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Abstract Analyzing ~1.3 year data set of O+ ion velocity distribution functions obtained from the
Suprathermal and Thermal Ion Composition instrument on the Mars Atmosphere and Volatile Evolution
(MAVEN) spacecraft, we statistically investigate reflections of incident O+ pickup ions (>10 keV) occurring
below the Martian bow shock. To quantitatively evaluate importance of the reflection of incident O+ pickup
ions, we estimate reflection ratios by calculating average inward and outward O+ ion fluxes above the Martian
bow shock. Our result shows that an average reflection ratio is 14.1± 6.7%. We also investigate dependences
of the reflection ratio on the solar wind, solar EUV flux, and southern hemispheric crustal magnetic field on
Mars. We find that the reflection ratio strongly depends on the magnitude of the interplanetary magnetic
field (IMF), solar wind dynamic pressure, and gyroradius of O+ pickup ions in the solar wind, rather than the
solar EUV flux and the crustal magnetic field. We suggest that the reflection ratio is determined by the
magnetic field both in the solar wind and below the bow shock that mainly controls gyroradius of incident O+

pickup ions in these regions. We also find that the reflection ratio increases to 38.9 ± 10.2% as these
parameters become extreme conditions (i.e., IMF magnitude>6 nT). Since incident O+ pickup ions are known
to be amajor source of atmospheric sputtering escape fromMars, our result suggests that ion reflections may
have a role to reduce the sputtering escape from Mars under the extreme solar wind condition.

1. Introduction

Due to the lack of an intrinsic magnetic field of Mars, the upper atmosphere of Mars directly interacts with the
solar wind. Once neutral particles in the Martian corona are ionized by solar UV radiations, charge exchange,
or electron impacts of the solar wind, they are accelerated by the convection electric field of the solar wind.
This process is referred to as the ion pickup, and the ions are called pickup ions [e.g., Coates and Jones, 2009].

The ion pickup involves planetary ions into the solar wind, which slows down the solar wind. A bow shock
forms at which the solar wind turns supersonic to subsonic speeds. Then the interplanetary magnetic field
(IMF) starts to drape and piles up in front of the ionosphere. This forms the magnetic pileup region (MPR),
where the magnetic field magnitude largely increases on the ionosphere, and a small-scale magnetosphere
called the induced magnetosphere [Luhmann et al., 2004].

The ion pickup is known to be one of the important ion escape processes at Mars. Around Mars, H+ pickup
ions are identified by the Phobos-2 [Barabash and Lundin, 1993], Mars Express [Dubinin et al., 2006], and
Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft [Rahmati et al., 2017]. These spacecraft also
identified O+ pickup ions aroundMars [Cravens et al., 2002; Hara et al., 2013; Rahmati et al., 2015]. Due to large
gyroradius of O+ pickup ions compared to the scale of the Marian size, the O+ pickup ions escape Mars by
forming a plume in the hemisphere in which the convection electric field points away from the planet
(+E hemisphere) [Fang et al., 2008; Dong et al., 2015] but reenter into the Martian ionosphere in the hemi-
sphere in which the electric field points to the planet (�E hemisphere) [Fang et al., 2013; Hara et al., 2013].
The incident O+ ions are known to be an important source for sputtering, which drives atmospheric heating
and escape at Mars [e.g., Luhmann and Kozyra, 1991; Luhmann et al., 1992; Leblanc and Johnson, 2001;
Fang et al., 2013; Wang et al., 2014, 2015]. Luhmann et al. [1992] suggested that the atmospheric sputtering
played an important role in the atmospheric escape from Mars in the past, when the young Sun is thought to
be more active [Lammer et al., 2003].

MASUNAGA ET AL. O+ REFLECTION RATIOS AT MARS 1

PUBLICATIONS
Journal of Geophysical Research: Space Physics

RESEARCH ARTICLE
10.1002/2016JA023516

Special Section:
Major Results From the MAVEN
Mission to Mars

Key Points:
• Average reflection ratio of incident
O
+
pickup ions from the Martian

magnetosheath/magnetic pileup
region is ~14%

• The reflection ratio reaches ~39%
under extreme solar wind conditions

• The reflection ratio is determined by
magnetic fields both in the solar wind
and below the bow shock

Supporting Information:
• Supporting Information S1

Correspondence to:
K. Masunaga,
masu-kei@eps.s.u-tokyo.ac.jp

Citation:
Masunaga, K., et al. (2017), Statistical
analysis of the reflection of incident
O
+
pickup ions at Mars: MAVEN

observations, J. Geophys. Res. Space
Physics, 122, doi:10.1002/2016JA023516.

