
It is interesting to note that the BSperp =BSpar asymmetry
of the bow shock on the XY plane (Figs. 4b and d) is in
agreement with observations (see Zhang et al., 1991). One
may anticipate that a detailed comparison between the data
and the model will provide a new insight about the
applicability of the global 3-D QNH model to reproduce
plasma parameters at various upstream conditions. The
developed QNH model can be used to separate effects of
different kinds. In some sense the model can also be
regarded to provide a possibility to ‘‘ﬁlter’’ away from the
measurements such effects that result from the very basic
laws of nature (Lorentz force, Faraday’s and Ampère’s law
and the conservation of the electron’s momentum) under
the used boundary conditions from effects that possibly
result from unknown factors not implemented in the
model. For example, the role of the electron impact
ionization and the role of the ion–neutral collisions remains
to be studied, especially, which kind of global effects the
omitted process may cause.
Finally, possible artefacts result from the adopted
magnetic ﬁeld model (Eqs. (8)) have to be studied by
comparing runs made for different magnetic ﬁeld conﬁgurations.
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5. Summary
A 3-D self-consistent numerical model is developed to
study the Venus–solar wind interaction. An analysis of the
runs made for a Parker spiral IMF direction suggests that
several asymmetries take place at Venus. The observed
asymmetry þESW =  ESW results from ion ﬁnite gyroradius
effects and from the escaping Oþ ions while the IMF
x-components caused BSperp =BSpar asymmetry. The density
of the escaping planetary Oþ ions in the magnetosheath and
in the solar wind is found to be higher in the hemisphere
where the convective electric ﬁeld points in the undisturbed
solar wind than in the opposite hemisphere. The analysis
implies that the properties of plasma and magnetic ﬁeld at
given points near Venus can be anticipated to vary noticeably
in concert with varying upstream parameters.
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Abstract
As an initial eﬀort to study the evolution of the Venus atmosphere, the inﬂuence of the solar wind density and the interplanetary magnetic ﬁeld (IMF) x component (the x-axis points from Venus towards the Sun) on the O+ ion escape rate from Venus is investigated using
a three-dimensional quasi-neutral hybrid (HYB-Venus) model. The HYB-Venus model is ﬁrst applied to a case of the high-density
(100 cm3) solar wind interaction with Venus selected from the Pioneer Venus Orbiter observations to demonstrate its capability for
the study. Two sets of simulations with a wide range of solar wind densities and diﬀerent IMF x components are then performed. It
is found that the O+ ion escape rate increases with increasing solar wind density. The O+ ion escape rate saturates when the solar wind
density becomes high (above 100 cm3). The results also suggest that the IMF x component enhances the O+ ion escape rate, given a
ﬁxed IMF component perpendicular to the x-axis. Finally, the results imply a higher ion loss rate for early-Venus, when solar conditions
were dramatically diﬀerent.
Ó 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
Keywords: Ion escape; Hybrid simulation; HYB-Venus; Venus; Atmosphere evolution

1. Introduction
Venus, like the Earth, is under the inﬂuence of a continuous plasma ﬂow of the solar wind. But diﬀerent than the
Earth, Venus has no signiﬁcant intrinsic magnetic ﬁeld. So
the solar wind interacts directly with the Venus atmosphere
(Russell and Vaisberg, 1983; Luhmann, 1986; Russell et al.,
*
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2006). Through the solar wind–Venus interaction, the solar
wind acts as both a sink and a source for the Venus atmosphere particles. The solar wind plasma picks up electrically charged particles from the Venus atmosphere. These
particles are ionized in the Venus neutral upper atmosphere
via charge exchange, solar wind electron impact ionization,
and photoionization (Zhang et al., 1993), with the photoionization produced mainly by the solar extreme ultraviolet
(EUV) radiation. On the other hand, the solar wind also
supplies particles into the Venus atmosphere by processes
such as charge exchange. The net loss rate of the Venus
atmosphere particles depends on solar conditions, e.g.,
the solar wind parameters, the interplanetary magnetic
ﬁeld (IMF), and the solar EUV ﬂux.

0273-1177/$36.00 Ó 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
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Observations and theoretical studies suggest that the
Sun has undergone signiﬁcant evolution over the last 4.5
billion years (Ribas et al., 2005). The coronal X-ray and
EUV emissions of the early Sun might have been 100–
1000 times stronger than those of the present Sun. The
solar wind has been probably also stronger (Wood et al.,
2005). The early Sun might have rotated over 10 times faster than the Sun today (Güdel et al., 1997). In addition to
the long-term evolution of the solar conditions, the present
Sun has a well known activity cycle of about 11 years often
accompanied by short-term aperiodic ﬂuctuations. The
aforementioned changes in the solar conditions should
have had inﬂuences on the ion loss from the Venus atmosphere and, therefore, the evolution of the Venus atmosphere. It should be enlightening to study how the solar
wind interaction with Venus diﬀers under diﬀerent solar
conditions, as such a study may improve our understanding of the Venus atmosphere evolution. The results may
also be generalized and thus provide important knowledge
on the formation and evolution of the planetary atmospheres in our Solar System and beyond.
Our current knowledge of the solar wind interaction
with Venus comes mainly from the long-lived Pioneer
Venus orbiter (PVO) mission (Russell and Vaisberg,
1983; Luhmann, 1986; Russell et al., 2006) and the recent
Venus Express mission (Barabash et al., 2007; Zhang
et al., 2006, 2007). The PVO was inserted into a Venus
orbit in December 1978 and remained in orbit for 14 years
investigating the solar wind interaction with Venus over a
complete solar cycle. From the photoelectron current measured by the PVO Langmuir Probe, Brace et al. (1988) and
Ho et al. (1993) found that the solar EUV ﬂux at Venus
decreased by a factor of two from the solar maximum in
1979 to the solar minimum in 1987. Based on the annual
medians of the PVO data, Luhmann et al. (1993) studied
the change of the IMF and the solar wind parameters at
Venus during the solar cycle 21. Their results show that
the IMF magnitude and the solar wind velocity have their
maxima during a declining phase of the solar cycle, but the
solar wind density reaches its maximum at a solar minimum. A statistical study of the hourly averaged PVO
observations of the IMF and the solar wind parameters
was recently performed by Jarvinen et al. (2007). It was
found that the solar wind density can range from less than
1 cm3 to more than 100 cm3, while the solar wind velocity ranges usually between 200 and 900 km/s.
In the present study, a case of the high-density
(100 cm3) solar wind interaction with Venus is ﬁrst
selected from the PVO observations. This case is studied
using a three-dimensional quasi-neutral hybrid (HYBVenus) model (Kallio and Janhunen, 2002) to demonstrate
the capability of the HYB-Venus model to study the highdensity solar wind interaction with Venus. As an initial
eﬀort to study the evolution of the Venus atmosphere,
the HYB-Venus model is further employed to investigate
the inﬂuence of the solar wind density and the IMF x component (the x-axis points from Venus towards the Sun) on
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the O+ ion escape rate from Venus. Two sets of simulations
with a wide range of solar wind densities and diﬀerent IMF
x components are performed.
The paper is organized as follows: Section 2 brieﬂy
describes the simulation model employed in the study; Section 3 presents the simulations results; we further discuss
the simulation results in Section 4; the study is ﬁnally summarized in Section 5.
2. Methodology
The present study was carried out using a Venus version
of the three-dimensional quasi-neutral hybrid (HYBVenus) model developed at the Finnish Meteorological
Institute. In the HYB-Venus model, plasma ions are treated as particles, while electrons are treated as a massless,
charge-neutralizing ﬂuid. A detailed description of the
model was given by Kallio and Janhunen (2003) and will
not be repeated here. The hybrid model has been successfully applied to study the solar wind interactions with
Mercury (Kallio and Janhunen, 2003), Venus (Kallio
et al., 2006; Jarvinen et al., 2007), Mars (Kallio and Janhunen, 2002), Titan (Sillanpää et al., 2007), etc. Compared
with MHD models, a hybrid model includes self-consistently ion kinetic eﬀects due to the ﬁnite ion gyroradius
at the expense of a larger computing time.
A planet-centered Cartesian system, Venus Solar Orbital
(VSO) coordinate system, is employed in the HYB-Venus
model. The x-axis points from Venus towards the Sun.
The z-axis points to the north and is perpendicular to the
orbital plane of Venus. The y-axis completes the righthanded coordinate system. The aberration caused by the
35 km/s orbital motion of Venus around the Sun is not
expected to be signiﬁcant and has been neglected in the
present study. All simulation runs in the present study have
a simulation box of the same size: 3RV < x < 3RV
and  4RV < y, z < 4RV , where RV = 6051.8 km is the
Venus radius. Limited by the available computational
resources, the grid resolution is 0:1RV in the present simulations and there are about 30 ions in each cell. The model
contains three H+ ion sources: the solar wind, the cold
atmospheric hydrogen, and the hot neutral hydrogen exosphere. In addition, there are two O+ ion sources: the cold
atmospheric oxygen and the hot neutral oxygen exosphere.
The solar wind H+ ions are injected into the simulation box
at the front face of x ¼ 3RV . The O+ ions produced from
the cold atmospheric oxygen are modeled by emitting O+
ions from an altitude of 400 km above the Venus surface.
The rest ion species are introduced into the system through
photoionization from their respective neutral density proﬁles at speciﬁed ionization frequencies (Kallio et al.,
2006). The reason for a special treatment of the O+ ions
of the cold atmospheric oxygen origin is that the atmospheric scale height of the cold oxygen population is much
smaller than the grid size of 0:1RV . One may refer to Kallio
et al. (2006) for the details of how diﬀerent ion species are
set up in the HYB-Venus model.
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3. Simulation results
3.1. The high-density solar wind interaction with Venus
The solar wind density at Venus orbit usually lies
between 10 and 20 cm3, but it can range from less than
1 cm3 to more than 100 cm3 (Jarvinen et al., 2007). A
case of the high-density solar wind happened on September
7, 1982 during the PVO Orbit 1371. The solar wind density
was around 100 cm3 for several hours. We estimate from
the PVO data that the upstream solar wind parameters
are nSW ¼ 100 cm3 , USW ¼ ½330; 0; 0 km=s, T SW ¼ 3:8
104 K, and the IMF B = [10, 7, 0] nT. Fig. 1 displays the
relevant part of PVO Orbit 1371 in cylindrical coordinates.
The HYB-Venus model has been successfully applied to
study cases with regular solar wind densities (Jarvinen et al.,
2007; Kallio et al., 2008). It is important to check how the
model works in cases with the high-density solar wind. A
simulation has been performed using upstream parameters
extracted from the aforementioned case of the PVO Orbit
1371. Fig. 2 displays the comparison of the magnetic ﬁeld
simulation results (bold dashed lines) with the PVO observations (solid lines). Fig. 2a–c give the normalized x, y, z
components of the magnetic ﬁeld, respectively. Fig. 2d displays the magnitude of the total magnetic ﬁeld. The simulation results show reasonable agreement with the PVO
observations and demonstrate the capability of the model
to study the high-density solar wind interaction with
Venus. Due to the fact that the plasma instrument onboard
the PVO, the PVO plasma analyzer, was primarily designed
for solar wind monitoring (Zhang et al., 2006), no compar-
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Fig. 1. The PVO Orbit 1371 in cylindrical coordinates, with the x-axis
pointing towards the Sun and q being the distance to the x-axis
ðq ¼ ðy 2 þ z2 Þ1=2 Þ. The circle data markers are placed along the orbit with
a time interval of 10 min. The text labels nearby give the corresponding
times. The bold solid curve shows the conical bow shock position
suggested by Slavin and Holzer (1981) for reference purpose. The
semicircle in the bottom represents Venus with its nightside in a black
shadow.

