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[1] Three-dimensional high-resolution (�40 km), multifluid simulations of the solar wind
interaction at Mars during the southern hemisphere summer solstice indicate that the
region around the magnetic anomalies can be complex and highly structured. The
anomalous magnetic field leads to the formation of multiple cusps and a void region where
the ionosphere is eroded. Most importantly, the anomalous magnetic field changes the
nature of the magnetic pileup layer (MPL) when compared to over unmagnetized regions.
While the altitude of the MPL is approximately the same in both the northern and southern
hemispheres for this orientation, plasma in the MPL near the magnetic anomalies is
cooler, with less solar wind and more of ionospheric origin. The solar wind density is
reduced by a factor of 3 in the southern MPL, in comparison to the northern MPL, while
the ionospheric density is 10–600 times more dense in the southern MPL, depending on
altitude, location, and species.
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1. Introduction

[2] Mars does not currently possess a global magnetic
field but the atmosphere and ionosphere present enough of
an obstacle that a bow shock forms, with an average
subsolar distance of 1.7RM [Vignes et al., 2000]. As the
interplanetary magnetic field (IMF) meets a high conduc-
tivity planetary plasma, the IMF begins to pile up, forming a
magnetic pileup boundary (MPB). An MPB exists near any
nonmagnetized, comet-like object which has a dense and
extended atmosphere/ionosphere [e.g., Mazelle et al., 1989].
At Mars, the MPB is also a region where solar wind ions
undergo charge exchange with exospheric neutrals [Riedler
et al., 1989] and solar wind electrons rapidly lose energy
through impact ionization with exospheric neutrals [Crider
et al., 2000]. The transition from outside the MPB to inside
appears as a large increase in the magnitude of the magnetic
field, a decrease in the magnetic field fluctuations, and a
simultaneous sharp decrease in the high-energy (solar wind)
electron flux [Vignes et al., 2000], as solar wind electrons
begin ionizing planetary hydrogen and oxygen [Crider et
al., 2000].
[3] The strong southern magnetic anomalies [Acuna et

al., 1999; Connerney et al., 1999] are not strong enough or
wide-scale enough to lead to the formation of a global
magnetopause but still exert a significant influence on the
near space plasma. While the anomalies do not appear to
modify the location or shape of the bow shock [Vignes et
al., 2002], Crider et al. [2002] found that the location of the

MPB shows both latitudinal and longitudinal dependence, as
a result of the presence of the magnetic anomalies. Crider et
al. [2002] found the average subsolar distance of the MPB to
be 1.4RM with the average altitude on the dayside southern
hemisphere 200 km (or 0.06RM) higher than the dayside
northern hemisphere. However, the average MPB altitude
increased with increasing latitude in the southern hemisphere
and was also found to be highly variable. Also, Brain et al.
[2005] found that not only is the sheath typically at a higher
altitude in the southern hemisphere, the altitude of formation
also depends on IMF orientation and season.
[4] Besides increasing the altitude of the formation of the

MPB, the anomalous magnetic field can also interact with
the IMF to form cusp-like structures. Looking at Mars
Global Surveyor (MGS) data from the nightside, Mitchell
et al. [2001] found regions of flux spikes consisting of
sheath-like electron populations that separated void regions
of reduced plasma flux. The features, named magnetocy-
linders, are like the Earth’s cusp in that the flux spikes
occurred in the vicinity of strongly radia l magnetic field,
but, unlike the Earth’s cusps, have a linear extent of
thousands of kilometers. A statistical analysis of MGS data
from the dayside by Brain et al. [2005] indicated that in
general, sheath-like plasma was detected at 400 km in
the northern hemisphere on the order of 20% of the time
and 0–5% of the time in the southern hemipshere. However,
over two cusp-like regions of strongly radial magnetic field
in the southern hemisphere, sheath-like plasma was detected
on the order of 15% of the time. Cusp-like features with
sheath-like electron populations have also been seen in
Mars Express (MEX) measurements [Soobiah et al., 2006;
Franz et al., 2006]. In addition, there is evidence of solar
wind penetration down to �300 km in some regions
[Lundin et al., 2004, 2006].
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[5] Three-dimensional (3-D) ideal MHD simulations of
the Martian magnetosphere, using a magnetized Mars, were
conducted by Ma et al. [2002] to investigate the effects of
the hot oxygen corona on the locations of the ionopause and
bow shock. They found that the position of the ionopause
was approximately 100 km further from the surface over the
southern hemisphere than the northern hemisphere due to
the anomalous magnetic field. The model also showed
the formation of a magnetocylinder type structure on the
nightside. However, their model could not resolve the
magnetic pileup boundary and thus did not make any
predictions about the affect of the anomalies on this
boundary.
[6] Previous 3-D single fluid simulations of the solar