Received 25 SEP 2016
Accepted 11 MAR 2017
Accepted article online 15 MAR 2017

©2017. American Geophysical Union.
All Rights Reserved.

http://orcid.org/0000-0001-9704-6993
http://orcid.org/0000-0001-5557-9062
http://orcid.org/0000-0001-8932-368X
http://orcid.org/0000-0002-6584-2837
http://orcid.org/0000-0003-3491-7506
http://orcid.org/0000-0002-0758-9976
http://orcid.org/0000-0001-5258-6128
http://orcid.org/0000-0001-7478-6462
http://orcid.org/0000-0001-9154-7236
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402
http://dx.doi.org/10.1002/2016JA023516
http://dx.doi.org/10.1002/2016JA023516
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402/specialsection/MAVEN2
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9402/specialsection/MAVEN2
http://dx.doi.org/10.1002/2016JA023516
http://dx.doi.org/10.1002/2016JA023516
http://dx.doi.org/10.1002/2016JA023516
mailto:masu-kei@eps.s.u-tokyo.ac.jp


Recently, Masunaga et al. [2016] identified that some of the incident O+ pickup ions are reflected in the day-
side magnetosheath due to strong electromagnetic fields in this region by analyzing the ion velocity distribu-
tion functions (VDFs) observed by the Suprathermal and Thermal Ion Composition (STATIC) instrument on
MAVEN. The reflected O+ ions become energetic O+ ion beams (~10 keV or higher) in the solar wind with a
narrow angular spread (typically, one or two angular bins of STATIC corresponding to 22.5–45°). Near the sub-
solar region, the beams tend to flow nearly in the sunward direction. In high solar zenith angle (SZA) regions
such as SZA> 50°, the beams tend to flow nearly in the direction of the convection electric field in the + E
hemisphere but in the opposite direction in the�E hemisphere. Since the incident O+ pickup ions are a major
source of sputtering with the Martian upper atmosphere, it is important to quantitatively evaluate the reflec-
tion of the incident O+ pickup ions. In this paper, we statistically estimate what percent of incident O+ pickup
ions can be reflected to understand importance of the ion reflection by calculating inward and outward O+

ion fluxes above the Martian bow shock. We also study its dependences on the solar wind, the solar EUV flux,
and the position of the southern crustal magnetic field because the Martian plasma environment is highly
affected by these parameters [Brain et al., 2005; Ramstad et al., 2015].

2. Instrumentations and Data Analysis Method

In this study, we analyze O+ ion VDFs observed by the STATIC instrument aboard MAVEN during periods
between November 2014 and February 2016. We use the data product of “d0” whose time resolution is
128 s in this period. We also use the Solar Wind Ion Analyzer, the Solar Wind Electron Analyzer, and the mag-
netometer to obtain proton density, velocity and temperatures, electron temperatures, and IMF vectors. To
see the solar EUV flux at Mars, we use the Solar EUV Monitor as well. Details of each instrument are described
in McFadden et al. [2015], Halekas et al. [2015], Mitchell et al. [2016], Connerney et al. [2015], and Eparvier et al.
[2015], respectively.

Figures 1a–1c show a MAVEN position in the solar wind in the Mars Solar Electric (MSE) coordinate system
(the x axis points to the Sun, the z axis points to the convection electric field, and the y axis completes the
right-hand system) and an example of the O+ ion VDF observed at this position. Figure 1d is an original O+

ion VDF projected on the plane perpendicular to the local magnetic field (ion velocities within a range of
±45° from the perpendicular plane). We can see that two characteristic ion velocity distributions appear in
this VDF. The first characteristic distribution is the ring distribution on the red dashed circle calculated by local
proton velocity and magnetic field. This indicates that O+ pickup ions drift to the ESW×BSW direction around
the spacecraft. The center of the ring indicates the drift velocity of the guiding center which corresponds to
the perpendicular solar wind velocity to the local magnetic field. The second characteristic distribution is O+

ion beams with energy of ~10 keV flowing nearly toward the Sun. These beams are produced as incident O+

pickup ions are reflected in the magnetosheath and return to the solar wind [Masunaga et al., 2016].