ison of the simulated plasma parameters with observations
has been made.
Although the HYB-Venus model appears to reproduce
the overall magnetic ﬁeld features observed by the PVO
quite well, there are also noticeable discrepancies between
the simulation results and the PVO observations. First of
all, there are many ﬂuctuations in the observed magnetic
ﬁeld, which are missing in the simulation results in
Fig. 2. These ﬂuctuations can be either spatial or temporal.
They are likely generated by plasma processes at scales
much smaller than the grid size of 0:1RV used in the present
simulation. These observed ﬂuctuations can be also due to
changes in the upstream conditions, which are not considered in the current HYB-Venus model. Another major discrepancy appears at the bow shock crossings. The bow
shock in the simulation is not as sharp as the one observed
by the PVO, because proper modeling of the bow shock
would require a spatial resolution much higher than the
one used in the present study.
3.2. The dependence of the O+ ion escape rate on the solar
wind density and the IMF x component
As the ﬁrst step to study how changes in the solar conditions aﬀect the ion loss from the Venus atmosphere, the
dependence of the O+ ion escape rate on the solar wind
density and the IMF x component is investigated in the
present study. Two sets of simulation runs with a wide
range of solar wind densities and diﬀerent IMF x components are performed. In each set of six runs,
USW ¼ ½430; 0; 0 km=s, T SW ¼ 105 K, but the solar wind
densities are 7, 14, 28, 56, 112, and 224 cm3, respectively.
The ﬁrst set (Set A) of runs has the IMF x component:
Bx = 8.09 nT, but the other set (Set B) has no IMF x component: Bx ¼ 0. In both sets of runs, By = 5.88 nT, and
Bz ¼ 0. Therefore, the diﬀerence between the two sets of
runs may provide information on the inﬂuence of the
IMF x component on the O+ ion escape rate.
The O+ ion escape rates for the two sets of runs are
shown in Fig. 3. The solid line stands for the runs in Set
A, whereas the dashed line represents the runs in Set B.
The escape rates in Fig. 3 are calculated by averaging from
200 to 600 s when all the simulation runs have reached their
stationary states. In both sets of runs, the O+ ion escape
rate increases when the solar wind density increases. There
is also an evident saturation trend in the O+ ion escape rate
when solar wind density becomes high (above 100 cm3).
Our preliminary analysis shows that the saturation of the
O+ ion escape rate does not come from the amount of
the O+ ions available in the simulation system. However,
the exact reason for the saturation is not yet fully understood and is still under study.
As shown in Fig. 3, the O+ ion escape rates are always
larger in Set A than the corresponding ones in Set B. This
suggests that the IMF x component enhances the O+ ion
escape rate, given a ﬁxed IMF component perpendicular
to the x-axis. It has been observed that the escaping ions
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x 10

ing that the IMF component perpendicular to the x-axis is
intentionally kept unchanged in the two sets of runs. The
ion pickup eﬀect is closely aﬀected by the convective electric ﬁeld of the solar wind, E ¼ USW  B, where USW is
the solar wind velocity and B is the IMF (Alexander
et al., 1986). A ﬁxed IMF perpendicular component (perpendicular to the x-axis in the present study) ‘‘normalizes”
the eﬀect of the convective electric ﬁeld on the ion loss from
Venus atmosphere. This limits the possible contributors to
the O+ ion escape rate enhancement. However, the consequently diﬀerent IMF magnitudes in the two sets of runs
cause a change in the ion gyroradius, which may also aﬀect
the O+ ion escape rate (Luhmann et al., 2007).
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Fig. 3. The O+ ion escape rates of two sets of runs with a wide range of
solar wind densities and diﬀerent IMF x components. In each set of six
runs, the solar wind densities are 7, 14, 28, 56, 112, and 224 cm3,
respectively. The ﬁrst set of runs (Set A) has the IMF x component:
Bx = 8.09 nT, but the other set of runs (Set B) has no IMF x component
while keeping the same IMF component perpendicular to the x-axis. The
solid line stands for the runs in Set A and the dashed line represents the
runs in Set B.

leave Venus mainly through the plasma sheet and a boundary layer of the induced magnetosphere (Slavin et al., 1989;
Barabash et al., 2007). Interestingly, the simulation results
suggest that the presence of Bx changes the morphology of
the Venus plasma sheet. This morphological change of the
plasma sheet may explain the O+ ion escape rate enhancement by the IMF x component. In addition, it is worth not-

In Fig. 3, more attention has been paid to the trends of
the O+ ion escape rate dependence on the solar wind density and the IMF x component rather than the absolute
values of the escape rate. Caution must be exercised in
interpreting the absolute values of the O+ ion escape rate
in Fig. 3. First of all, the current HYB-Venus model does
not include the charge exchange and solar wind electron
impact ionization processes, which play important roles
in the O+ ion escape from Venus (Zhang et al., 1993). As
a consequence, it is not surprising that the O+ ion escape
rates in Fig. 3 are one order of magnitude smaller than
the one estimated from the PVO observations by Brace et
al. (1987). On the other hand, there are also many estimations (McComas et al., 1987; Mihalov and Barnes, 1982;
Moore et al., 1991) which are on the same order as the values presented in Fig. 3. The large discrepancies among dif-
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ferent estimations of the O+ ion escape rate are not yet well
understood. Second, Terada et al. (2002) found from their
two dimensional global hybrid simulations that the
dynamic ion removal process associated with the Kelvin–
Helmholtz instability plays a considerable role in the O+
ion escape from Venus during a solar maximum. The present three dimensional HYB-Venus model includes this ion
removal process, but possibly with a relatively lower eﬃciency due to the limited spatial resolution. Finally, there
are many factors in the HYB-Venus model which can signiﬁcantly aﬀect the O+ ion escape rate absolute value.
For example, the exosphere and ionosphere models and
their corresponding ionization frequencies used in the present study are for a solar minimum. They do not respond to
the changes in the upstream solar conditions and are not
self-consistent.
The present study investigates the inﬂuence of the solar
wind density and the IMF x component on the O+ ion
escape rate from Venus. Besides these two factors, there
are many other solar parameters which aﬀect the O+ ion
escape processes from Venus, e.g., the solar EUV ﬂux
and the solar wind velocity. A preliminary study of the
O+ ion escape rate dependence on the solar EUV ﬂux
has been performed. In this study, we increase the emission
rate of the O+ ions produced by photoionization of the
cold atmospheric oxygen to account (partially) for the
increase of the solar EUV ﬂux. The results show a 25%
increase in the O+ ion escape rate when the ion emission
rate is doubled. This enhancement of the O+ ion escape
rate is equivalent to the increase of the O+ ion escape rate
when the solar wind density increases from 7 to 224 cm3,
as shown in Fig. 3. Furthermore, a higher solar EUV ﬂux is
expected to signiﬁcantly extend the Venus ionosphere (Ho
et al., 1993) and the exosphere (Kulikov et al., 2006; Lammer et al., 2007). These eﬀects facilitate the O+ ion escape
from Venus, but are currently not taken into account in
our preliminary study. Therefore, one can expect the real
O+ ion escape rate enhancement due to the increase of
the solar EUV ﬂux to be larger than the 25% enhancement
revealed by the preliminary study. As a result, this suggests
a larger average O+ ion escape rate during a solar maximum than in a solar minimum, because the solar EUV ﬂux
at Venus can increase on average by a factor of two from a
solar minimum to a solar maximum (Brace et al., 1988; Ho
et al., 1993), while the average solar wind density decreases
by a much smaller factor although it is the highest during a
solar minimum (Luhmann et al., 1993). In fact, a 35%
increase of the bow shock terminator altitude from solar
minimum to maximum has been discovered (Slavin et al.,
1980) and attributed to the mass loading enhancement
via increased photoion pickup at solar maximum (Alexander and Russell, 1985). The more complete study of the O+
ion escape rate dependence on the solar EUV ﬂux will be
reported later, as it is still in progress. Nevertheless, the
present results agree with a study by Luhmann et al.
(2007) using the suprathermal (>36 eV) ion measurements
from the PVO neutral mass spectrometer. Luhmann et al.

(2007) found that the ion escape ﬂuxes are signiﬁcantly
enhanced during interplanetary coronal mass ejection and
solar wind stream interaction region passages which generally cause enhanced solar wind dynamic pressures and IMF
strengths. The present results are also in line with some
recent observation (Lundin et al., 2008) and simulation
(Modolo et al., 2005) studies for Mars, which reveal that
the ion loss rate at Mars is higher for higher solar EUV ﬂux
and solar wind dynamic pressure. Mars is a similar planet
to Venus in terms of its interaction with the solar wind.
Like Venus, Mars does not possess a signiﬁcant global
intrinsic magnetic ﬁeld although it has a smaller size and
mass.
The coronal X-ray and EUV emissions of the early Sun
might have been 100–1000 times stronger than those of the
present Sun (Ribas et al., 2005). The solar wind has been
probably also stronger (Wood et al., 2005). Both factors
would contribute to a much higher O+ ion escape rate from
Venus under the early Solar conditions. However, the early
Sun might have rotated over 10 times faster (Güdel et al.,
1997). This would have produced a smaller IMF x component at Venus orbit, if the total IMF magnitude has not
changed since then. This factor might reduce the O+ ion
escape rate, but could not likely compensate for the large
increase of the O+ ion escape rate due to the much stronger
EUV ﬂux of the early Sun. This speculation needs further
study to be veriﬁed. Anyway, the methodology of the present study can be also extrapolated to other planets and exoplanets. In such a way, it may provide new possibilities to
study the evolution of the planetary atmospheres in our
Solar System and beyond.

