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Abstract Mars Atmosphere and Volatile EvolutioN observations at Mars show clear signatures of the
shocked solar wind interaction with the extended oxygen atmosphere and hot corona displayed in a lateral
deflection of the magnetosheath flow in the direction opposite to the direction of the solar wind motional
electric field. The value of the velocity deflection reaches ∼50 km/s. The occurrence of such deflection is
caused by the “Lorentz-type” force due to a differential streaming of the solar wind protons and oxygen ions
originating from the extended oxygen corona. The value of the total deceleration of the magnetosheath
flow due to mass loading is estimated as ∼40 km/s.

Plain Language Summary Mars Atmosphere and Volatile EvolutioN observations at Mars show
that the solar wind interaction with Mars occurs already far from the planet. We observe clear signatures
of the interaction with the extended oxygen atmosphere displayed in a lateral deflection of the
magnetosheath flow in the direction opposite to the direction of the solar wind motional electric field.
In a certain sense Mars resembles a small comet with the already formed magnetospheric cavity and
a bow shock.

1. Introduction

The absence of the global magnetic field at Mars leads to the direct interaction of solar wind with its atmo-
sphere and ionosphere. The interaction starts at large distances from the planet because of the hydrogen
atmosphere and the hot oxygen corona which extends to many Martian radii (Chaffin et al., 2014, 2015;
Chaufray et al., 2008; Clarke et al., 2017; Deighan et al., 2015; Feldman et al., 2011). Signatures of such distant
interaction are picked-up protons and oxygen ions observed in the upstream solar wind (Barabash et al., 1991;
Curry et al., 2015; Dubinin, Fraenz, Woch, Barabash, et al., 2006; Rahmati et al., 2015, 2017; Yamauchi et al.,
2015). Charge exchange between incoming solar wind protons and planetary hydrogen also forms a beam
of energetic neutral atoms (Futaana et al., 2006; Gunell et al., 2006) which penetrate deep into the Martian
atmosphere where they are partly converted back to energetic positively and negatively charged hydrogen
atoms (Halekas et al., 2015).

Ionized hydrogen atoms are picked up by solar wind (Barabash et al., 1991; Dubinin, Fraenz, Woch, Barabash,
et al., 2006). Due to their low mass, the momentum lost by the incoming solar wind is small, although the
exospheric protons reflected from the bow shock can contribute to the population of backstreaming ions
and participate in the processes of the momentum exchange with solar wind protons via wave-particle inter-
action (Dubinin & Fraenz, 2016; Dubinin et al., 1994; Mazelle et al., 2004). Oxygen ions originating in the
solar wind and the magnetosheath are also picked up and move on cycloidal trajectories. Because of the
small size of Mars as compared to the amplitude of these cycloids, oxygen ions are deflected and accelerated
toward the hemisphere in which the solar wind motional electric field is pointing away from the Mars-Sun line
(E+ hemisphere). This ion motion provides an excess of transverse momentum in the system which must be
balanced by the motion of the solar wind protons in the opposite direction. Forces responsible for such an
ion motion are Lorentz-type forces which appear in bi(or multi)-ion magnetohydrodynamic (MHD) equations

RESEARCH LETTER
10.1002/2017GL076813

Key Points:
• Due to interaction with the oxygen

atmosphere the shocked solar wind is
deflected

• The solar wind flow around Mars
becomes asymmetrical

• The occurrence of deflection can
be described by the multifluid MHD
equation simplying mass-loading
processes

Correspondence to:
E. Dubinin,
dubinin@mps.mpg.de

Citation:
Dubinin, E., Fraenz, M., Pätzold, M.,
Halekas, J. S., Mcfadden, J.,
Connerney, J. E. P., et al. (2018).
Solar wind deflection by mass loading
in the Martian magnetosheath based
on MAVEN observations. Geophysical
Research Letters, 45.
https://doi.org/10.1002/2017GL076813

Received 14 DEC 2017

Accepted 23 FEB 2018

Accepted article online 5 MAR 2018

©2018. American Geophysical Union.
All Rights Reserved.

