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Abstract

It is known from Pioneer Venus measurements that at the Venusian ionopause wave-like structures develop, which can detach in
the form of ionospheric plasma clouds. This phenomenon is assumed to occur due to the Kelvin—Helmholtz instability, which can
appear in large regions of the Venusian ionopause. Recent studies of Mars Global Surveyor measurements indicate that wave-like
structures and plasma clouds also detach from the Martian ionopause. Therefore, these features seem to be common for the solar
wind interaction of non-magnetized planets. We study the conditions at the Martian ionopause with respect to the occurrence of
several MHD instabilities. The conditions in the magnetosheath are modeled by a semi-analytical MHD simulation that includes
mass loading. The ionospheric parameter needed for the model calculations are taken from a global hybrid model. The stability
of the Martian ionopause against the Kelvin—-Helmholtz, the Rayleigh-Taylor, and the interchange instability is analyzed. Further,
we suggest that including the Hall term in the description of the Kelvin—Helmholtz instability gives a current in the planetary bound-
ary layer resulting in a shear flow compared with the ionospheric plasma, which can lead to an unstable boundary layer near the
subsolar point. Since the interchange instability depends on the curvature of the magnetic field lines, we additionally study the influ-
ence of the strong curvature of the Martian ionopause due to the localized, remnant, crustal magnetism appearing mainly in the
southern hemisphere of Mars.
© 2004 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Measurements of the Pioneer Venus Orbiter (PVO)
spacecraft revealed a number of characteristic iono-
spheric structures that may be signatures of solar
wind—-ionosphere interaction processes (e.g., Brace et
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al., 1982; Russell et al., 1982). Among them are wavelike
plasma irregularities, found at the top of the dayside
ionosphere and plasma clouds observed above the iono-
pause, primarily near the terminator and further down-
stream. The detailed analysis of several plasma clouds
has shown that the plasma within the clouds themselves
is ionosphere-like in electron temperature and density
(Brace et al., 1982). When such plasma clouds were seen
far above the ionosphere, they were clearly separated by
an intervening region of magnetosheath plasma. This

0273-1177/$30 © 2004 COSPAR. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.asr.2004.11.039


mailto:thomas.penz@oeaw.ac.at

2050 T. Penz et al. | Advances in Space Research 36 (2005) 2049-2056

large separation in a direction perpendicular to the mag-
netosheath flow suggests that the ionospheric plasma in
the clouds must have originated in the ionosphere up-
stream on the dayside, indicating that magnetohydrody-
namic (MHD) instabilities may occur at the Venusian
ionopause, which was first suggested by Wolff et al.
(1980). Elphic and Ershkovich (1984) analyzed the sta-
bility of the Venusian ionopause by using one-fluid
MHD equations for a perfectly conducting, incompress-
ible, inviscid fluid, and concluded that the Kelvin—Helm-
holtz instability is the dominant instability over most of
the dayside ionopause. After that, the Venusian solar
wind—ionosphere interaction was analyzed using analyt-
ical (e.g., Cloutier et al., 1983; Elphic and Ershkovich,
1984) and numerical models (e.g., Thomas and Winske,
1991). Recently, Terada et al. (2002) used a global hy-
brid simulation to describe the Kelvin—Helmholtz insta-
bility at Venus.

Elphic and Ershkovich (1984) mentioned that under
certain circumstances, the interchange instability can
also develop at the Venusian ionopause. The inter-
change instability is similar in nature to the
Rayleigh-Taylor instability in classic hydrodynamic,
where the magnetic tension plays the role of an effec-
tive gravitational force (Chandrasekhar, 1961). In
space plasma, there exist structures which have thin,
curved boundary layers separating magnetic fields
and plasmas of different origin. Magnetospheres of
planets and magnetic clouds are typical examples of
such structures. The interchange instability was pro-
posed as an important process occurring at the Earth’s
magnetopause (Rezhenov and Maltsev, 1994). Re-
cently, Arshukova et al. (2004) showed that the Venu-
sian ionopause can also be subject to the interchange
instability.