5. Summary
The HYB-Venus model is applied to study a case of the
high-density (100 cm3) solar wind interaction with Venus,
which is selected from the PVO observations. The reasonable agreement between the simulation results and the
PVO observations demonstrates the potential of the
HYB-Venus model for studying the high-density solar
wind interaction with Venus. However, noticeable discrepancies do exist between the simulation results and the PVO
observations, possibly due to the coarse spatial resolution
and the ﬁxed upstream solar conditions in the current
HYB-Venus model.
The HYB-Venus model is further employed to investigate the inﬂuence of the solar wind density and the IMF
x component on the O+ ion escape rate from Venus.
Two sets of simulations with a wide range of solar wind
densities and diﬀerent IMF x components are performed.
It is found that the O+ ion escape rate increases with
increasing solar wind density. The O+ ion escape rate saturates when the solar wind density becomes high (above
100 cm3). The results also suggest that the IMF x component enhances the O+ ion escape rate, given a ﬁxed IMF
component perpendicular to the x-axis. Finally, the results
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imply a higher ion loss rate for early-Venus, when solar
conditions were dramatically diﬀerent.
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Abstract. We study the solar wind induced oxygen ion
escape from Venus’ upper atmosphere and the Venus Express observations of the Venus-solar wind interaction by the
HYB-Venus hybrid simulation code. We compare the simulation to the magnetic field and ion observations during an
orbit of nominal upstream conditions. Further, we study the
response of the induced magnetosphere to the emission of
planetary ions. The hybrid simulation is found to be able to
reproduce the main observed regions of the Venusian plasma
environment: the bow shock (both perpendicular and parallel
regions), the magnetic barrier, the central tail current sheet,
the magnetic tail lobes, the magnetosheath and the planetary wake. The simulation is found to best fit the observations when the planetary O+ escape rate is in the range from
3×1024 s−1 to 1.5×1025 s−1 . This range was also found to
be a limit for a test particle-like behaviour of the planetary
ions: the higher escape rates manifest themselves in a different global configuration of the Venusian induced magnetosphere.
Keywords. Magnetospheric physics (Solar wind interactions with unmagnetized bodies) – Space plasma physics
(Charged particle motion and acceleration; Numerical simulation studies)

1 Introduction
The unmagnetized Venus planet has a solar wind interaction
very different from the Earth. In contrast to the geodipole,
the Venusian obstacle to the magnetized solar wind is the
highly conducting ionosphere. The field lines of the interplanetary magnetic field (IMF) pile up against the ionosphere
Correspondence to: R. Jarvinen
(riku.jarvinen@fmi.fi)

and drape around the planet. In the dayside the piled field
lines increase the field magnitude creating a magnetic barrier. The barrier stops the flow and a bow shock is formed
upstream of the planetary plasma environment. Between the
bow shock and the region dominated by the planetary ions is
the magnetosheath. At the terminator where the field lines
slip from the dayside to the nightside the draping results in
“a magnetic pole structure” which is connected to the central
(or cross) tail current sheet (CTCS). The CTCS separates the
two magnetic lobes in the wake of the planet. This kind of
a magnetic environment is called an induced magnetosphere
(see, for example, Saunders and Russell, 1986).
The solar wind flows about Venus at altitudes close to
the top ionosphere and the high exospheric neutral densities. The exospheric neutrals are constantly ionized by the
solar EUV radiation, the electron impact ionization and the
charge exchange processes. Consequently, the high altitude
planetary ions are accelerated by the electric and magnetic
fields related to the solar wind flow and the Venus’ induced
magnetosphere (see, for example, Luhmann et al., 2006, and
references therein). These acceleration processes result in
a non-thermal escape of the planetary atmosphere. Atomic
oxygen (O+ ) is the dominant ion species in the Venusian upper atmosphere. Also, atomic hydrogen ion (H+ ) densities
are considerable at altitudes above 200 km (see Fig. 23 in
Brace and Kliore, 1991). Estimates of the total solar wind
induced oxygen ion escape from Venus range from the order
of 1024 s−1 to 1026 s−1 including observational and simulation studies (e.g., Brace et al., 1987; Moore and McComas,
1992; Terada et al., 2004; Lammer et al., 2006; Kallio et al.,
2006b; Barabash et al., 2007a; Martinecz et al., 2009). We
select to call the value 1025 s−1 as the nominal O+ escape
rate.
The Venus-solar wind interaction was first studied in detail by the Pioneer Venus Orbiter (PVO). A recent review of
the results is given by Russell et al. (2006). PVO measured,
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among other things, the escaping oxygen ions from Venus.
Moreover, PVO observed the changing nature of the Venussolar wind interaction as a function of the solar cycle. The
changes are related to the EUV flux and the solar wind conditions. An increase in the EUV radiation modifies the upper
atmosphere and enhances the ionization of the exospheric
neutral densities. This means that more ions are produced
and are available for the solar wind induced escape. The increase of the ion density changes the obstacle to the solar
wind and, consequently, can affect to the global Venus-solar
wind interaction. For example, the bow shock terminator altitude correlates with the solar cycle being lower for the solar
minimum (Russell et al., 1988).
Venus Express (VEX) is an European spacecraft in orbit
around Venus. VEX studies the Venusian plasma environment by its particle instrument ASPERA-4 (Barabash et al.,
2007b) and the MAG magnetometer (Zhang et al., 2006).
Barabash et al. (2007a) reported observations of the O+ escape in the near Venus’ tail. The statistically presented measurements show the O+ , H+ and He+ flux away from the
planet and energization in the direction of the convection
electric field typical to the E × B pickup.
Depending on the IMF and the convection electric field,
the maximum bulk kinetic energy of a Venusian pickup oxygen ion is about one order of magnitude higher than the energy of a solar wind proton (mO+ /mp ≈ 16). The gyroradius
of an oxygen ion in the solar wind at Venus is typically about
1–2 planetary radii.
The Venus’ solar wind interaction has been examined earlier in several self-consistent simulation studies including
MHD and hybrid codes. Brecht and Ferrante (1991) were
the first ones to present a global hybrid simulation study of
the Venus-solar wind interaction. Bauske et al. (1998) and
Kallio et al. (1998) studied the mass loading of the Venusian
ions into the solar wind in MHD. Terada et al. (2004) considered in their hybrid code different Venusian ion escape processes. Martinecz et al. (2009) compared their hybrid simulation to the VEX/ASPERA-4 and VEX/MAG observations
in an orbit case study concentrating on the boundaries.
In this work we compare our Venus hybrid simulation
(HYB-Venus) to the VEX particle and magnetic observations and study how the Venus’ plasma environment and
the oxygen ion escape change with a wide range of different planetary O+ emission rates. We choose here to
study only changes related to the emission rates of thermal
oxygen ions (O+
) from the ionosphere. The studied rates
th
are from 1023 s−1 to 1027 s−1 . The exospheric sources are
kept constant even though in reality a stronger ionosphere
would mean different exospheric profiles. However, when
we introduce higher ion densities around the planet it may
be that their exact origin is not that important. Johansson
et al. (2009) considered in a hybrid code an expanding ionospheres of unmagnetized exoplanets by increasing the ion
emission velocity upwards from the planet; their study resembles somewhat our extreme parameter cases.
Ann. Geophys., 27, 4333–4348, 2009

The paper is organized as follows. We begin by describing the simulation and the used Venus Express observations
(Sect. 2). Next, we compare the simulation to the observations in an orbit case study (Sect. 3). In Sect. 4 we present
a parameter study in which we change the planetary oxygen
emission rates. At the end we discuss the results and summarize our findings (Sects. 5 and 6).
2

The HYB code and the Venus Express observations

HYB is a hybrid code for the planetary plasma interactions
developed at the Finnish Meteorological Institute. The code
has been used to study the plasma interactions of Mars (e.g.,
Kallio et al., 2006a), Mercury (e.g., Kallio and Janhunen,
2003), Titan (e.g., Sillanpää et al., 2007), the Moon (e.g.,
Kallio, 2005) and Venus (e.g., Jarvinen et al., 2008). See
Kallio and Janhunen (2003) for the numerical details of the
code. Further, Kallio et al. (2006b) introduce the usage of the
code in the Venus simulations.
In the hybrid model the ions are treated as particles in the
Lorentz force field and the electrons are a massless, chargeneutralizing MHD fluid. The electric and magnetic fields are
self-consistently related to the ions and the electron fluid via
Maxwell’s equations. Recently, we have added to the code
the polarization electric field caused by the electron pressure. Next we shortly summarize how the model equations
are solved and describe the simulation inner boundary and
the planetary ion sources.
2.1

Equations

Starting with initial values for the ions (position and velocities) and the magnetic field in the simulation domain, the
system is propagated as follows. First, the current density is
obtained from the magnetic field by the Amperè’s law
J = µ−1
0 ∇ ×B

(1)

and the electron charge density comes from the quasineutrality assumption in a grid cell
X
qe ne = −
q i ni ,
(2)
i

where the summation is over all ion species. The velocity
field of the electron fluid is determined as
X
1
(J −
qi ni V i ).
(3)
Ue =
q e ne
i
Now all the quantities needed to calculate the electric field
from the electron momentum equation are known:
E = −U e × B + ηa J +

∇pe
,
q e ne

(4)

where ηa is a given (3-D) function for the resistivity and the
electron pressure comes from the ideal gas law pe = ne kB Te ,
www.ann-geophys.net/27/4333/2009/
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Fig. 1. A 3-D illustration of the magnitude of the magnetic field in the nominal HYB-Venus simulation run for the Venus Express orbit on 20
November 2006. The black line is the orbit and the red dot denotes the inbound phase of the orbit. Panel (a) shows the field magnitude at the
y = 0, z = 0 and x = −2RV planes. In panel (b) the z = 0 plane and the spacecraft’s approximate orbital plane are shown. Panel (c) shows a
normal view to the spacecraft’s orbital plane.

where Te is a given constant (isothermal electrons). The resistivity term is included only in the field propagation (Eq. 5) to
introduce some field diffusion. Further, the electron pressure
contributes only to the particle propagation (Eq. 6) because
the curl of a gradient in Faraday’s law is identically zero in
the isothermal case.
Finally, Faraday’s law is used to advance the magnetic
field

www.ann-geophys.net/27/4333/2009/

∂B
= −∇ × E
∂t

(5)

and the particles are moved and accelerated by the Lorentz
force:
dv i
qi
=
(E + v i × B)
(6)
dt
mi
dx i
= vi .
(7)
dt
Ann. Geophys., 27, 4333–4348, 2009
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Table 1. Details of the HYB-Venus simulation runs and the used
upstream conditions for the Venus Express orbit on 20 November
2006.
Parameter

Value

Box size (x × y × z) [RV ]
Grid cells (nx × ny × nz )
Grid cell size (1x 3 )
Avg. macroparticles per cell
Timestep (1t)
Solution snapshot time
Obstacle radius
Particle absorption radius
IMF [Bx ,By ,Bz ]
Solar wind H+ (V ,n,T )
Electron temperature
Resistivity ηa (r)

(−3...3) × (−4...4) × (−4...4)
60 × 80 × 80
(0.1RV )3
30
40 ms
1100 s
RV + 300 km
RV + 200 km
[8.9, 8.3, 0] nT
430 km s−1 , 14 cm−3 , 105 K
104 K
const. for r > RV + 300 km,
zero r < RV + 300 km
6.22 × 1024 s−1
2.0 × 1023 s−1
4.09 × 1024 s−1
1023 ...1027 s−1
RV + 400 km
solar minimum