To quantitatively evaluate the reflection of incident O+ pickup ions, we estimate a reflection ratio of incident
O+ pickup ions. To do this, we statistically map outward and inward O+

fluxes through the bow shock. We
divide the ion VDF into two parts in terms of the shock normal direction: parallel directed (outward) and
antiparallel directed (inward) parts to the shock normal vector. The two parts are identified from the red
dash-dotted line indicating the shock tangent perpendicular to the shock normal vector as shown in
Figure 1d. Note that the shock normal vector is defined per 5° (latitude) × 5° (clock angle) area binned on
the empirical dayside bow shock of Edberg et al. [2008] and then we find the nearest shock normal vector
connecting to one of these bins based on the MAVEN position.

Then we calculate outward and inward O+ ion fluxes through the bow shock. However, as shown in Figure 1d,
we observed O+ pickup ions on the ring distribution in the VDF as well as reflected O+ beams. The early velo-
city phase of the ring distribution corresponds to the “ion plume” accelerated toward the convection electric
field direction in the +E hemisphere [Dong et al., 2015]. The plume contains O+ ions picked up in the solar
wind and those originated below the bow shock. These ions are neither reflected from nor entering into
the Martian magnetosheath. Thus, we need to remove them from each ion VDF to calculate correct outward
and inward fluxes above the bow shock to estimate the reflection ratio.

Figures 1e and 1f show outward and inward directed O+ ion VDFs to the shock surface, respectively. The area
surrounded by the yellow curves indicates the initial quarter part of the velocity phase of the ring distribution
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with ±50% velocity width. This width is chosen based on our sensitive analysis of the velocity width shown in
the supporting information. We assume that ions in this area are not reflected from or entering into the
Martian magnetosheath as explained above. Thus, we removed all ions in this area from each VDF and
then calculate correct outward and inward fluxes. Note that although this ring distribution may not hold in
the magnetosheath, this method properly removes plume ions accelerated from the magnetosheath as
well as those in the solar wind (see supporting information). Since the ion plume is mainly observed in the
+E hemisphere, we have applied this method only when MAVEN is in the +E hemisphere.

3. Observations

Using 86,729 VDFs, we calculated the outward and inward O+
fluxes above the Martian bow shock. Figure 2

shows average outgoing and incoming O+
fluxes (>10 keV) and number of measurements projected on the

dayside bow shock in the MSE frame. Note that the bins that have less than three samples are discarded for
better statistics. The fluxes in Figures 2a and 2b are calculated from original VDFs (the original case). For the
outgoing ions of this case, we can see that strong outgoing ion fluxes appear in the +E hemisphere in
Figure 2a. The strong fluxes correspond to theO+ ion plumemainly originating from the ionosphere, themag-
netosheath, or the exosphere above thebow shock in the+Ehemisphere [e.g., Fang et al., 2008]. For the incom-
ing ions in Figure 2b, we can see a strong inward O+ ion fluxes in the�E hemisphere because denser O+ ions
precipitate toward Mars in the�E hemisphere. This feature is consistent with previous studies [Luhmann and
Kozyra, 1991; Hara et al., 2013]. The fluxes in Figures 2c and 2d are calculated by applying the plume removal

Figure 1. (a–c) MAVEN position is shown by a small black square in the MSE coordinate system. The black circle is the Martian disk. The red and blue curves
correspond to empirical bow shock and magnetic pileup boundary, respectively [Edberg et al., 2008]. The local IMF, local proton velocity (perpendicular to the
local IMF), and local convection electric field directions are shown by blue, orange, and green lines on the MAVEN position, respectively. (d) O+ ion VDF projected on
the plane perpendicular to the local magnetic field (within ±45° from the perpendicular plane) observed by STATIC. Gray circles indicate 100 eV, 1 keV, and 10 keV
contours, respectively. The red dashed circle indicates an ideal ring distribution calculated by local proton velocity and magnetic field. The red dash-dotted line
indicates a shock surface tangent. The red and orange lines indicate Mars and Sun directions, respectively. (e, f) Outward and inward directed O+ ion VDFs toward the
shock surface, respectively. The yellow part in these VDFs corresponds to the first quarter velocity phase of the ring distribution with a ±50% velocity width which
corresponds to inner and outer red dashed rings in these figures. All ion distributions inside the yellow part are removed from the VDF.
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method explained in section 2 (the plume removal case). For the outgoing ions of this case, we can see that the
strong fluxes in the +E hemisphere seen in the original case mostly disappear as seen in Figure 2c. For the
incoming ions, the plume removing method results in inward O+