The global scale Martian solar wind interaction oper-
ates similar to that at the ionosphere/atmosphere of
Venus (e.g., Ma et al., 2002). Acuia et al. (1998) re-
ported the detection of cold electrons above the Martian
ionopause, indicating the presence of detached plasma
clouds in the magnetosheath of Mars. Penz et al.
(2004) investigated the Kelvin—Helmholtz instability at
the Martian ionopause and discussed the influence on
ion loss from Mars.

In the present study, we use the global hybrid
model from Terada et al. (2004) to derive the iono-
sphere composition at Mars. This minimizes uncertain-
ties regarding the ionopause altitude and the particle
density, which were discussed in Penz et al. (2004).
The magnetosheath conditions are modeled by an
MHD approximation which we have applied success-
fully to the case of the solar wind flow around Venus
(Biernat et al., 2001). This approach is partly analyti-
cal and partly numerical. We use this combined ap-
proach because the hybrid model provides the
ionospheric composition better than previous estima-

tions used in Penz et al. (2004), but the MHD ap-
proach gives the magnetosheath parameters in an
analytical representation which is needed as an input
parameter for the analysis of the Kelvin—-Helmholtz
instability in Hall-MHD. The instability growth rates
are calculated by using one-fluid MHD equations for a
perfectly conducting, incompressible, inviscid fluid
(Elphic and Ershkovich, 1984). Additionally, the Kel-
vin—Helmholtz instability is analyzed in the frame of
Hall-MHD at Mars for the first time. Also the influence
of a strong local curvature of the Martian ionopause
due to crustal magnetism (Ma et al., 2002) is discussed.

2. Modeling the Martian ionosphere composition

The 2-D global hybrid model that self-consistently in-
cludes a planetary ionosphere developed for the Venus—
solar wind interaction studied by Terada et al. (2002) is
applied to the Martian solar wind interaction. The hy-
brid model treats electrons as a massless fluid, while
solving motions of ions. 0", O, COJ, and H" ion spe-
cies, and related chemical reactions and collisions be-
tween ion-ion, ion—neutral, ion—electron, electron—ion,
and electron—neutral are considered in the model.
Chemical reactions and collisions of particle ions are
implemented by a Monte—Carlo method. Altitude pro-
files of the atmospheric models used as input are taken
from the atmospheric models used in Shinagawa and
Cravens (1989) for Viking conditions. Ionization rates
are calculated for each neutral for each period. These
production rates are assumed to be proportional to the
cosine of the solar zenith angle on the dayside. The exo-
spheric neutrals are subject to photoionization, electron
impact ionization, and charge exchange reactions. These
reaction rates as well as the collision frequencies and
chemical reaction rates for ions used are the same as
those listed in Terada et al. (2002). From this model it
is possible to find the ionospheric densities in the region
near the ionopause (we assume that the ionopause cor-
responds to an electron density of 100 cm™3). For
SZA = 0°, the ionopause height is about 370 km, and
the main ion is O* with a density of about 100 cm >,
while the second important ion is H" with a density 5
times less than for O" (Fig. 1, left panel). For
SZA =90°, the ionopause height is found to be about
250 km. At this height, three ions, namely O;, O", and
H", have nearly the same particle density of about
30 cm ™~ (Fig. 1, right panel). The magnetic field strength
near the ionopause is calculated self-consistently from
the model and is found to be about 30 nT (Terada
et al., 2004). We should keep in mind that the values men-
tioned above can vary depending on solar wind parame-
ters, but the uncertainties regarding the location of the
ionopause in the terminator region discussed in Penz
et al. (2004) can be minimized by using the model results.
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Fig. 1. Particle densities in the Martian ionosphere for SZA = 0° (right panel) and SZA = 90° (left panel).