Planetary H+
thermal prod. rate
Planetary H+
hot prod. rate
Planetary O+
hot prod. rate
Planetary O+
thermal prod. rate
Planetary O+
thermal emission radius
Solar EUV photo rates

The equations are solved numerically by the leapfrog method
and the Boris-Buneman integrator for the Lorentz force (e.g.
Birdsall and Langdon, 1991). A Yee lattice type gridding is
used to store the magnetic field on grid cell faces to obey the
∇ · B = 0 condition (e.g. Dai and Woodward, 1998).
Table 1 summarizes the main parameters of the simulation
runs used in this work. The simulations were run 1100 s in
physical time until all the runs had reached a quasistationary
solution. The solutions with higher emission rates stabilized
later than the nominal and lower emission runs, which got
stable at about 400 s. All the visualizations shown are snapshots at t = 1100 s.
2.2

Table 2. Ionospheric O+
th emission rates and thermal pressures from
Eq. (8). The emission radius is 400 km and the temperature 2000 K.
The O+ in the simulation is dominated by the exospheric photoions
in the 1023 and 1024 cases.
Run

−1 ]
O+
th emission rate [s

p = nkB T [nPa]

Lowest
Lower
Nominal
Higher
Highest

1023

1.5 × 10−5
1.5 × 10−4
1.5 × 10−3
1.5 × 10−2
0.15

1024
1025
1026
1027

EUV rates. The rate is zero in the planet’s optical shadow.
No other ionization processes are considered explicitly. The
applied EUV ionization rates correspond to the solar minimum conditions. See Table 1 for the total production rates
and Table 2 for the details of the ionospheric population in
the runs. The exospheric ion sources are described in more
detail in Kallio et al. (2006b). The O+ is dominated by the
exospheric photoions in the 1023 and 1024 cases.
The Venusian ionospheric O+
population is injected into
th
the simulation from a spherical surface above the inner
boundary. The emission profile has a cosine dependence on
the solar zenith angle (SZA) decreasing towards the terminator on the dayside and a constant nightside (10 per cent of the
emission at SZA=0).
The total O+
emission rate is a free parameter since we
th
do not consider a self-consistent ionospheric physics in the
code. A self-consistent ionosphere would include chemical
processes responsible for creating the neutral and ionized upper atmosphere starting from given (lower) atmospheric profiles and ionization processes. The implementation of the
self-consistent ionosphere is complicated by the achievable
spatial resolution in the global planetary hybrid simulations.
See Table 1 for the radius and the emission rates of the ionospheric population.

Inner boundary and planetary ions
2.3

The planetary ionosphere, the obstacle to the solar wind flow,
is parametrized as an inner boundary condition in the HYBVenus simulation. The inner boundary is a spherical surface
300 km above the planet’s surface. At the inner boundary
the electron velocity and pressure is set to zero. Further, the
resistivity is also set to zero at the boundary which means
that there is no diffusion of the magnetic field into the obstacle and, therefore, the magnetic field is zero inside the inner boundary. The particles are absorbed (removed from the
simulation) at 200 km above the planet’s surface, i.e. 100 km
below the inner boundary.
Planetary ions are injected into the simulation domain using two different types of sources, the exospheric and ionospheric populations. The exospheric ions are created from
neutral corona profiles which are photoionized by constant
Ann. Geophys., 27, 4333–4348, 2009

Coordinate systems

The Venus Solar Orbital (VSO) system is a planet-centered
coordinate system with the x-axis directed towards the Sun,
the y-axis pointed opposite to the planet’s orbital motion in
the orbital plane and the z-axis northward, perpendicular to
the orbital plane.
The Venus Solar Electric (VSE) coordinate system is also
a planet-centered system with the x-axis directed towards the
Sun. The VSE y-axis is directed along the perpendicular
component of the IMF to the x-axis and, consequently, the
−V SW × B IMF electric field is along the z-axis. The VSE coordinates are related to the VSO coordinates via a rotation
around the x-axis.
The simulation coordinate system is the same as the VSO
or VSE system with an exception that the negative x-axis
www.ann-geophys.net/27/4333/2009/
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is directed along the incident solar wind flow. The discrepancy between the simulation and the VSO/VSE coordinates
is caused by the planetary motion around the Sun. The angle between the x-axes of these coordinate systems is about
5 degrees. This causes an aberration of the IMF components
less than 1 nT which is not expected to be significant in the
current study.
The used value of the planetary radius is RV = 6051.8 km.
2.4

Venus Express orbit 20 November 2006

Venus Express is observing the Venusian plasma environment in a 24-h elliptical polar orbit. The orbit periapsis is
above the geographic north pole of the planet. The orbit on
20 November 2006 was selected for this study from the MAG
observations between 2006–2007 since it has a very stable
and non-fluctuating IMF close to nominal Venusian values
(see the IMF in Fig. 2 and the solar wind in Fig. 3). The
stable conditions favor the use of a stationary simulation solution since no dynamics are driven by the upstream changes.
Also, the steadiness makes it possible to use a well-defined
VSE coordinate system, since the orientation of the convection electric field related to the IMF is almost constant.
The inbound part of the orbit has an IMF x-component of
8.9 nT and a perpendicular (yz) component of 8.3 nT, which
is a little higher than the nominal value. In the VSO coordinates the IMF clock angle (the direction of the perpendicular component) is about 160 degrees from the positive
y-direction towards the negative z- and y-axis. The IMF spiral angle (the direction of xy-component) is about 41 degrees
from the positive x-direction towards the negative y-direction
in the VSO coordinates. Thus, Venus is located in the IMF
towards sector of the Parker’s spiral (see Fig. 4 in Jarvinen
et al., 2008). In the VSE coordinates the IMF spiral angle is
about 43 degrees from the positive x-axis towards the positive y-axis.
The solar wind consists of H+ ions with no distinguishable helium content (see panel 3a) and the dynamic pressure
is somewhat weaker than the nominal Venus value. All the
conditions are within the 75 per cent confidence intervals of
the PVO solar wind and IMF statistics, i.e. the conditions are
not in the 25 per cent of the extreme cases of the statistics
(Table 2 in Jarvinen et al., 2008). The solar cycle and the
EUV flux were close to a minimum on November 2006. The
upstream conditions are listed in Table 1.

3

Simulation results: an orbit case study

In this section we present an orbit case study where we compare the Venus Express magnetic and particle observations
made during a single orbit (20 November 2006) to the HYBVenus simulation. The comparisons provide an extrapolated
view at the plasma regions the spacecraft sampled around
www.ann-geophys.net/27/4333/2009/
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Venus. We use the run with the nominal O+
emission rate
th
for the comparison.
3.1

Magnetic field

Figures 1 and 2 display a comparison of the observed magnetic field and the simulation in the VSE coordinates. Figure 1 shows a 3-D structure of the field magnitude in the
simulation and the spacecraft’s orbit. Figure 2 compares the
components and magnitude of the magnetic field between the
VEX/MAG data and the HYB-Venus simulation. Together
Figs. 1 and 2 illustrate the regions the spacecraft sampled
along its trajectory.
First, VEX crossed the Venusian bow shock in the perpendicular shock region (y < 0 hemisphere) at 06:10 UT close
to the z = 0 plane. The MAG data shows a sharp and large
gradient, typical to the perpendicular shock wave, and a peak
magnitude of 41 nT at the bow shock, whereas the simulation produces a smoother transition from the IMF into the
magnetic barrier. The gradient is 500 km long (foot-to-peak)
along the spacecraft trajectory in the observations and about
9000 km in the simulation.
After the inbound bow shock crossing the spacecraft
moves into the magnetic barrier region where the dynamic
pressure of the solar wind flow is converted to the magnetic
pressure and the thermal plasma pressure (06:10–06:25 UT).
The orbit passes the barrier in the side of a positive Bx polarity (see Bx > 0 in panel 2a) touching only the edge of the
region with the highest field magnitudes (see panel 1c). The
observed field magnitude in the barrier is 30–35 nT and this
is also compatible with the simulation.
At 06:29 UT, just before the periapsis of the orbit, the
spacecraft crosses a region, a current sheet, where Bx
switches polarity from about 20 nT to −10 nT close to the
terminator. In the observations the x-component is zero at the
SZA of 88 degrees. The current sheet crossing takes place in
the region where the central tail current sheet starts to form
from the induced magnetic poles on top of the ionosphere
caused by the field line draping (see CTCS in panel 1b). The
observed width of the current sheet crossing (along the orbit from a positive Bx peak to a negative Bx peak) is 800 km
whereas in the simulation the width is 16 000 km. Since the
current sheet is crossed near the inner boundary of the simulation (see the green parts of the simulation lines in Fig. 2),
the timing of the crossing is not exactly correct. In the simulation the Bx = 0 point is on the nightside of the planet at
the SZA of 128 degrees (06:40 UT). The simulation shows a
strong curvature of the magnetic field and the slipping of the
field lines from the dayside of the planet to the nightside in
this area (figure not shown).
Next, the spacecraft moves into the nightside of the planet
(SZA>90 deg) and into a region between the CTCS and a
magnetic tail lobe. Here the spacecraft samples the lowest
magnitude of the magnetic field for the whole orbit (5 nT)
and turbulent wave activity can be seen (06:33–06:43 UT).
Ann. Geophys., 27, 4333–4348, 2009
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Fig. 2. A comparison of the magnetic field observed by VEX/MAG (blue line) and the magnetic field from the nominal HYB-Venus
simulation run (red line) along the orbit shown in Fig. 1. The lowest panel includes the spacecraft’s altitude from the planetary surface
(dashed black line) and solar-zenith angle (dashed magenta line) information. The green line in the simulation plot denotes the part of the
orbit below 500 km (less than a simulation grid cell) altitude.

At about 06:46 UT the spacecraft enters the right magnetic
tail lobe with negative Bx polarity, i.e. Bx is pointing along
the tail away from the Sun, and a magnitude of about 10 nT.
The observations show a decrease in the field fluctuations inside the lobe (note that there are short data gaps just before
and after the lobe). The simulation reproduces the magnitude and the location of the lobe. The maximum SZA (142
degrees) of the orbit is inside the lobe.
The connection of the magnetic field lines changes when
moving through the lobe (figure not shown). Before entering the lobe the curvature of the magnetic field close to the
current sheet is caused by the magnetic pole structure in the
z < 0 hemisphere near the terminator. Inside the lobe the connection changes gradually to the dayside of the planet (near
the center of the lobe the field lines trace back into the dayside noon sector) and finally, when leaving the lobe, to the
pole region in the z > 0 hemisphere.