fluxes in the +E hemisphere slightly
reduced from the original case as seen in Figure 2d.

Table 1 shows the average O+ ion outgoing and incoming rates from the dayside bow shock (Qout and Qin)
and their ratio (R). These values and errors are calculated as follows:

Q ¼
X
i

Aif i; ΔQ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i

AiΔf ið Þ2
r

; (1)

R ¼ Qout

Qin
; ΔR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔQout

Qin

� �2

þ Qout

Q2
in

� ΔQin

� �2
s

; (2)

where Ai, fi, and Δfi are an area, average outward/inward fluxes, and their standard deviation of the ith bin.
We can see that there is a large difference of the ion outgoing rate but slight difference of the ion incom-
ing rate between the original and plume removal cases. The ion outgoing rate calculated from the plume
removal case is (1.26 ± 0.59) × 1021 s�1 that is much smaller than the original case ((6.10 ± 3.10) × 1021 s�1).

The ion incoming rate calculated
from the plume removal case is
(8.97 ± 0.66) × 1021 s�1 that is
slightly smaller than the original
case ((9.88 ± 0.70) × 1021 s�1). As a
result, we estimate the reflection
ratio for the plume removal case
of 14.1 ± 6.7%.

We also investigate dependences
of the reflection ratio on the solar
wind. Figure 3 shows histograms

Figure 2. Outward and inward O+ ion fluxes projected on the dayside Martian bow shock in the MSE frame using (a and b)
original O+ ion VDFs and (c and d) plume removed VDFs. Radial and azimuth directions indicate the solar zenith angle
(SZA) and the IMF clock angle, respectively. So the center of the map indicates the subsolar point, and black dashed circles
are 45° and 90° SZAs, respectively. (e) The number of measurements in each bin. The white bins in each map indicate
discarded bins in which measurements are less than three samples.

Table 1. Outgoing and Incoming Rates of O+ Ions Through the Bow Shock
and Their Ratio Calculated by Using Original O+ Ion VDFs and “Plume
Removed” VDFsa

Original Removed

Outward (6.10 ± 3.10)E + 21 (1.26 ± 0.59)E + 21
Inward (9.88 ± 0.70)E + 21 (8.97 ± 0.66)E + 21
Ratio 61.8 ± 31.7% 14.1 ± 6.7%

aUnit of ion outgoing/incoming rates is s�1.
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for four solar wind parameters taken into account: proton density (NSW), proton velocity (VSW), IMFmagnitude
(BIMF), and IMF cone angle (θcone). The vertical dotted line in Figures 3a–3c shows the median value of
each parameter. To see which parameters likely to contribute to the ion reflection ratio, the outward
and inward flux maps shown in Figures 2c and 2d are sorted into two cases depending on whether
these parameters are smaller or larger than their median value. For the IMF cone angle (Figure 3d), the
maps are sorted into the two cases: perpendicular IMF case (45° ≤ θcone ≤ 135°) or the parallel IMF case
(θcone< 45° or θcone> 135°).