3. The magnetosheath model

Considering a steady-state situation, we model the
plasma in a planetary magnetosheath as a non-dissipa-
tive fluid which obeys the standard ideal MHD equa-
tions extended for mass loading processes (Biernat
et al., 2001). There are corresponding boundary condi-
tions at the ionopause. We model this boundary as a
tangential discontinuity satisfying the condition that
there exist no normal components of the velocity
and the magnetic field across the boundary. Addition-
ally, we introduce quantities normalized to the solar
wind parameter (Biernat et al., 2001). For this case,
the MHD equations can be written in the following
form (Penz et al., 2004):

p(U-V)U+ VII = ¢(B- V)B — ¢(R)U,

V‘BZO, VX(UXB):O,
1
v.{{szQJrKilP]UJrng(UxB)}_O (1)
with
H:P+8B2/2.

Here, U is the bulk velocity, P is the plasma pressure,
and E and B are the electric and magnetic field, respec-
tively, and ¢ = B2 /(4np,,U2,). We introduced a nor-
malized ion source function

Ry —R
R) =
q(R) qoeXp< 7 )
where H, is the scale height of oxygen. The mass loss
parameter ¢ is given as

_ SmORO (3)
psw USW ’

(2)

90

where the ion production term is S = Nys = 5.85x
1073 em 3 s~! (Lichtenegger et al., 2002), my is the mass
of the neutral particles, and py,, and Uy, denote the solar
wind density and velocity, respectively. By using
Ry =3693 km we achieve a typical value for the mass
loading parameter of gy ~ 0.5 (Penz et al., 2004).

We integrate the MHD equations after bringing
them to a special form, called string equations. The
numerical scheme is based on the Lax—Wendroff
method. We use a simplifying assumption concerning
the behavior of the total pressure. In our method, its
variation along the ionopause surface obeys the well-
known Newtonian formula. Using this method it is
possible to find the density and velocity along stream
lines in the magnetosheath over the Martian iono-
pause. In Fig. 2 results of the model calculations are
shown. From top to bottom, the first two panels show
variations of the mass density and the total velocity
along different stream lines (1-9) at the ionospheric
boundary. The corresponding stream lines are shown
at the bottom panel. Each stream line starts from
the stagnation line and goes along the ionopause.
The stream line number 9 corresponds to the iono-
pause in the XY-plane for Z =0, while stream line
number 1 corresponds to a flow nearly directed to
the polar terminator. Near the subsolar point we find
that the magnetosheath velocity tends to zero, while
the mass density increases to about 2.5 times the solar
wind mass density. Near the terminator, the flow
velocity is found to be about 0.3 times the solar wind
velocity, while the mass density is the same as in the
solar wind. For a nominal solar wind velocity of
400 km/s, the magnetosheath velocity is about
120 km/s. This result is in good agreement with the
global hybrid model which leads to velocities in the
order of 100 km/s in the vicinity of the polar termina-
tor. The largest flow velocities are found at the equa-
torial flanks, where they are in the range of the solar
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Fig. 2. From top to bottom: the first panel shows the mass density variations along different stream lines near the ionopause; the second panel gives
the total velocity variation along different stream lines; the last panel shows the stream lines along the ionopause, where the dashed line indicates the
shape of the obstacle in the XZ-plane. The X-direction points from Mars to the Sun, while Z is directed parallel to the IMF direction. X = 0 is the
center of the planet, while X = 1 corresponds to the subsolar point of the ionopause. The velocity and the mass density are normalized with respect to

solar wind quantities.

wind velocity. Also the mass density is in the range of
the solar wind density in this region.

4. Analysis of the Kelvin—-Helmholtz instability

Penz et al. (2004) investigated the occurrence of the
K-H instability at the Martian ionopause using the ideal
MHD approach developed by Wolff et al. (1980), but

pointed out that there are many uncertainties regarding
the ionospheric parameters used in the model. The insta-
bility growth rate is found as

k2plp2(U2_U1)2 (vi +v2)p1p2(Us — Uyp)

y= +2/k]
(p1 + Pz)2 (py + P2)2
12
k4<Vzpz—VIP1)2|k|g(Pz_Pl) (4)
pP1+ P2 P+ P2 7
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where U and p denote the plasma velocity and the
plasma density, subscripts 1 and 2 denote magneto-
sheath and ionospheric conditions, respectively, g is
the gravitational acceleration at the ionopause, and v
is the viscous coefficient. In this work we use ionospheric
densities as shown in Fig. 1, while the magnetosheath
conditions are found from Fig. 2. From the global hy-
brid model, the flow velocity in the ionosphere is found
to be less than several km/s, therefore U, can be safely
neglected in Eq. (4).