Ann. Geophys., 27, 4333–4348, 2009

At about 07:00 UT the spacecraft leaves the lobe and enters the magnetosheath and after that the bow shock. The outbound bow shock crossing takes place in the turbulent parallel shock region (07:30–07:40 UT) near z = 2RV . The jump
in the field magnitude at the bow shock is only weak and the
data shows a lot of fluctuations. The simulation reproduces
the parallel shock wave including its magnitude and location.
3.2

Ions

Figure 3 displays a comparison between the observed
ASPERA-4 ion energy spectra (for H+ and O+ separately) and the simulation bulk parameters (bulk flow energy
1
2
2 mnV , density and temperature). Further, Fig. 4 illustrates
the modelled H+ and O+ densities and bulk energies in the
spacecraft’s orbital plane (cf. the magnetic field in panel 1c).
The peaked modulation in the spectrograms is caused by the
www.ann-geophys.net/27/4333/2009/
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Fig. 3. A comparison of the H+ and O+ time-energy spectra observed by VEX/ASPERA-4 (two uppermost panels) and the bulk flow energy
(E = 12 mnV 2 ) and density (n) of the H+ and O+ ions and the total plasma temperature (T ) from the nominal HYB-Venus simulation run
(three lowest panels) along the orbit shown in Fig. 1. Coloring in the spectral plots denotes particle counts per second. In the simulation
plots two different ion populations are shown: the solar wind H+ (blue line) and the planetary O+ (magenta). In addition, dashed magenta
lines in the density panel are the O+ densities in the lower (1024 ) and higher (1026 ) emission runs.

electrostatic elevation scan of the ASPERA-4/IMA sensor.
Also, note that the instrument collects ions only from a restricted solid angle and with a certain energy threshold (no
observations below 10 eV per unit charge) whereas the simulation plots include ions from the total solid angle of 4π
and all the energies. Further, there exists some leakage between the H+ and O+ channels of the instrument that can be
seen as, for example, incorrect O+ counts in the upstream
plasma. When we refer to a certain observed ion species in
the spectrograms in this study we have identified the species
from the IMA energy-mass spectrum for the discussed time
interval (figures not shown).
The bow shock regions are again consistent between the
observations and the simulation (see panels a, b and c in
Fig. 3). Both show a sharp and clear inbound crossing of the
www.ann-geophys.net/27/4333/2009/

perpendicular shock wave. Decrease of the bulk energy is
of the same order of magnitude in the data and in the simulation, approximately from 1 keV (solar wind) to 200 eV (magnetosheath). Further, the temperature of the shocked magnetosheath plasma is about 1.5 orders of magnitude higher
than in the solar wind in the simulation, which is approximately consistent with the observed H+ energy spectrum (see
spreading of the energy distribution at 06:10 UT in panel 3a).
The outbound crossing of the bow shock displays a different
kind of behaviour. Since the crossing happens in the parallel
region of the shock, the bulk energy increases steadily from
the magnetosheath into the solar wind showing no abrupt
jump in the observations or in the simulation. Further, the
temperature decreases also steadily from the magnetosheath
to the upstream value. The modelled H+ density increases

Ann. Geophys., 27, 4333–4348, 2009
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Fig. 4. Normal views to the spacecraft’s orbital plane for the bulk flow energy (upper panels) and density (lower panels) of the solar wind
H+ (left panels) and the planetary O+ (right panels) in the nominal HYB-Venus simulation run. See the orientation of the orbital plane in
Fig. 1.

by approximately a factor of two at both bow shock crossings from 14 to about 30 particles per cm3 .
A low density planetary wake (particle density < 1 cm−3
in the simulation) is seen between the inbound and outbound
magnetosheath separated by the proton dropout boundaries
(PDB). The PDBs are crossed at about 06:25 and 06:52 UT
when the H+ counts vanish abruptly and the planetary heavy
planetary ions (O+ ) start to appear in the spectrograms. In
the simulation the oxygen dominates the total ion number
density from 06:30 to 06:47 UT (see panel 3d).
The observed O+ counts are concentrated in several peaks
in the wake (panel 3b). The first O+ peak occurs just before the current sheet crossing at 06:28 UT at the altitude of
about 500 km. The peak includes an intense (ionospheric)
Ann. Geophys., 27, 4333–4348, 2009

population of low energy counts below and around 10 eV
plus a weaker high energy population from about 100 eV to
above 1 keV. Accelerated O+ and H+ is seen in the further
peaks also with the energies of several hundreds of electron
volts. Since the simulation does not include a realistic ionosphere, the oxygen energies even at low altitudes are always
above 100 eV. After the current sheet crossing the spacecraft
reaches the orbit’s periapsis altitude of 330 km at 06:31 UT.
In the wake the density is dominated by O+ (see panel 3d)
and the bulk energy of the solar wind H+ shows heavy fluctuations (see panel 3c). Also, the planetary ions show heavy
fluctuations in energy during the inbound half of the orbit
(<06:30 UT). The heavy fluctuations are caused by the particle noise in the low density areas in the simulation.
www.ann-geophys.net/27/4333/2009/
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In the simulation the spacecraft’s trajectory intersects the
pickup O+ region during the outbound half of the orbit
(>06:30 UT). The pick-up O+ is seen with energies exceeding 10 keV, i.e. up to an order of magnitude higher than the
solar wind, (see Figs. 3c, 4b and 4d). However, the pickup
O+ is not seen in the observed ion spectra.

discussion in the previous section). The 1026 case has magnetic field closer to the nominal run. The inbound bow shock
crossing is displaced but the tail lobe and the outbound bow
shock take place near to the locations in the nominal run and
in the observations. This implies that the planetary ions start
to affect the global structure of the Venusian magnetosphere
when the O+
emission rate is between 1025 −1026 s−1 .
th

4

4.2

Simulation results: a parameter study

This section presents a parameter study of the Venus-solar
wind interaction expanding the case study in the previous
section. Here we explore the response of the Venusian induced magnetosphere to the emission rate of the thermal
ionospheric oxygen (O+
).
th
We have performed four extra runs in addition to the nominal run used in the orbit case study. All runs are identical expect that the O+
emission rate is varied from 1023 to
th
27
−1
10 s . The used rates are listed in Table 2 with additional
information. In the following we show visualizations of the
magnetic field and plasma quantities on the y = 0 plane from
three of the runs (1024 , 1025 and 1026 runs). Also, the projection of the VEX orbit is shown.
4.1

Magnetic field

Figure 5 displays the magnitude of the magnetic field in the
selected three runs. The field magnitude along the orbit in
all the five runs is shown and compared to the VEX/MAG
observations in Fig. 6.
It is evident from Fig. 5a and b that the magnetic fields
in the nominal and lower emission runs are almost identical.
The same behaviour is seen in Fig. 6 where the runs 1023 ,
1024 and 1025 overlap almost identically. Hence, the configuration of induced magnetosphere is not changed if the
O+
emission is decreased by a factor of 100 from the nomth
inal case. Further, we made a run without any planetary ion
populations in the simulation and the solution still remained
the same as in the nominal emission case. Thus, the planetary
ions behave essentially as test particles in the global system
(in the sense that their existence does not manifest itself in
the global magnetic field structure) when the O+
emission
th
rate is 1025 s−1 or below.
In the high O+
emission runs (1026 and 1027 ) the magnetic
th
configuration of the Venus’ system changes when compared
to the nominal run. In Fig. 5c the field magnitude is shown
in the 1026 emission case and in Fig. 6 the magnitudes are
shown along the orbit also for the 1026 and 1027 cases. The
increased emission rate creates an expanded magnetosphere
around the planet. The bow shock is pushed farther away
than in the nominal case.
In the comparison plot (Fig. 6) it is seen that the emission case 1027 is clearly not consistent with the MAG data.
The bow shock crossings (inbound and outbound) and the
tail lobe are displaced from the observed locations (see the
www.ann-geophys.net/27/4333/2009/

Ions

In Fig. 3d the O+ densities are shown along the orbit for the
three cases. The density in the 1024 run is about 5 times
smaller than in the nominal case and the oxygen dominates
only very close to the periapsis. In the 1026 case the oxygen
starts to dominate already before the inbound PDB crossing
and displays the densities of the order of 10 cm−3 .
Figures 7 and 8 show the densities and energies of the
H+ and O+ particles in the selected three simulation runs.
Again, the nominal and low emission runs show similar
solutions which is a result from the above-mentioned test
particle-like behaviour of the planetary ions. The small differences in the H+ plots, especially in the wake, are mostly
caused by the particle noise. Also, the decreased O+
emisth
sion produces naturally lower O+ densities (compare panels 8a and 8b).
The rightmost panels in Figs. 7 and 8 display the H+ and
+
O properties in the run with the second highest O+
emisth
sion. The magnetic field of the solution differs from the nominal case as already seen in Figs. 5 and 6. The increased
O+
emission creates an expanded magnetosphere and a high
th
density O+ bulk in the wake of the planet. The region of low
H+ flow energy in the wake is significantly larger than in the
nominal run. Also, the increased emission generates a high
density and low energy O+ buffer around the planet at low
altitudes which can be seen in Fig. 8c and f. This buffer diamagnetically shields the planet from the convection electric
field and also less solar wind H+ impacts the inner boundary.
4.3

O+ escape

The O+ escape is studied in Figs. 9 and 10. Figure 9 shows
the morphology of the O+ flow in the selected three runs.
The vectors are plotted only in the regions with high O+ bulk
flux (above 1010 m−2 s−1 ). Most of the escape in the low and
nominal runs happens in the pickup ion region in the z > 0
hemisphere where the convection electric field points away
from the planet (left and middle panels in Fig. 9). The O+ s
are energized in the direction of the convection electric field
(i.e. the bigger the z-coordinate, the larger the energy).
In the higher emission run most of the escape takes place
in the low energy O+ bulk in the wake of the planet (rightmost panels in Fig. 9). The O+ energization in the bulk is
directed along the x-axis. This is caused by the fact that the
electric field is small inside the bulk and the thermal motion
carries the ions along the tail (the O+
ions are injected with
th
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Fig. 5. The magnitude of the magnetic field at the y = 0 plane in three HYB-Venus simulation runs with different O+
th emission rates. The
emission rates are (from the left): 1024 , 1025 (nominal) and 1026 s−1 . The spacecraft’s trajectory is projected into the plane.
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Fig. 6. A comparison of the magnitude of the magnetic field observed by VEX/MAG and five HYB-Venus simulation runs with different
23 , 1024 , 1025 (nominal), 1026 and 1027 s−1 .
O+
th emission rates. The emission rates are: 10