Figure 4 shows outward and inward O+ ion flux maps sorted by the four solar wind conditions. The O+ ion
outgoing/incoming rates and its reflection ratios are also shown in this figure. Figure 4a is the flux maps
for small and large NSW cases. We can clearly see that both outgoing and incoming fluxes become large
for the large NSW case than those for the small NSW case. The reflection ratio is 17.9 ± 7.0% for the large
NSW case, which is significantly larger than that of the small NSW case (6.5 ± 2.8%). We also see clear depen-
dences of the outgoing and incoming fluxes on BIMF (Figure 4c). Similar to NSW cases, both outgoing and
incoming fluxes increase as BIMF increases. The reflection ratio becomes significantly larger for the large
BIMF case than that for the small BIMF case (18.0 ± 6.6% versus 5.9 ± 4.3%). On the other hand, we do not
see clear dependences of the outgoing and incoming fluxes on VSW (Figure 4b). Both outgoing/incoming
fluxes look similar between the small and large VSW cases. The reflection ratio is not significantly different
between the large VSW case (19.1 ± 9.7%) and the small VSW case (10.2 ± 3.9%). Regarding the IMF cone angle,
inward fluxes are clearly different between the perpendicular and parallel IMF cases (Figure 4d). Outward
fluxes look similar between the two cases, but some strong flux spots appear for the parallel IMF case. The
reflection ratio is very large (29.1 ± 14.4%) for the parallel IMF case, but it is also moderate level for the per-
pendicular IMF case (10.9 ± 4.6%). Due to the large errors, the reflection ratio is not significantly different
between the two IMF cone angles.

Figure 3. Histograms of solar wind conditions: (a) proton density, (b) proton velocity, (c) IMF magnitude, and (d) IMF
cone angle. For the Figures 3a–3c, the vertical dashed lines indicate a median value of each parameter. For Figure 3d,
the vertical dashed lines indicate criterion of θcone = 45° and 135° that sort data set into the perpendicular or parallel
IMF case.
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We further investigate the effects of the solar wind parameters composed of a few fundamental solar wind
parameters: the dynamic pressure (Pdyn), gyroradius of O+ pickup ions in the solar wind (RO+), and the
magnetosonic Mach number (MMS), which are calculated as follows:

Pdyn ¼ mpNSWV
2
SW; (3)

ROþ ¼ mOVSWperp

eBIMF
; (4)

MMS ¼ VSWffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2
A þ V2

S

q ; (5)

Figure 4. Outward and inward O+ ion fluxes through the dayside bow shock in the MSE frame for different solar wind conditions: (a) proton density, (b) proton velo-
city, (c) IMF magnitude, and (d) cone angle. Numbers shown below each solar wind condition indicate the number of VDFs used to calculate fluxes. Each number
shown above these flux maps indicates ion outgoing/incoming rates (s�1). Each reflection ratio is calculated from the outgoing rate divided by the incoming rate.
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wheremp,mo, VSWperp, and e indicate mass of proton and oxygen ions, the solar wind velocity perpendicular
to IMF, and the elementary charge, respectively. VA and VS indicate the Alfvén speed and the sound speed,
respectively:

VA ¼ BIMFffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ0mpNSW

p ; (6)

VS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γkB Te þ Tið Þ

mp

s
; (7)

where μ0, γ, kB, Te, and Ti indicate the permeability of vacuum, the ratio of specific heats, Bolzmann’s constant,
and electron and ion temperatures, respectively. Figure 5 shows histograms of Pdyn, RO+, andMMS in the same
format as Figure 3. Figure 6 shows the outward/inward ion fluxes sorted by their median parameters in the
same format as Figure 4. In each parameter, we can see clear dependences in the outward/inward fluxes.
Both outward and inward fluxes become large for the large Pdyn, small RO+ and small MMS cases. We can
see significant differences in the reflection ratios between the two Pdyn cases (5.3 ± 1.3% for the small Pdyn
case and 18.2 ± 7.0% for the large Pdyn case) and between the two RO+ cases (19.5 ± 7.3% for the small RO+
case and 5.1 ± 3.0% for the large RO+ case). On the other hand, we do not see a significant difference in
the reflection ratio between the small and large MMS cases (17.2 ± 6.6% for the small MMS case and
9.9 ± 6.5% for the large MMS case).

Figure 5. Histograms of solar wind conditions: (a) the solar wind dynamic pressure, (b) gyroradius of O+ pickup ions in the solar wind, and (c) themagnetosonic Mach
number. The vertical dashed lines indicate a median value of each parameter.