For the region near the subsolar point the flow veloc-
ity in the magnetosheath is very small, leading to an
instability growth rate which is much smaller than the
characteristic time scale in the system, therefore this re-
gion is stable with respect to the K-H instability in ideal
MHD. As the characteristic time scale, we use the mag-
netic barrier formation time

A A,
US lné—p, (5)

where A is the magnetosheath thickness, U is the so-
lar wind velocity downstream of the bow shock, and
0, is a distance comparable with the proton plasma
scale (Arshukova et al., 2004). For a solar wind veloc-
ity of 400 km/s, the magnetic barrier formation time is
40 s, and for a solar wind velocity of 250 km/s, it is
63 s. If the instability growth time is smaller than this
characteristic timescale, the instability will evolve into
a non-linear stage, allowing the detachment of plasma
clouds.

If we consider the terminator region for SZA = 90°,
the ionospheric mass density is about 1500 cm . For
nominal solar wind velocities of about 400 km/s, the
maximum instability growth rate is 0.1 s~' for wave-
length of 50 km. But also for a larger wavelength of
100 km the growth rates are 6x1072s™!, giving an
instability growth time of 16 s, which is well below the
characteristic timescales. For a low solar wind velocity
of 250 km/s, the maximum growth rate appears for the
same wavelength than for nominal solar wind velocities,
but the growth rates are about half the values for nom-
inal solar wind velocity. Therefore, it is more likely that
the K-H instability appears for nominal solar wind con-
ditions. Near the equatorial flanks, we assume that the
ionosphere composition is the same than near the termi-
nator, but the magnetosheath conditions differ signifi-
cantly from the values at the terminator (Penz et al.,
2004). For a nominal solar wind velocity of 400 km/s,
the flow velocity in the magnetosheath is 360 km/s, giv-
ing a maximum growth rate of 0.15s~"' at wavelength
slightly more than 100 km, which corresponds to a
growth time of 7s. For a low solar wind velocity, the
maximum growth rate of 0.35 s~ occurs for wavelength
of about 40 km, which is not in agreement with the finite
boundary condition by Ong and Roderick (1972), that
the wave number k for the maximum instability growth

Ty =

rate must satisfy the condition ka/2 = 0.5, where a is the
thickness of the boundary layer. For wavelength of
100 km, the growth rate is 0.2 s~ ! and the growth time
is 5s.

Radio occultation measurements of the ionopause
altitude by Kliore (1992) showed that the ionopause alti-
tude tends to decrease with increasing SZA. Also the
global hybrid model used in this work shows that the
ionopause altitude for high SZA is located in a region
where collisions become important during low solar
wind velocity conditions. In this case, two difficulties
arise. Firstly, the shape of the ionopause is assumed to
slightly increase in the MHD model, while observations
(Kliore, 1992) and the hybrid model indicate that it is
slightly decreasing. However, this difference becomes
significant for large SZA (SZA > 90°), which are not
considered in this paper. For smaller SZA, the difference
between the ionopause shapes in the models is less sig-
nificant and therefore can be neglected in our rough esti-
mation. The second implication is that the hybrid model
shows that the decrease of the ionopause for large SZA
leads to a dissipation of the Kelvin—Helmholtz instabil-
ity for SZA > 100°. Therefore, the evolution of the Kel-
vin—Helmholtz instability for large SZA should be
studied in more detail in future. Additionally, it should
be mentioned that the Kelvin—-Helmholtz instability oc-
curs also in the global hybrid simulation applied to
Mars, but as already discussed in Terada et al. (2002)
for Venus, the resolution of the hybrid model does not
allow us to determine the wavelength exactly, therefore
the analytical approach is used in this work.