an upward velocity from the inner boundary). The O+ s gain
bulk energy in the z-direction when they slowly move along
the tail. Some high energy pickup ions in the z > 0 hemisphere are also seen in the high emission case. However, the
O+ buffer shields the lowest altitudes and does not allow the
O+ acceleration to occur near the regions with highest densities. The resulting pickup flux is weaker than in the nominal case. The dawn-dusk asymmetry of the O+ ions on the
xy-plane is caused by the non-zero IMF x-component (see
middle panels in Fig. 9). The x-component gives rise to the
E × B drift in the y-direction.
Figure 10 shows the O+ escape rates and the related rate of
the kinetic energy escape (the total O+ escape power) from
the simulation in all the runs. The escape rates and powers
are estimated by counting the absorbed O+ particles at all
outer boundaries of the simulation domain. In the high emission runs it took more time than in the nominal run for the
escape rates to stabilize. This was caused by the increasing
Ann. Geophys., 27, 4333–4348, 2009

low energy bulk of O+ in the wake. To verify the stationarity of the escape all the rates in Fig. 10 are determined from
runs with longer running times (5000 s) and lower resolution
than the runs visualized in this study. The runs are otherwise
identical. The convergence to same global solutions between
the two sets of runs was found to be good.
In the 1023 and 1024 cases the O+ escape is dominated by
the exospheric photoions which are constant sources in all
the runs. In the nominal and higher emission runs the escape is dominated by the ionospheric O+
population. The
th
O+ escape rate is almost linearly dependent on the emission
rate. About 15 to 30 per cent of the injected O+ escapes from
the simulation in the runs, whereas most of the particles impact onto the inner boundary (if an injected particle does not
escape from the box it must impact the inner boundary in a
stationary situation). Also the O+ escape power from the system depends almost linearly on the emission rate (panel 10b).
In the nominal and low emission cases the average kinetic
www.ann-geophys.net/27/4333/2009/
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Fig. 7. Density (upper panels) and bulk flow energy (lower panels) of the solar wind H+ at the y = 0 plane in three HYB-Venus simulation
24 , 1025 (nominal) and 1026 s−1 .
runs with different O+
th emission rates. The emission rates are (from the left): 10

energy per escaping particle is about 17 keV (panel 10c)
which corresponds approximately to the solar wind speed
for an O+ : 21 mO+ (430 km s−1 )2 ≈ 15.3 keV. Thus, most of
the O+ escape occurs as high energy pickup ions which was
already illustrated in Fig. 9. In the 1026 and 1027 runs the
average energy decreases because of the reduced pickup ion
flux and more O+ escape through the low energy and high
density region (bulk) in the wake of the planet. The ions are
energized in the bulk less efficiently than in the lower emission cases because of the decreased electric field.
5

Discussion

In the orbit case study we ran our hybrid code to make an interpretation of the VEX magnetic and plasma observations.
The run gives a 3-D extrapolation of the Venus’ induced magnetosphere and plasma environment for the VEX orbit on 20
November 2006 (see Figs. 1, 2, 3 and 4). In the comparison between the observations and the simulation we identified the perpendicular and parallel bow shocks, the magnewww.ann-geophys.net/27/4333/2009/

tosheath, the magnetic barrier, the central tail current sheet
(or the magnetic pole) and the magnetic lobe with negative
Bx polarity. In addition, the comparison of the ion quantities display the hot magnetosheath H+ flow and the planetary ion environment dominated by O+ between the proton
dropout boundaries. All the mentioned features are consistent between the simulation and the observations considering
the resolution of the simulation.
At the current sheet crossing (see Fig. 3b) the O+ spectrogram shows, in addition to a thermal <10 eV population, a
∼ 1 keV oxygen population which is not present in the simulation (Figs. 3c and 4b). Similar planetary O+ at the solar
wind energies is seen in the Martian CTCS and is attributed
to the J × B “slingshot” forces (Dubinin et al., 1993). Interestingly, in the simulation we see highly curved magnetic
field lines and an intense re-energization of the solar wind
H+ in this region. A similar re-energization by the slingshot
force is discussed in the MHD simulation study of Venus and
Mars by Tanaka (1993).
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Fig. 8. Density (upper panels) and bulk flow energy (lower panels) of the planetary O+ at the y = 0 plane in three HYB-Venus simulation
24 , 1025 (nominal) and 1026 s−1 .
runs with different O+
th emission rates. The emission rates are (from the left): 10

During the outbound half of the orbit we see in the simulation a clear population of pickup O+ with energies exceeding 10 keV (see Fig. 3c). This is a well collimated beam
directed away from the Sun as can be seen in Fig. 9b, e and
h. The bulk number flux is more than 1010 m−2 s−1 in regions where the vectors are plotted in Fig. 9. By comparison,
the solar wind flux is 6 × 1012 m−2 s−1 . However, for an unknown reason no high energy pickup O+ counts are seen in
the spectrogram in Fig. 3b. This may be a consequence of
a limited field of view of the instrument, the attitude of the
spacecraft or “smoothing” of the oxygen beam by temporal
variations. See Fig. 2a and b in Luhmann et al. (2008) for an
example of spectra including the 10 keV O+ counts observed
by ASPERA-4/IMA.
The parameter study explores the Venus’ plasma environment with different planetary O+
emission rates. The
th
O+
emission
rate
is
a
free
input
parameter
in the HYBth
Venus simulation because we do not consider currently a
self-consistent ionospheric physics. The most realistic emisAnn. Geophys., 27, 4333–4348, 2009

sion rate was found to be in the range from 1025 to 1026 s−1
for the discussed VEX orbit based on the comparison between the simulation runs and the MAG and ASPERA-4 observations. With the O+
emission rates below 1025 s−1 the
th
planetary ions do not affect the magnetic structure of the
Venus’ environment. Also, the oxygen density in the wake
drops to . 0.1 cm−3 and O+ does not dominate the ion composition in the whole planetary wake (Fig. 3d). On the other
hand, the emission rate 1026 s−1 changes the magnetic structure from the nominal case and produces O+ densities of the
order of 10 cm−3 and the ion composition is changed from
H+ to O+ even before the inbound PDB in the observations.
The O+
emission rates 1025 s−1 and 1026 s−1 produce the
th
total O+ escape rates of 3 × 1024 s−1 and 1.5 × 1025 s−1 , respectively (see Fig. 10). Less than half of the injected oxygen
ions escape from the box in any of the runs. Thus, the escape
seems not to be limited by the availability of the ions in the
system.

www.ann-geophys.net/27/4333/2009/
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Fig. 9. Morphology and energy of the O+ flow in three HYB-Venus simulation runs with different O+
th emission rates. The emission rates
are (from the left): 1024 , 1025 (nominal) and 1026 s−1 . Background coloring shows the O+ density at the y = 0, z = 0 and x = 0 planes.
Topmost planes show a view towards the planet from the positive y-axis, middle row panels from the +z-axis and bottom panels from the
+x-axis. Vectors show the O+ velocity in regions with high bulk flux of O+ (nv > 1010 m−2 s−1 ). The vectors are normalized to the unit
length and the coloring gives the velocity.

The emitted O+
ions from the ionospheric boundary can
th
be assumed to have a Maxwellian velocity distribution. Then
the emission rate F is connected to the density n and the
temperature T via the equation for the random particle flux
upwards from the ionospheric boundary (Bittencourt, 2004,
p. 180):
 k T 1/2
B
F = 4π R 2 n
,
(8)
2πm
where R is the emission radius, m the particle mass and kB the
Boltzmann’s constant. Equation (8) is valid in thermal equilibrium where the upward and downward particle fluxes are
equal. The corresponding emission rates and thermal pressures are listed in Table 2. After the injection the particles
are moving in the self-consistent Lorentz force field and the
www.ann-geophys.net/27/4333/2009/

population evolves to a non-Maxwellian velocity distribution. Since less than 50 per cent of the injected O+ particles
escape, more O+ actually impacts the inner boundary than
escapes from the simulation box.
The runs with different emission rates show that the planetary particles behave approximately as test particles in the
global Venusian induced magnetosphere when the O+
injecth
tion rate is 1025 s−1 or below (see Figs. 5, 6 and 7). With
higher rates the planetary particles affect the global configuration of the magnetosphere (see Figs. 5c and 6). This change
cannot be explained by the initial thermal pressure of the injected O+
population (see pressures in Table 2). The highest
th
listed pressure is 0.15 nPa which still an order of magnitude
lower that the upstream dynamic pressure in the simulation
Ann. Geophys., 27, 4333–4348, 2009
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a)

Thermal (ionospheric) O+s
dominate the escape

Exospheric photo
O+s dominate the
escape

b)

c)
15 keV ~ ESW/BIMF ~ 430 km/s
~ full pick-up energy

Low energy O⁺
bulk in the wake

Fig. 10. Escape of the planetary O+ particles in five HYB-Venus
simulation runs with different O+
th emission rates. The x-axis is the
+ escape
O+
th emission rate. The top panel shows the absolute O
rate from the simulation box, the middle panel shows the rate of the
O+ kinetic energy escape from the box (the total O+ escape power)
and the bottom panel shows the average kinetic energy per escaping
particle.

2 ≈ 4.3 nPa). More likely, the change from the test
(mp nSW VSW
particle-like behaviour of the planetary ions to the situation
where the planetary ions affect the global configuration of
the magnetic field happens because inside the magnetosphere
the electric and magnetic fields cannot accelerate all the injected particles into the solar wind velocity (about 15 keV for
oxygen) as seen in Fig. 10c. Introducing more ions causes
higher densities and lower energies (=low electron velocity),
a buffer, at low altitudes and in the tail. The low electron velocity means that these regions are diamagnetically shielded
from the efficient acceleration processes.
The planetary ions carry away energy from the Venusian
system when they are accelerated by the induced solar wind
electric field. The average kinetic energy over a gyroperiod
of an O+ particle accelerated in the solar wind by the E ×
B pickup for our IMF case is 2|E × B|/B 2 ≈ 14 keV which
is less than the found 17 keV average energy per particle in
the pickup dominated runs (runs 1023 −1025 in Fig. 10c). It
is possible that this is caused by more efficient acceleration
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processes within the Venus’ induced magnetosphere than the
E × B pickup (cf. the J × B slingshot acceleration of the
solar wind H+ ) or is an artefact from the counting of the
escaping O+ particles at the fixed box boundaries (the gyrophases of the particles may not be randomly distributed
at the walls). The angle between the E × B drift velocity
and the x-axis comes for our IMF case tan−1 (By /Bx ) ≈ 47
degrees which is seen as the dawn-dusk asymmetry of the
O+ flow in Fig. 9. The asymmetry decreases in the higher
emission runs because the pickup is less efficient and the resulting high energy pickup O+ flux is smaller (see the lowest
panels in Fig. 9).
In the simulation the average energization factor of a planetary particle, i.e. the average kinetic energy of a particle absorbed at the box boundary divided by the average kinetic
energy per injected particle, is over several thousands for all
the populations. This means that the planetary source of the
initial kinetic energy is negligible compared to the total escape power of the energized ions from the box. Practically
all the kinetic energy comes from the acceleration caused by
the self-consistent Lorentz force in the system.
The total O+ escape power of the accelerated planetary
particles exceeds 1010 J s−1 in the runs with the O+
rate
th
1026 s−1 and above (see Fig. 10b). On the other hand, the
IMF Poynting flux convecting with the solar wind flow into
the box through the front boundary is
Z
1
|E SW × B ⊥,IMF |Afront
(9)
dAx · S =
µ0
front
VSW By2
× 8RV × 8RV
(10)
=
µ0
≈ 5.6 × 1010 J s−1 .
This is the total injection power of the convective magnetic
energy from the IMF into the simulation. Furthermore, this
is about the same value that is incident into the Venusian bow
shock, since the bow shock cross section in the tail is almost
the same as the perpendicular box area. Thus, it is interesting
to note that this value is of the order of the escape power of
the planetary particles when the planetary ions begin to affect
the global system. One may ask if the configuration changes
because there is no more magnetic energy to accelerate the
planetary particles into the solar wind velocity?
That said, there is also bulk flow energy available in the
solar wind. The total injection power of the solar wind bulk
kinetic energy into the simulation is
1
2
mp nSW VSW
× VSW × 8RV × 8RV ≈ 2.2 × 1012 J s−1 .
(11)
2
This is two orders of magnitude higher than the Poynting energy flux into the box. Still, the bulk flow energy can be
converted to the pickup ions only via the electromagnetic
interactions which is a non-trivial matter inside the induced
magnetosphere. This conversion and the related energization
of the Venusian planetary ions should be a topic for future
studies.
www.ann-geophys.net/27/4333/2009/
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Summary

