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Abstract

The asymmetry of fluxes of solar wind and planetary ions is studied by using the ASPERA-3 observations onboard the Mars Express

spacecraft in February 2004 to March 2006. Due to the small scale of the Martian magnetosphere and its induced origin, the flow pattern

near Mars is sensitive to the directions of the interplanetary magnetic and electric ð�V � BÞ fields. Asymmetry of the magnetic field

draping produces an asymmetry in plasma flows in the plane containing the IMF. The crustal magnetic fields on Mars also influence the

flow pattern. Scavenging of planetary ions is less efficient in the regions of strong crustal magnetization and therefore the escape fluxes of

planetary ions in the southern hemisphere are smaller. The results of the observations are compared to simulations based on a 3D hybrid

model with several ion species.

r 2007 Elsevier Ltd. All rights reserved.
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The plasma environment at Mars is controlled by the
direct interaction between solar wind and planetary exo-
sphere and ionosphere which results in the formation of an
induced magnetosphere by draping of the interplanetary
magnetic field (IMF) lines around the planet. Therefore the
magnetospheric configuration and plasma flows around
Mars are governed by the IMF. The forces driving the
planetary plasma into motion arise due to the electric field,
induced at the solar wind/Mars interaction, and the
magnetic field tension of the draped IMF, and, therefore,
are also strongly asymmetrical. An asymmetry in the pileup
of the IMF was found in the Mars Global Surveyor
observations and simulations (Vennerstrom et al., 2003;
BöXwetter et al., 2004; Modolo et al., 2005). Morphology
and dynamics of plasma flows can also be influenced
by the crustal magnetic fields on Mars detected by MGS
(Acuña et al., 1998). Thus several factors can produce
e front matter r 2007 Elsevier Ltd. All rights reserved.
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asymmetries in the plasma distribution near Mars. Among
them are a north–south asymmetry induced by the
presence of strong crustal sources localized mostly in the
southern hemisphere, an asymmetry in planetary ion fluxes
due to the action of the interplanetary electric field
EIMF ¼ �V sw � BIMF, a draping asymmetry caused by a
difference in the magnetic field tension for the spiral IMF
configuration. The existence of an asymmetry in fluxes of
planetary Oþ ions in the plasma wake of Mars caused by
the EIMF was shown by Barabash et al. (2007). In this
paper we focus on another two types of asymmetry. A total
of more than 1000 orbits during Feb 2004 – March 2006 of
the ASPERA-3 operation onboard the Mars Express
spacecraft was analyzed to obtain a statistical pattern of
plasma flows around Mars. The ASPERA-3 experiment is
a combination of in situ and remote diagnostics of
atmospheric escape induced by the solar wind (Barabash
et al., 2006). Here we discuss the results obtained from the
ELectron Spectrometer (ELS) and Ion Mass Analyzer
(IMA). The ELS instrument measures every 4 s 2D
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distributions of the electron fluxes in the energy range of
0.4 eV to 20 keV. The IMA sensor measures 3D-fluxes of
different ion species with m=q resolution (m and q are,
respectively, mass and electric charge) in the energy range
of 10 eV/q to 30 keV/q with a time resolution of �3min.
We also present some results on an asymmetry of the
Martian plasma environment observed in 3D hybrid
simulations with multi-ion species (see for details Modolo
et al., 2005). Crustal magnetic sources were not included in
the model. The parameters of the solar wind plasma and
neutral atmospheres are the same as in Modolo et al.
(2005). The only important difference is that the angle
between the magnetic field and the solar wind velocity was
451 which is more typical for the IMF. Such a configura-
tion creates a draping asymmetry.

The nominal spiral configuration of the IMF at the Mars
orbit assumes that the IMF is in the ecliptic plane and has a
cone-angle a ¼ arctan jByj=jBxj�56

�. An asymmetry in the
XY-plane containing the solar wind velocity and the
magnetic field vectors may appear since the magnetic field
tension forces, which drive the planetary plasma into
motion, are different at the dawn and dusk sides. At the
dusk side, the IMF draping and the magnetic field tensions
are expected to be stronger. Although, the IMF varies
significantly it is assumed that in a statistical pattern the
IMF vector lies in the ð�X þ Y Þ or ðþX � Y Þ sectors and
a dawn–dusk asymmetry may be observed. Fig. 1 compares
the median distributions of fluxes of the Ee ¼ 40260 eV
electrons (top panels) and the proton number density
(bottom panels) at the dusk ðYMSO40Þ and dawn
ðYMSOo0Þ sides in cylindrical coordinates. Fluxes of the
electrons are a good indicator of the plasma boundaries at
Fig. 1. Maps of the median values of the electron fluxes ðEe ¼ 40260 eVÞ a

coordinates. Solid curves show the position of the bow shock, BS (Vignes et al.
Mars also due to their higher time resolution (Dubinin
et al., 2006). It is observed that the magnetospheric
boundary (MB) on the dawn side is more diffuse and a
penetration of the sheath plasma into the magnetosphere
increases with the distance from Mars.
Figure 2 compares maps of the densities of solar wind