wind interaction with Mars [Harnett and Winglee, 2003]
suggested that a minimagnetopause forms in place of the
MPB in the southern hemisphere when the strongest mag-
netic anomalies are on the day side. The nonideal MHD
nature of the model meant it could capture the particle type
effects occurring within the magnetosphere and resolve the
MPB. The results suggested that the signature for crossing a
minimagnetopause would be very similar to crossing the
MPB. However, these results were for a single fluid model
and the grid space was also such that the some features were
only barely resolved.
[7] This paper presents results from high-resolution, 3-D

multifluid simulations of the solar wind interaction with the
anomalous magnetic field at Mars. In addition to capturing
the difference in light and heavy ion dynamics (unlike MHD
simulations), the order of magnitude improvement in reso-
lution by means of a high-resolution gridding means that
small-scale structures around the magnetic anomalies can
begin to be resolved within the context of a global model
(unlike hybrid simulations). Distinguishing between solar
wind and ionospheric populations with high resolution,
allows for a better understanding of how the anomalous
magnetic field modifies both the local solar wind-
ionosphere interaction and the role it plays in global
plasma/magnetic field interactions. Comparison of the
results with data allows for the development of a global
picture that is difficult to determine from satellite data alone.

2. Model

[8] The multifluid model [Winglee, 2004] can assume any
number of ion species, only limited by computational speed.
In the results presented in this paper, three ion species were
assumed: an H+ solar wind and a planetary ionosphere
composed of H+ and O2

+. Viking 1 measured O2
+ to be the

primary heavy ion below about 300 km, with a density
of �103 cm�3 at 250 km, reaching a maximum density of
105 cm�3 at 130 km from the surface [Hanson et al., 1977].
O2
+ is used in these simulations to represent heavy ions.

Ionospheric hydrogen is also included to investigate the
difference between light and heavy ions of planetary origin.
The inner boundary is defined as 250 km above the surface
with the number densities of 200 O2

+ cm�3 and 50 H+ cm�3

at the equator. Higher densities at the inner boundary
generated unrealistic outflows as the model does not include
all possible loss mechanisms such as those due to ion-
neutral interactions. The equatorial number densities are
reduced gradually with latitude, with the polar number

densities 75% of the equatorial number densities. The
temperature at the inner boundary is set to 0.5 eV. The
number densities and temperature are held fixed at the inner
boundary during the simulations.
[9] The model of the Martian magnetic field was pro-

vided by Cain et al. [2003]. The magnitude of the anom-
alous magnetic field at the inner boundary is shown on a 3-D
partial sphere in Figures 1 and 4. The simulations were run
with the strong southern magnetic anomalies along noon
local time and the equatorial plane tilted by 20�. This
configuration represents summer solstice in southern hemi-
sphere and the approximate orientation of the planet during
the Halloween 2003 superstorm. The x axis points in the
direction of the solar wind flow; the z axis is perpendicular to
the ecliptic plane and points in the direction of north.
[10] The solar wind is set to nominal conditions with a

density of 2 ions cm�3 and a speed of 400 km s�1. The
Parker spiral approximation of the direction of the IMF at
Mars’ orbit puts the magnitude of the By component
1.5 times larger than the Bx component. Various measure-
ments of solar wind parameters by Phobos 2 and MGS show
the magnitude of the IMF in the range of 2-3 nT with the
direction in the ecliptic plane primarily in the By direction
[e.g., Kallio et al., 1995; Vignes et al., 2000]. In the results
discussed below, the magnitude of the IMF is equal to 1.2 nT
in the �Bz direction. Looking at only a single component
allows for less ambiguity regarding the role of reconnection
of the southward component of the IMF to the anomalous
magnetic on the resulting structures.
[11] The entire simulation encompasses an area from 8 RM

upstream to 36 RM down tail, and ±17RM on the flanks and
over the poles. The multifluid equations are solved on a
nested grid system allowing high resolution around regions
of interested. The simulations are first run at coarse resolu-
tion until a global equilibrium is achieved (at a time in
excess of 10 transit times). Then high-resolution gridding is
initiated around the region of interest, in this case the
dayside around the magnetic anomalies. The resolution for
the results presented in this paper ranges from 1345 km far
from the planet, to 42 km in the vicinity of the anomalies
on the dayside. For comparison, the ion cyclotron radius for
H+ ranges from 1000 km in the solar wind, to 100 km in the
sheath, a few to 10s of km in the MPL, and 0.1 km near the
anomalies. The cyclotron radius for O2

+ ranges from several
thousand km in the solar wind, hundreds of km in the
sheath, 100 km in the MPL, and a few km in the mini-
magnetosphere regions. More details about the equations
solved and incorporation of ion cyclotron affects can be
found in the work of Winglee [2004] and Harnett et al.
[2005].

3. Results

[12] Figure 1 shows several parameters in a plane along
the moon meridian. The white dashed curves indicate the
location of the bow shock (outermost curve), the magnetic
pileup boundary (middle curve), and the ionopause (inner
curve) in the northern hemisphere. The curves are deter-
mined from the locations of enhanced current density north
of approximately 20� and are continued into the southern
hemisphere assuming symmetry about the subsolar point.
Note that at only 2–3 grid points thick in Figure 1a, the
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