We used the HYB-Venus hybrid code to study the Venus Express ion and magnetic observations of the Venus-solar wind
interaction during an orbit of nominal upstream conditions.
In the orbit case study the perpendicular and parallel bow
shocks, the magnetic barrier, the central tail current sheet,
the magnetic tail lobes, the magnetosheath and the planetary
wake were found to be consistent between the observations
and the simulation. In the parameter study the simulation
was found to best fit the observations with the escape rate
of oxygen ions ranging from 3 × 1024 s−1 to 1.5 × 1025 s−1 .
Further, this range was found to be a limit for a test particlelike behaviour of the planetary ions: the higher rates affect
the configuration of the Venusian induced magnetosphere in
global scale.
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Sillanpää, I., Kallio, E., Jarvinen, R., and Janhunen, P.: Oxygen ions
at Titan’s exobase in a Voyager 1-type interaction from a hybrid
simulation, J. Geophys. Res. (Space Physics), 112, 12205, doi:
10.1029/2007JA012348, 2007.
Tanaka, T.: Configurations of the solar wind flow and magnetic field
around the planets with no magnetic field: Calculation by a new
MHD simulation scheme, J. Geophys. Res., 98, 17251–17262,
doi:10.1029/93JA01516, 1993.
Terada, N., Shinagawa, H., and Machida, S.: Global hybrid model
of the solar wind interaction with the Venus ionosphere: ion escape processes, Adv. Space Res., 33, 161–166, doi:10.1016/j.asr.
2003.05.011, 2004.
Zhang, T. L., Baumjohann, W., Delva, M., Auster, H.-U., Balogh,
A., Russell, C. T., Barabash, S., Balikhin, M., Berghofer,
G., Biernat, H. K., Lammer, H., Lichtenegger, H., Magnes,
W., Nakamura, R., Penz, T., Schwingenschuh, K., Vörös, Z.,
Zambelli, W., Fornacon, K.-H., Glassmeier, K.-H., Richter, I.,
Carr, C., Kudela, K., Shi, J. K., Zhao, H., Motschmann, U.,
and Lebreton, J.-P.: Magnetic field investigation of the Venus
plasma environment: Expected new results from Venus Express,
Planet. Space Sci., 54, 1336–1343, doi:10.1016/j.pss.2006.04.
018, 2006.

www.ann-geophys.net/27/4333/2009/

Article IV

c

2010 American Geophysical Union

Reproduced with permission from the American Geophysical Union.
Research Letters, 37, L16201, August 2010.

Geophysical

GEOPHYSICAL RESEARCH LETTERS, VOL. 37, L16201, doi:10.1029/2010GL044062, 2010

Widely different characteristics of oxygen and hydrogen ion escape
from Venus
R. Jarvinen,1 E. Kallio,1 S. Dyadechkin,1 P. Janhunen,1 and I. Sillanpää2
Received 20 May 2010; revised 23 June 2010; accepted 24 June 2010; published 21 August 2010.

[1] We study the solar wind induced escape of O+ and H+
ions from Venus’ atmosphere in the HYB‐Venus hybrid
simulation. Most of the previous Venus global plasma
modelling studies have concentrated only on the O+ escape.
According to the hybrid simulation, planetary O+ and H+
ions behave very differently from each other in the
Venusian induced magnetosphere. Both species are
asymmetrically distributed in the direction of the
interplanetary electric field and in the dawn‐dusk plane.
The H+ flow can be understood by E × B drift motion but
finite Larmor radius (FLR) effects are essential to the
behavior of O+ ions. These differences result in different
H + /O + escape ratios globally and in the plasma wake.
Further, the energy ratio of the escaping planetary ions was
found to be consistent with the observations made in the
near Venus wake by the ASPERA‐4 instrument onboard
the Venus Express spacecraft. Citation: Jarvinen, R., E. Kallio,
S. Dyadechkin, P. Janhunen, and I. Sillanpää (2010), Widely different characteristics of oxygen and hydrogen ion escape from Venus,
Geophys. Res. Lett., 37, L16201, doi:10.1029/2010GL044062.

[5] Estimates of the total O+ escape rate from Venus range
from 1024 s−1 to 1026 s−1 [Jarvinen et al., 2009, and references therein]. The H+ escape rate has not been studied as
extensively as the oxygen rate, but some estimates have been
published, such as 1025 s−1 for H+ pickup ions by Lammer
et al. [2006] and 8.6 × 1025 s−1 for H+ in the nightside
ionosphere by Hartle and Grebowsky [1995].
[6] The Venus Express spacecraft has orbited Venus since
April 2006 and provides a new possibility to study the ion
escape from the planet. Barabash et al. [2007] reported on
observations of the escape of O+, H+ and He+ in Venus’ near
plasma wake by the ASPERA‐4 instrument. In their statistics the ratio of the H+ to O+ escape rate was found to be 1.9
and the O+:He+:H+ energy ratio about 4:2:1. The escaping
ions were analyzed in the region where xVSE 2 [−0.5, −3.0]
RV and (y2VSE + z2VSE)1/2 < 1.2RV, where VSE refers to the
Venus‐solar‐electrical coordinate system (RV = 6051.8 km).
[7] In this brief report we study the escape of oxygen and
hydrogen ions from Venus and the ASPERA‐4 observations
based on a global hybrid simulation.

1. Introduction

2. Hybrid Model

[2] Planetary ions in the upper Venus atmosphere are
exposed to the electric and magnetic fields of the induced
magnetosphere. These fields enable the planetary ions to
gain energy, to be picked up by the solar wind, and to
escape from the atmosphere (see, e.g., [Luhmann and Bauer,
1992] for the effects of ion escape on atmospheric evolution). Main ion species in Venus’ upper ionosphere and
exosphere are atomic oxygen (O+) and hydrogen (H+) [see
Brace and Kliore, 1991, Figure 23].
[3] Historically, the ion escape from Venus has been
studied by test particle simulations. For example, Phillips et
al. [1987] studied the Pioneer Venus Orbiter (PVO) observations of the planetary oxygen ions. They used a solution
from a gasdynamic Venus‐solar wind interaction simulation
to propagate O+ test particles and estimate the finite Larmor
radius (FLR) effects of pickup ions in the induced magnetosphere. Luhmann et al. [2006] studied the movement of the
O+ ions at Venus using test particles launched with different
vertical scale height profiles in a global solution from a
magnetohydrodynamic (MHD) simulation.
[4] Also self‐consistent global MHD and hybrid models,
such as one by Brecht et al. [1993], have been used to study
the ion escape from unmagnetized planets [see Jarvinen et al.,
2009, for more references].

[8] The model used in this study, HYB‐Venus, is a global
3‐dimensional hybrid simulation for the Venus‐solar wind
interaction [Kallio et al., 2006; Jarvinen et al., 2009]. In the
simulation the ions are treated self‐consistently as particles
and, therefore, different ion species can have different
velocities and temperatures.
[9] The simulation has planetary ion sources for hot and
thermal populations of both oxygen and hydrogen. To
model the ions of ionospheric origin O+ and H+ particles are
injected into the simulation from a spherical shell at r = RV +
400 km which is 100 km above the inner boundary of the
model. The ionospheric ions are emitted with upward thermal velocity and temperature of 2000 K. The ionospheric
hydrogen emission rate is set to 1024 s−1 which is ten times
smaller than the rate for ionospheric oxygen (1025 s−1). The
H+ density is typically about an order of magnitude lower
than the O+ density in the Venus upper atmosphere [see
Brace and Kliore, 1991, Figure 23]. See Jarvinen et al.
[2009] for discussion about the O+ emission rate. Neutral
corona profiles from the literature are used to produce
photoions from the exosphere. The applied photoionization
rates correspond to the minimum solar extreme ultraviolet
(EUV) conditions. The production rates of exospheric ions
within the simulation box are 4.09 × 1024 s−1 for oxygen and
6.42 × 1024 s−1 for hydrogen. The planetary ion sources are
described in more detail in our earlier studies [see Jarvinen
et al., 2009, and references therein].
[10] The analyzed simulation run has the nominal upstream
solar wind conditions at Venus: the speed is 430 km/s, the
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Figure 1. Flow vectors of the planetary (top) O+ and (bottom) H+ ions in the regions where their bulk fluxes are high
(nivi > 1010 s−1 m−2). Three different projections onto the (listed from the left) xz, xy and yz planes are shown. Vectors
are normalized and their orientation and coloring illustrate the velocity. The background coloring shows the densities at
the y = 0, z = 0 and x = −2RV planes. The arrows in the lower left corners show the orientation of the velocity (VSW),
electric field (ESW) and magnetic field (BSW) of the solar wind.
density is 14 protons/cm3, the ion temperature is 105 K and
the interplanetary magnetic field (IMF) is 10 × [−cos(36°),
sin(36°), 0] nT = [−8.09, 5.88, 0] nT.
[11] The planet centered simulation coordinate system is
defined as follows. The x‐axis points towards the incident
flow, the perpendicular IMF component to the incident flow
is along the y‐axis and the convection electric field of the
solar wind is aligned with the z‐axis. The +E hemisphere
refers to the z > 0 region where the solar wind electric field
is pointing away from the planet and the −E hemisphere to
the z < 0 region with the solar wind electric field towards the
planet. For more details of the Venus version of the HYB
simulation see Jarvinen et al. [2009], and references therein.