Figure 6. Outward and inward O+ ion fluxes through the dayside bow shock in theMSE frame for different solar wind conditions: (a) dynamic pressure, (b) gyroradius
of O+ pickup ions in the solar wind, and (c) the magnetosonic Mach number. The format is the same as Figure 4.
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We also examine the effects of the solar EUV flux (FEUV) and the crustal magnetic field (Bcr) in the southern
hemisphere (53°S and 179°E) on the reflection ratio. Note that to see the crustal magnetic field effects, the
flux maps are divided into two cases according to whether the southern crustal magnetic field locates on
the dayside or nightside. Figure 7 shows their histogram as well as their inward/outward fluxes and ratios. In
Figure 7c, we can see that outward/inward fluxes increase as the EUV flux increases. However, the reflection
ratio is not significantly different between the small FEUV case and the large FEUV case (12.3 ± 9.6% for the
small FEUV case and 15.1 ± 5.5% for the large FEUV case). In Figure 7d, both outward and inward fluxes look
similar between the two Bcr cases. The reflection ratio is also similar between the two Bcr cases (14.7 ± 6.7%
for the dayside Bcr case and 13.2 ± 6.6% for the nightside Bcr case).

4. Discussion

We statistically investigated outward and inward O+ ion fluxes (>10 keV) above the Martian bow shock
and estimated an average reflection ratio of the incident O+ pickup ions. Using ~1.3 year data set of O+

ion VDFs, we obtained the average reflection ratio of 14.1 ± 6.7%. We also investigated their dependences
on the solar wind, the solar EUV flux, and the southern hemispheric crustal magnetic field of Mars. It was
found that the fluxes and the reflection ratio showed significant dependences on some of the solar wind

Figure 7. (a and b) Histogram for the solar EUV flux and the position of the southern crustal magnetic field. The vertical dashed line in Figure 7a indicates a median
value of the EUV flux. (c and d) Outward and inward O+ ion fluxes for the different EUV flux and different position of the crustal magnetic field. The format is the
same as Figure 4.
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conditions. The solar EUV flux did
not significantly change the reflec-
tion ratio, although it affected the
outward/inward fluxes. The posi-
tion of the southern crustal mag-
netic field did not affect the
outward/inward fluxes and the
reflection ratio. Among the solar
wind parameters, the reflection
ratio was strongly affected by the
IMF magnitude, dynamic pressure,
and gyroradius of O+ pickup ions
in the solar wind. Note that the sig-
nificant dependences of the reflec-
tion ratio on the dynamic pressure
and the gyroradius are mainly due
to changes of proton density and
IMF magnitude, respectively, since

the solar wind velocity does not strongly affect the reflection ratio (see Figure 4b). When the IMF magnitude
and dynamic pressure become large, the reflection ratio increases. On the other hand, it increases when the
O+ gyroradius becomes small. This suggests that magnetic fields both in the solar wind and below the bow
shock play a role to determine the reflection ratio by controlling gyroradius of incident O+ pickup ions in
these regions.

In the solar wind, the IMF magnitude mainly controls the gyroradius of the O+ pickup ions. When the IMF
magnitude is large, the gyroradius of O+ pickup ions become small and thus dense pickup ions close to
Mars have more chances to reenter the magnetosheath. This results in increasing inward fluxes, which
may result in increasing the outward fluxes as well (see Figure 4c).

Below the bow shock, gyroradius of incident O+ pickup ions is initially controlled by the magnetic field in the
magnetosheath. The sheath magnetic field is usually larger than the upstream IMF magnitude due to the
shock jump across the bow shock. The large sheath magnetic field makes the gyroradius of incident O+

pickup ions even smaller. When the gyroradius is enough small compared to the scale of the magnetosehath,
some of the incident O+ pickup ions can gyrate in the magnetosheath and flick back to the solar wind, which
may increase the reflection ratio.

The shock jump rate depends on the magnetosonic Mach number. It corresponds to ~2–3 when the Mach
number ranges ~2–6 according to past Venus observations [Tatrallyay et al., 1984]. Since the Mach number
ranges ~2–10 in our observation (see Figure 5c), the shock jump rate is also ~2–3 by applying the result of
Tatrallyay et al. [1984].

Figure 8 shows a scatterplot of the IMF magnitude and the magnetosonic Mach number. We can see that the
IMF magnitude varies between ~0.2 and 20 nT and there is a negative correlation between the IMF magni-
tude and the Mach number. Due to the large variation of the IMF magnitude and to the fact that the shock
jump rate is at most ~3, we can see that the shock jump effect is less important than the upstream IMF mag-
nitude to form a large magnetic field in the magnetosheath. This means that the shock jump effect of the
magnetic field across the shock is overwhelmed by variations of the upstream IMF magnitude, leading to
the inverse dependence of the reflection ratio on the Mach number as shown in Figure 6c. Thus, we suggest
that the O+ reflection in the magnetosheath is mainly controlled by the upstream IMF magnitude.