DUBININ ET AL. SOLAR WIND DEFLECTION AT MARS 1

http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-8007
http://orcid.org/0000-0001-8619-187X
http://orcid.org/0000-0003-4521-2931
http://orcid.org/0000-0003-3479-856X
http://orcid.org/0000-0001-5258-6128
http://orcid.org/0000-0001-7478-6462
http://orcid.org/0000-0002-0758-9976
http://orcid.org/0000-0002-6590-644X
http://orcid.org/0000-0002-2052-1941
http://dx.doi.org/10.1002/2017GL076813
https://doi.org/10.1002/2017GL076813


Geophysical Research Letters 10.1002/2017GL076813

Figure 1. Maps of the cross-flow component of the ion velocities in the XZMSE cross section obtained from the
Suprathermal and Thermal Ion Composition (STATIC) measurements at −0.5 RM ≤ YMSE ≤ 0.5 RM . The left (right) panel
depicts the velocity of O+ (H+) ions, respectively. Solid curves correspond to the nominal position of the Martian bow
shock and the magnetospheric boundary (Dubinin, Fraenz, Woch, Barabash, et al., 2006).

(Dubinin & Sauer, 1999, Dubinin et al., 2011; Harold & Hassam, 1994; Sauer et al., 1994). As compared to a single
fluid MHD, in a bi-ion MHD approach, new Lorentz-type terms appear in the momentum equations:

mp

dup

dt
=

j × B
ne

+ e
nO+

ne
(Vp − VO+ ) × B (1)

mO+
duO+

dt
=

j × B
ne

+ e
np

ne
(VO+ − Vp) × B, (2)

where mp, mO+ , np, nO+ , Vp, and VO+ are masses, densities, and velocities of the protons and oxygen ions,
respectively; ne is the electron density; and j and B are the current density and the magnetic field, respectively.
The Lorentz force caused by a differential streaming of ion fluids acts on the protons and oxygen ions in the
opposite directions. This effect can be easily explained by noting that each ion fluid in their reference frame
“sees” the motional electric field of the opposite sign. For example, when protons move faster than oxygen
ions and consequently faster than the electrons which supply a quasineutrality, the motional electric field in
the proton frame E = −(Ve − Vp) × B is opposite to the motional electric field in the frame related with the
motion of O+ ions, E = −(Ve − VO+ ) × B. Thus, neglecting the j × B term, which might be valid for a weak
mass loading, causes the proton fluid to also move along a cycloid with a characteristic length ∼ Vp∕(

eB
mp

nO+

ne
)

which varies with the density of O+ ions and might be very large for low densities of oxygen ions (Dubinin
et al., 2011). As long as (Vp −VO+ ) ⋅Vp ≥ 0, the work performed by the proton fluid is positive; that is, protons
transfer the momentum to the ion oxygen fluid.

Halekas, Ruhunusiri, et al. (2017) have observed a small lateral deviation of the solar wind velocity (∼5 km/s)
in the direction opposite to the direction of the motional electric field indicating a weak mass-loading effect
upstream of the bow shock. One may expect that closer to Mars mass-loading effects exposed in the solar
wind deflection should be more pronounced. However, in contrast to weak comets where the solar wind is
deflected up to 90∘ and then even turns to the sunward direction (Behar et al., 2017), the situation at Mars is
very different since the bow shock causes a strong deflection of the plasma flow around the magnetospheric
obstacle. The goal of this paper is to do a study on an asymmetry in the solar wind flow in the magnetosheath
that appeared due to mass-loading effects.

2. Observations

The measurements made by the Mars Atmosphere and Volatile EvolutioN (MAVEN) spacecraft give us the
opportunity to study these processes (Jakosky et al., 2015). In this paper we use the data from the Solar Wind
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Figure 2. Maps of the mean cross-flow component of the proton velocity measured by Solar Wind Analyzer (SWIA) and
oxygen ions measured by Suprathermal and Thermal Ion Composition (STATIC) in the YZMSE cross sections at the
distance 0.5 RM ≤ X ≤ 1 RM .