3.1. Flow of Planetary O+ and H+ Ions
[13] Figure 1 illustrates the global morphology of the high
bulk flux flow and density of the Venusian planetary O+ and

3. Results
[12] Figures 1–3 display the properties of the planetary O+
and H+ ions in the hybrid simulation run. The illustrated
solution is averaged over 20 seconds (500 timesteps). For
Figures 2 (left) and 3 (left) the ions moving away from the
planet were collected for 100 seconds on seven spherical
shells centered at Venus with radii RV + 1000 km, RV +
1500 km, RV + 2000 km, RV + 2500 km, 1.5RV, 2RV and
2.5RV. The wake values in Figures 2 (right) and 3 (right) are
from particles collected on x = const. planes. The values at
r = 3RV in Figure 2 are from the box boundaries.

Figure 2. Escape rates Q (i.e., the rates of particles moving
away from the planet) of the planetary (top) O+ and (middle)
H+ ions and (bottom) their ratio as a function of distance
from the planet. Two different regions are shown: (left)
the global escape rates and ratio over the full solid angle
of 4p through spherical shells with radii r and (right) the
escape rates and ratio through the planet’s plasma wake at
x = const. planes with (y2 + z2)1/2 < 1.2RV.
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3.3. Pickup Energization
[19] Figure 3 shows average energies of the escaping
planetary ions and their ratio as a function of distance from
the planet. From Figure 3 it can be seen that the oxygen ions
gain energy almost linearly when they move away from the
planet. In the wake the average energy increase per unit
length is less than the global average.
[20] Figure 3 also shows that the planetary hydrogen ions
have gained their full flow energy already by r ≈ 1.5RV. The
H+ ions reach the same average energy of about 1.4 keV
inside and outside the wake.
[21] Finally, the ratio of the average O+ energy to the
average H+ energy is increasing linearly as function of
distance from the planet. In the wake the energy ratio is
about 4 at r = 1.5RV and about 6 at r = 2.5RV. For all the
escaping particles the ratios are 6 at 1.5RV and 10 at 2.5RV.
Figure 3. Average escape energies (E) of the planetary
(top) O+ and (middle) H+ ions and (bottom) their ratio as
a function of distance from the planet. (left) Global and
(right) wake regions are explained in Figure 2.
H+ ions in the simulation. From the background coloring in
Figure 1 it is evident that H+ is more spread throughout the
box than O+ but both species show well structured and
coherent flow patterns.
[14] The high flux area of the O+ flow is concentrated in
the +E hemisphere and on the parallel bow shock side (i.e.,
perpendicular to the IMF). The O+ ions are accelerated in the
magnetosheath to the speeds corresponding to the incident
solar wind. The orientation of the flow is predominantly
perpendicular to the magnetic field in the magnetosheath and
in the solar wind. This results in an angle between the orientation of the O+ flow and the x‐axis (the dawn‐dusk
asymmetry) since the IMF has a significant Bx component.
[15] The high flux area of the H+ flow is concentrated on
the −E hemisphere in the planetary wake. The dawn‐dusk
asymmetry is not as large as in the O+ flow and the
hydrogen ions do not exhibit clearly defined energization
regions like the oxygen ions.
3.2. Escape Rates
[16] Figure 2 shows the escape rates of planetary ions (i.e.,
the number of particles moving away from the planet) and
their ratio as a function of distance from the planet for two
overlapping regions. The H+ escape rate is dominated by
exospheric ions whereas the exospheric and ionospheric O+
populations have comparable escape rates (escape rates for
separate populations not shown).
[17] The global O+ escape rate reaches its final value of
about 2.5 × 1024 s−1 already close to the planet (r ≈ 1.5RV).
Also the global H+ escape reaches its final value of about
4 × 1024 s−1 at r ≈ 1.5RV. However, the H+ rate at lower
altitudes is higher than this and about half of the particles
escaping at r = RV + 1000 km turn back before they reach
r = 1.5RV.
[18] The ratio of the H+ escape rate to the O+ escape rate
varies with distance from the planet. In the wake the ratio
increases from about 3 at r = RV + 1000 km to 4 at r = 2.5RV.

4. Discussion
[22] The hybrid simulation shows that the morphology of
the planetary H+ flow differs significantly from the O+ flow
in the plasma environment of Venus (see Figure 1). The
highest O+ flux is in the +E hemisphere and at the parallel
bow shock side. On the contrary, the highest flux of the H+
flow is concentrated to the −E hemisphere and the dawn‐
dusk asymmetry is smaller.
[23] To study the individual paths of the hydrogen and
oxygen ions a number of test particles were released uniformly from a spherical shell at r = 1.2RV with zero initial
velocity. The bulk flow patterns of both planetary ion species in Figure 1 show the same characteristics as the test
particles (tracings not shown). Moreover, the oxygen bulk
flow vectors resemble closely the gyrating trajectories of
single O+ ions in the simulation. This implies that the difference between the planetary O+ and H+ flow is not caused
by their production profiles but is related to the particle mass
to charge ratio (m/q) as follows.
[24] Let us consider how the planetary ions would flow
according to the electric and magnetic drift motion in the
simulation solution. The analysis can be constrained to the
E × B drift (~
v=~
E ×~
B/B2) because the curvature drift and the
gradient drift are typically much weaker within the simulation box.
[25] Figure 4 displays streamlines of the (~
E ×~
B)/B2 vector
field started from a spherical shell with a radius of 1.2RV
around the planet. It can be seen that the structure of the
planetary H+ flow in Figure 1 resembles closely the morphology of the E × B drift. Both are concentrated in the −E
hemisphere with a small dawn‐dusk asymmetry.
[26] The streamlines in the +E polar region are turned
towards the z = 0 plane and most of them enter the inner
simulation boundary. Instead, in the −E hemisphere the
streamlines lead to the wake of the planet. This E × B drift
pattern can be understood based on the asymmetry between
the two hemispheres in the deflection of the solar wind
towards the wake. The deflection is stronger in the +E polar
terminator region compared to the −E hemisphere (figure
not shown). Note that an asymmetry in the magnetic field
draping pattern between the ±E hemispheres was recently
found from the Venus Express magnetic field observations
and from the HYB‐Venus simulation [Zhang et al., 2010].
[27] In contrast, the oxygen ions do not follow the E × B
drift motion. This is because of their 16 times higher m/q
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Figure 4. Streamlines of the (~
E×~
B)/B2 vector field started on a spherical shell at r = 1.2RV. The background coloring
+
shows the planetary H densities at the y = 0, z = 0 and x = −2RV planes. The coloring of the streamlines gives the speed.
The solar wind arrows and the color scales are the same as in Figure 1.
compared to protons. The FLR effects are essential to the
trajectories of the O+ ions. The O+ ions are not affected by
the turning of the E × B drift towards the z = 0 plane in the
+E hemisphere because they easily leave the polar region
due to their large gyroradius. In the −E polar region the FLR
results in the oxygen ions impacting the inner boundary of
the model.
[28] Let us now consider our simulation results in light of
the Venus Express observations. The ASPERA‐4 estimate
of the average H+ to O+ escape ratio in the near Venus wake
is 1.9 while in our simulation run for the nominal upstream
parameters the final ratio is almost 4 at r = 2.5 (see Figure 2
(bottom)). This discrepancy may occur for several reasons.
For example, the factors affecting the total production rates
of the planetary ions in the simulation are the exospheric
neutral profiles, the ionization processes and the ionospheric
emission. Lichtenegger et al. [2009] reported recently that
the hot oxygen corona may be substantially less dense than
estimated before. Uncertainty can exist for the hydrogen
corona too. These likely cause inaccuracy in the simulation
result. Further, in addition to the photoionization, the charge
exchange and the electron impact ionization processes may
play an important role in producing ions in the exosphere
[Zhang et al., 1993], and these have not been explicitly taken
into account in the simulation run analyzed here. The ionospheric chemistry below the inner boundary of the simulation
can also influence the results. However, the implementation
of a self‐consistent ionosphere is complicated by feasible
spatial resolution in global hybrid models. Moreover, since
the source regions of the planetary ion outflow are different
for the oxygen and the hydrogen, the 3‐D structure of the
upper atmosphere can have an effect on the escape ratio.
[29] Also observational effects can contribute to the discrepancy. For instance, the statistical weighting of different
distances from the planet and the ASPERA‐4 lower ion
energy limit at ∼10 eV may affect the measured escape ratio
compared to the simulation. In the analyzed simulation run
the escape ratio in the wake increases when moving away
from the planet and the ions with all energies are taken into
account.
[30] Let us lastly compare the simulation to the observed
oxygen to hydrogen ion energy ratio in the Venus wake. The

simulation shows that in the wake the oxygen ions gain less
energy per unit length than outside of the wake (see Figure 3
(top)). This results in a planetary O+/H+ energy ratio of 4–6
in the wake whichpisﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
about the square root of the ratio of the
particle masses ( mOþ =mHþ ≈ 4) and consistent with the
ASPERA‐4 observations. Outside of the wake (in the magnetosheath) the energization is more efficient and the global
energy ratio of the planetary ions is ∼10. This is closer to the
ratio of the particle masses (mO+/mH+ ≈ 16) and points to an
ion energization mechanism which is independent of m/q
such as E × B pickup.
[31] Finally, it should be noted that the detailed escape
rates and escape energies in this study are expected to
depend on the EUV conditions. During the solar cycle
maximum the EUV rates are higher than the minimum
conditions used here. In the simulation the EUV rate has a
direct influence on the production rates of exospheric photoions. Moreover, the ionospheric emission rate and the
exospheric neutral profiles are expected to vary with the
EUV conditions. The effect of EUV on the escape ratio
depends on how much the exospheric and ionospheric ion
sources change relative to each other. If the production rates
increase considerably this will have a global effect on the
induced magnetosphere and on the ion escape [Jarvinen
et al., 2009].
[32] It is also worth mentioning that, asymmetries considered in this study are anticipated to occur also at other
objects without intrinsic magnetic fields, such as Mars,
Titan and comets.

5. Summary
[33] We have studied the solar wind induced escape of O+
and H+ ions from Venus in a hybrid simulation. The escape
of different planetary ion species has not been compared in
global Venus plasma models in light of the ASPERA‐4
observations previously. According to our simulation oxygen and hydrogen ions behave very differently from each
other in the Venusian induced magnetosphere. Whereas the
flow of the hydrogen ions can be understood by the E × B
drift motion transporting the particles away mainly from the
−E hemisphere in the wake, the oxygen ions escape mostly
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from the +E hemisphere outside the plasma wake due to the
finite Larmor radius (FLR) effects. A strong IMF Bx component at Venus creates a significantly dawn‐dusk asymmetric oxygen ion flow. These features result in a difference
between the global and wake H+/O+ escape ratio. Further,
also the energy ratio of the escaping planetary particles
depends on the region and on the distance from the planet.
The O+ energization per unit length is more effective in the
magnetosheath than in the wake which results in the O+/H+
energy ratio being about the square root of the mass ratio of
the particles in the near wake as observed by ASPERA‐4
onboard the Venus Express spacecraft.
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