protons (top left panel) and planetary oxygen ions (top
right panel) in the YZ-plane with the results of hybrid
simulations. The density values measured by IMA at
�4RMoXo0 were folded onto one plane and the mean
values in each bin were calculated. We only use heavy ion
observations inside of the MB to avoid data records
influenced by solar wind protons. In hybrid simulations
(bottom panels), the upstream magnetic and electric field
vectors are in ðþY � X Þ and þZ directions, respectively.
Since newly originated planetary ions in their reference
frame feel the motional electric field their motion is
strongly asymmetric (Modolo et al., 2005; BöXwetter
et al., 2004). To exclude an effect of EIMF the combination
of the data with the magnetic field BIMF in the ð�X þ Y Þ

and ðþX � Y Þ directions was used. We use the same
procedure also for the proton fluxes. The observations
and simulations show that the dusk side ðY40Þ of the
induced magnetosphere is stronger screened from
the solar wind protons. A shift of the bow shock and
‘shocklets’ in the sheath in the þBIMF direction is observed
in hybrid simulations too. An asymmetry in the planetary
ions (top right panel in Fig. 2) is also seen. Most of
the oxygen ions occupy the dusk side of the planetary disk
with a clear void at the dawn side. A similar effect in
the number density of oxygen ions is observed in the
simulations.
nd the proton number density at the dawn and dusk sides in cylindrical

, 2000) and induced magnetospheric boundary, MB (Dubinin et al., 2006).
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Fig. 2. (Top) Maps of the mean values of the proton and oxygen Oþ ion density in the MSO YZ-plane at the nightsise ðX ¼ �4RM � 0RM Þ. (Bottom)

Maps of the number densities of the proton and oxygen ions in the YZ-plane ðX ¼ �1:15RM Þ in the hybrid simulations.

Fig. 3. Maps of the median values of the electron fluxes ðEe ¼ 40260 eVÞ in the northern and southern hemispheres plotted in cylindrical coordinates.
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A possible asymmetry of the proton fluxes caused by
crustal magnetic fields is investigated by comparing the
observations made in the northern ðZMSO40Þ and south-
ern ðZMSOo0Þ hemispheres. Fig. 3 shows the maps of
the median values of the electron fluxes in cylindrical
coordinates for both hemispheres. Since the magnetic field
of crustal sources strongly decreases with altitude, their
contribution to the pressure balance at the MB is expected
to be more significant at the dayside. A drop of electron
fluxes occurs at larger distances in the southern hemisphere
where crustal fields are mainly located although global
averaged patterns in both hemispheres are rather similar. A
shift at 100–200 km is observed. A sorting of the data by
the strength of the crustal field shows that the altitude of
the MB increases with the magnetic field value (Fraenz
et al., 2006; Dubinin et al., 2006). Another feature which is
revealed while analyzing single orbits is related to a local
origin of crustal sources. Fig. 4 presents the example of the
ASPERA-3 measurements carried out on October 18,
2005. The upper panel shows the spectrogram of electron
fluxes. The MEX spacecraft moving along the outbound
trajectory at the dayside exits the magnetosphere at
�2252UT. The exit is accompanied by the appearance of
magnetosheath electrons. The solar zenith angle (SZA) and
the MEX altitude were �10� and �300 km, respectively. At
�2256UT (SZA �25�, ALT �400 km) MEX suddenly
again occurs in the ionosphere that is observed by a drop of
the solar wind electrons and appearance of typical CO2

ionospheric peaks at 22–25 eV. At last, at �2301UT (ALT
�650 km) the spacecraft finally exits the magnetosphere.
The region of a sudden inflation of the magnetosphere
coincides with the strong local magnetic field source. The
second panel depicts the crustal magnetic field at an
altitude of 400 km. The magnetic field value reaches
�60 nT and therefore can deflect the magnetosheath flow
and produce a corrugated shape of the boundary.
It is more difficult to observe a north–south asymmetry

due to crustal magnetization in fluxes of planetary ions
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Fig. 4. Spectrogram of electron fluxes and the crustal magnetic field at the altitude 400 km, along the MEX orbit on October 18, 2005.

Fig. 5. (Top) Map of the mean values of the oxygen ion density ðOþÞ as a

function of planetocentric eastern longitude and latitude. (Bottom) Inverse

of the total crustal field strength (1/nT) at 400 km altitude. The regions of

the strongest crustal sources are bounded by the white curves.
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since the interplanetary electric field which is directed
northward or southward for the nominal spiral IMF can
strongly influence a north–south pattern of the ion
distribution. Nevertheless assuming that an asymmetry
associated with the electric field is strongly canceled due to
contributions of opposite signs for the different IMF
sectors one can expect to observe an influence of crustal
fields on escape processes. Fig. 5 shows the map of the
oxygen ion number densities measured in the altitude range
of 250–2000 km for SZA 490� as a function of planeto-
centric latitude and longitude. The bottom panel depicts
inverse of the total crustal field strength at 400 km from
Connerney et al. (2001). It is observed that the northern
hemisphere is a stronger source of planetary ions escaping
to the tail. The southern part of the magnetosphere,
especially the regions with strongest crustal fields, is better
protected from the solar wind induced escape.

In conclusion, ion fluxes in the Martian environment
observed by the ASPERA-3 instrument onboard Mars
Express show asymmetries due to the IMF draping features
and the influence of crustal fields. The 3D multi-ion
simulations of the solar wind/Mars interaction used for a
comparison with the observations allow display some of
these asymmetry features distinctly.
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