Analyzer (SWIA), the Suprathermal and Thermal Ion Composition (STATIC) instrument, and the magnetometer
MAG. The SWIA is a top-hat electrostatic analyzer measuring ions with energies 30 eV to 25 keV with 360∘ ×90∘

field of view and 4 s time resolution (Halekas et al., 2015). With its field of view toward the Sun the instrument
is monitoring solar wind. We used here the onboard calculated moments of the ion distribution functions.
Although in the magnetosheath more coarse distributions with incomplete coverage of the phase space are
returned to the telemetry, the observations by SWIA provide an adequate solar wind flow behind the bow
shock (see details in Halekas, Ruhunusiri, et al., 2017). The STATIC analyzer is able to measure different ion
species (McFadden et al., 2015). It also consists of a toroidal top-hat electrostatic spectrometer with field of
view of 360∘ × 90∘ combined with a time-of-flight unit able to resolve the major ion species (H+, He++, He+,
O+, O+

2 , and CO+
2 ). To decrease the contribution of protons scattered in the analyzer onto the oxygen mass

channel, we subtracted 3% of counts measured in the proton channel at each energy step. The magnetic field
is measured by two tri-axis fluxgate magnetometers (Connerney et al., 2015). We utilize the magnetic field
data to determine the Mars Solar Electric (MSE) coordinate system in which the X axis is toward the Sun, the
Y axis is along the cross-flow component of the magnetic field in the solar wind, and the Z axis points along
the solar wind motional electric field. We utilize the MAVEN data from November 2014 to May 2016.

Figure 3. Maps of the mean transverse components of the proton velocity measured by Solar Wind Analyzer (SWIA) in
the horizontal XYMSE and vertical XZMSE cross sections.
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Figure 4. Altitude profiles of the absolute values of the components of the mean proton velocities VZ and VY in the Mars
Solar Electric (MSE) coordinate system measured by Solar Wind Analyzer (SWIA) at different solar zenith angles (SZA)
in the XZMSE (left column) and XYMSE (right column) planes, respectively. In the XZMSE plane black and red curves depict
the absolute value of the mean VZ component in the E+ and E− hemispheres, respectively. In the XYMSE plane the
black and red curves show the horizontal velocity in the +/− Y direction, respectively. Note the difference in values of
the horizontal axis for two bottom rows. Nominal positions of the bow shock and the induced magnetospheric
boundary are shown by arrows.

To observe a lateral deflection caused by the interaction of shocked solar wind with the population of oxygen
ions, we have to compare deflections of the solar wind protons in the E+ and the opposite E− hemispheres.
Figure 1 shows maps of the cross-flow component (V2

YMSE
+ V2

ZMSE
)1∕2 of the ion velocities in the XZMSE cross

section obtained from the STATIC measurements at−0.5 RM ≤ YMSE ≤ 0.5 RM. The left (right) panel depicts the
velocity of O+ (H+) ions, respectively. For further comparison with the SWIA data, we calculated the moments
by using the proton distributions with E ≥ 30 eV. Solid curves correspond to the nominal position of the
Martian bow shock and the magnetospheric boundary (Dubinin, Fraenz, Woch, Roussos, et al., 2006). A strong
asymmetry of O+ fluxes in the magnetosheath and in the adjacent upstream region appears due to large
gyroradius of these ions as compared to the characteristic size of the system. Although the distribution of
the cross-flow component of the proton velocity is more symmetrical due to a deflection of the solar wind
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Figure 5. ZMSE components of the momentum of the protons and O+ ions
in the E+ and E− sheath hemispheres.

at the bow shock, an asymmetry between E+ and E− hemispheres is
observed. A stronger deflection occurs in the E− hemisphere. A clear asym-
metry between both magnetosheath hemispheres is also seen in Figure 2,
which shows maps of the cross-flow component of the proton velocity
measured by SWIA and oxygen ions measured by STATIC in YZMSE cross
sections for the distance range 0.5 RM ≤ X ≤ 1 RM. This range samples a
significant fraction of the sheath.

Figure 3 compares the transverse components of the proton velocity mea-
sured by SWIA in the horizontal XYMSE and vertical XZMSE cross sections. In
the horizontal plane the plasma flow in the sheath is rather symmetrical,
while in the vertical plane the proton flow deflects more strongly to the E−

hemisphere. These results are in agreement with the STATIC observations
(see Figure 1).