5. The Kelvin—Helmbholtz instability in Hall-MHD

In this section, we analyze the Kelvin—Helmholtz
instability using the Hall-MHD equations

ou 1 1
S H U VU VP = —— (I xB)
E+1(U><B)—L(J><B)
c " nec ’
VxE:—la—B, VxB:4—nJ,
c Ot
vV-U=0, V-B=0. (6)

In Hall-magnetohydrodynamics, the Kelvin—-Helm-
holtz instability can occur in a current region when the
current is related to the sheared cross field ion flow given
as J =neU. We consider the subsolar Martian iono-
pause where the background plasma velocity is practi-
cally equal to zero. In order to obtain an analytical
solution, we use a simplified model with piece-wise con-
stant parameters as a first approach for the estimation of
the instability growth rate. A similar approach was used
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by Arshukova et al. (2004) to calculate the growth rate
of the interchange instability at the subsolar ionopause
of Venus. As it was shown there, a piece-wise constant
approximation gives slightly overestimated result for
the growth rate. We consider three regions: the iono-
sphere (region 0), the current layer (region 1) and the
transition layer (region 2), which can be seen in Fig. 3.
Since the plasma density inside the subsolar Martian
ionosphere is about 1600 cm >, it is much larger than
the plasma density of the solar wind. Therefore, we sup-
pose in our consideration that the ratio between the ion-
osphere density and the solar wind density goes to
infinity. As a result we obtain a dispersion equation with
solutions given as

Pl(ezka +1)
pu( 4 1)+ py(e0TT)

plp2(64ka — 1) (7)
pi(ea+ 1) + py(e* — 1)

In Fig. 4, the dependency of the frequency and the
growth rate of the instability on the thickness of the cur-
rent layer is shown. One can see from this figure that an
increase of the growth rate occurs for a decreasing thick-
ness of the current layer. The current is becoming stron-
ger and the instability is more pronounced. Fig. 5 shows

W12 = Uk +1Uk

Re(w),
Y, 5! .
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0.0 Eevriinnn, L Loy u L Loy uuu 1

a, km

Fig. 4. The frequency and the growth rate of the instability as a
function of the current sheath thickness.

the instability growth rate as a function of the parameter
ka for different thicknesses of the layer. It is shown that
for a thin current layer, the growth rate is higher com-
pared with a thicker current sheet. For the conditions
at the subsolar point, the ionopause thickness is about
a =100 km, the curvature radius is R = 3750 km, the
plasma densities are p; =50cm™> and p,=15cm™>,
and k' =75km, the growth rate of the instability is
about 0.38s~!. This corresponds to an instability
growth time of about 3's, which is much less than the
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Fig. 5. The instability growth rate for different current sheet thick-
nesses. The smaller the current layer, the higher the growth rate.

time scale of the magnetic barrier formation. Therefore,
the Martian ionopause may be unstable against the Kel-
vin—Helmholtz instability also at the subsolar point if we
apply Hall-MHD. Nevertheless, the influence of gravity
should be considered in further work on this topic.

6. The interchange instability and the influence of crustal
magnetism

In the investigation of different instabilities occurring
at Venusian ionopause Elphic and Ershkovich (1984)
also considered the interchange instability in the frame
of an ideal MHD treatment. Recently, Arshukova et
al. (2004) discussed this instability at the Venusian ion-
opause including finite boundary effects and found that
it is likely that the interchange instability appears. In
this work we will use the analytical formula derived by
Elphic and Ershkovich (1984), where the classical Ray-
leigh-Taylor instability as well as the interchange insta-
bility due to centrifugal forces and the magnetic
curvature effects are included

P1 U% - PzU% _
(p1 + p2)Re

72 _ ké’(ﬂz - p1)
p1+ Py
B} —B?
X 2l (8)
4n(p) + py)Rm

where subscripts 1 and 2 denote magnetosheath and ion-
osphere parameters, respectively. R, denotes the mag-
netic curvature radius, while R, describes the curvature
for the centrifugal force. At the subsolar point, the flow
velocity in the magnetosheath is very small, therefore we
neglect the influence of the centrifugal term in the equa-
tion above. Using a magnetic field strength of
By =B, =30nT and R, = R,, = 3750 km, growth rates
of about 6 x 107 s~! can be found, which is in the range
of the characteristic time scale, and therefore will not de-
velop into a non-linear stage. If we assume that the ion-
osphere is unmagnetized, while the induced magnetic

field in the magnetosheath is 30 nT, the maximum
growth rate is 0.01 s~! at a wavelength of 100 km. The
growth time therefore is 100 s, which is larger than the
magnetic barrier formation time.

Global magnetic field measurements of the MGS
spacecraft revealed that the strong crustal magnetism
is mainly confined to the ancient, heavily cratered high-
lands in the south (e.g., Connerney et al., 2001). The
influence of this local remnant magnetism leads to a
strong local curvature of the magnetopause (Ma et al.,
2002). If we assume a curvature radius of 400 km, the
growth rates at a wavelength of 100 km are about
0.03s~'. Near the polar terminator, growth rates of
0.015s~" at 100 km are achieved for an unmagnetized
ionosphere and nominal and low solar wind conditions,
respectively. If we assume a magnetic curvature radius
of R, =400 km, an induced field of B; =100 nT and
an ionospheric magnetic field of B, = 30 nT, the growth
rates are about 0.1 s™! for a wavelength of 100 km, cor-
responding to a growth time of 10s. At the equatorial
flanks, the magnetosheath flow velocities are very high,
therefore we consider nominal and low solar wind con-
ditions as in the case for the K—H instability. For a cur-
vature radius of 3750 km, B; = 100 nT, and B, =30 nT,
we achieve growth rates of 0.06 and 0.04 s~! for nominal
and low solar wind conditions, respectively. For a cur-
vature radius of 400 km, the growth rates at a wave-
length of 100 km are found to be 0.15s~! and 0.1 s~
for nominal and low solar wind velocities, which i1s much
smaller than the characteristic timescale. Additionally,
we should keep in mind, that if finite boundary layer ef-
fects are considered (Arshukova et al., 2004) the growth
rates are likely to become larger. Therefore, it is very
likely that the interchange instability appears mainly at
the regions with a strongly curved magnetopause due
to crustal magnetism, which may trigger an enhanced
appearance of plasma clouds in these regions.

7. Discussion and conclusions

In this study we show that the Kelvin—Helmholtz
instability has growth rates less than the characteristic
frequencies in the terminator region as well as at the
equatorial flanks. Therefore, it is very likely that the
Kelvin—-Helmholtz instability can evolve into a non-
linear stage leading to the detachment of plasma clouds
in these regions, although the influence of collisions on
the evolution of the Kelvin—Helmholtz instability for
low solar wind velocities should be considered in future.
Additionally, we suppose that in areas where local rem-
nant crustal magnetism leads to a strong curvature of
the ionopause, the interchange instability also reaches
growth rates less than the characteristic frequencies.
This means that in these regions wave-like structures
evolve, which can be an additional trigger for the
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Kelvin—Helmholtz instability, which may lead to an en-
hanced appearance of plasma clouds and therefore
atmospheric escape associated with regions of strong
crustal magnetism. There are indications that on Mars,
like on Venus, most of the plasma clouds are found near
the terminator, but at the terminator they are already
clearly separated from the ionopause, meaning that they
may detached far upstream. An explanation for this
observation can be found by including the Hall term
in the description of the Kelvin—-Helmholtz instability.
In this case, the instability arises due to a current related
to the sheared cross field ion flow and leads to an insta-
bility of the ionopause even in the subsolar region. Penz
et al. (2004) showed that detached plasma clouds due to
the Kelvin—Helmholtz instability may remove atmo-
spheric particles as efficient as ion pickup and other
non-thermal escape processes. But in this work, the
interchange instability was not considered. If the inter-
change instability triggers plasma clouds at regions with
crustal magnetism even more particles may be removed
from the Martian atmosphere.
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