Figure 4 shows the asymmetry between both hemispheres in more detail.
It presents the altitude profiles of the absolute values of the components
of the proton velocity abs(VZMSE

) and abs(VYMSE
) measured by SWIA at

different solar zenith angles (SZA) in the XZMSE (left column) and XYMSE

(right column) planes, respectively. Nominal positions of the bow shock
and the induced magnetospheric boundary are shown by arrows. In the

XZMSE plane black and red curves depict the absolute values of the VZMSE
component in the E+ and E− hemi-

spheres, respectively. In the XYMSE plane the black and red curves show the horizontal velocity VYMSE
in +/− Y

direction, respectively. A systematic shift of the proton flow in the direction opposite to the direction of the
solar wind motional electric field is observed at all solar zenith angles indicating a mass loading of the solar
wind by the oxygen corona. In the horizontal plane (XYMSE) the proton flow is rather symmetrical. At certain
SZA, we observe rather large values of the abs(VZMSE

) outside of the nominal position of the bow shock. It
might be related to a rather high variability of the bow shock position (Halekas, Ruhunusiri, et al., 2017).

It is reasonable to assume that without a lateral shift of the proton flow due to the interaction with oxygen
the deflection of solar wind at the bow shock would be axially symmetric. Then, with mass-loading effects,
the value of the ZMSE component of the velocity in the E+ and E− hemispheres are V+

Z = Vsym − VMLZ
and

V−
Z = Vsym + VMLZ

, respectively. Here Vsym is the value of the velocity component due to symmetric deflection
of the solar wind flow behind the bow shock, and VMLZ

is the lateral velocity deflection (ZMSE component)
due to mass loading. Since the difference between V−

Z and V+
Z reaches 60 km/s, the VZ component of a lateral

shift of the proton velocity in the magnetosheath is about 30 km/s. Correspondingly, the total component
of a lateral velocity deflection in the sheath is Vdef ∼ VMLZ

∕ cos 𝛼, where 𝛼 is angle between the normal to
the shocked solar wind trajectory in the magnetosheath and the vector −ZMSE. Taking 𝛼 ∼ 45–60∘ yields
Vdef ∼ 43–60 km/s. Then using equation (1) we can roughly estimate the deceleration of the protons by the
“Lorentz” force:

Δup ∼
(

e
mp

nO+

ne
VdefBL

)1∕2

. (3)

Taking nO+ ∼ 0.1 cm−3, ne ∼ 10 cm−3, Vdef ∼ 50 km/s, B ∼ 10 nT, and L ∼ 1 RM (the characteristic length of
the deceleration) yields ΔVp ∼ 40 km/s. Here when utilizing equation (1) we considered the E− hemisphere in
which Vdef,O+ is small and neglected the gradient of the thermal pressure and the j × B force, which is justified
by Halekas, Brain, et al. (2017).

Conservation of the transverse momentum in the ZMSE direction requires mpnpV+
pz
+ mO+nO+V+

O+
z
= mpnpV−

pz
.

Figure 5 shows the values of these terms evaluated from the STATIC measurements in the E+ sheath at
−0.5 RM ≤ YMSE ≤ 0.5 RM and 0.7 RM ≤ ZMSE ≤ 1.5 RM and in the E− sheath at −0.5 RM ≤ YMSE ≤ 0.5 RM

and −1.5 RM ≤ ZMSE ≤ −0.7 RM. It is observed that the contribution of the term related to the oxygen motion
approximately compensates for the deficit in the proton momentum in the E+ hemisphere.

In conclusion, the MAVEN observations show that the solar wind interaction with Mars occurs already in the
solar wind (Halekas, Ruhunusiri, et al., 2017) and in the magnetosheath. We observe clear signatures of the
interaction with the extended oxygen atmosphere and hot corona displayed in a lateral deflection of the mag-
netosheath flow in the direction opposite to the direction of the solar wind motional electric field. The value
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of the velocity deflection reaches ∼50 km/s in the inner magnetosheath. The occurrence of such a deflection
can be described by the multifluid MHD equations implying mass-loading processes in the system with large
Larmour radius of the implanted planetary ions. In a certain sense Mars resembles a small comet with the
already formed magnetospheric cavity and a bow shock.
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