Some of incident O+ pickup ions further go down to MPR. In MPR, the solar wind dynamic pressure balances
with the magnetic pressure [Crider et al., 2003]. From the pressure balance equation (Pdyn = PMPR = BMPR

2/2μ0
where PMPR and BMPR represent the magnetic pressure and the magnitude of the magnetic field in MPR,
respectively), we can see that the solar wind dynamic pressure is a proxy for the magnitude of the magnetic
field in MPR. Thus, a large dynamic pressure indicates that a large magnetic field exists in MPR. This means
that the gyroradius of the incident O+ pickup ions become small in MPR under the large dynamic pressure.
As similar to the case of the magnetosheath, more incident O+ pickup ions can gyrate in MPR and flick

Figure 8. Scatterplot of the IMF magnitude and the magnetosonic Mach
number.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023516

MASUNAGA ET AL. O+ REFLECTION RATIOS AT MARS 9



back to the solar wind when the gyroradius are enough small compared to the scale of MPR. This may also
increase the reflection ratio of incident O+ pickup ions. Since the reflection ratio depends on the dynamic
pressure as strongly as the IMF magnitude that controls the O+ reflection in the magnetosheath, it is
possible that the O+ reflection occurs as frequently in MPR as in the magnetosheath. Since Masunaga
et al. [2016] examined O+ ion reflection features only in the magnetosheath, it is important to identify
the reflection features in MPR and compare their occurrence frequency between the magnetosheath
and MPR.

Figure 9 shows outward and
inward O+ ion fluxes as well as
outgoing/incoming rates sorted into
four IMF magnitude cases. In each
case, we also calculated median
values of the dynamic pressure and
the gyroradius of O+ pickup ions in
the solar wind. We can see that the
dynamic pressure positively corre-
lates with the IMF magnitude, while
the gyroradius negatively correlates
with it. Although there are large lacks
of data points in each map shown by
white bins, we can see that both out-
ward and inward fluxes clearly
increase as the IMF magnitude and
the dynamic pressure increase and
as the O+ gyroradius decreases. The
resultant reflection ratios for the four
cases are shown in Figure 10. We can
see that the reflection ratio nonli-
nearly increases with the changes in

Figure 9. (a, c, e, and g) Outward and (b, d, f, and h) inward O+ ion fluxes above the bow shock when the IMF magnitude is 0–2 nT (Figures 9a and 9b), 2–4 nT
(Figures 9c and 9d), 4–6 nT (Figures 9e and 9f), and >6 nT (Figures 9g and 9h). Numbers shown by IMF magnitudes indicate the number of VDFs used to calculate
the O+

fluxes. In each IMF magnitude case, a median value of the dynamic pressure and the gyroradius of O+ pickup ions in the solar wind are also shown.
Outgoing/incoming ion rates (s�1) are also shown above each map.

Figure 10. Reflection ratio of incident O+ pickup ions for the four IMF
magnitude cases. In each case, median values of the dynamic pressure
and the gyroradius of O+ pickup ions in the solar wind are also shown.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023516

MASUNAGA ET AL. O+ REFLECTION RATIOS AT MARS 10



the IMF magnitude, the dynamic pressure, and the O+ gyroradius. Especially, when these parameters are
under extreme conditions (BIMF> 6 nT and median values of Pdyn and RO+ are 1.5 nPa and 2.0 RM, respec-
tively), the reflection ratio increases to 38.9 ± 10.2%.

We have to note that although an error is large the largest reflection ratio was observed during the parallel
IMF case as seen in Figure 4d. In this case, IMF nearly directs parallel to the solar wind flow, and thus, the O+

gyroradius becomes small due to small VSWperp. Since the reflection ratio becomes large for the small gyro-
radius case as discussed above, the reflection ratio for the small cone angle case may become also large.
In addition, a wide parallel shock likely forms near the nose of the bow shock in the parallel IMF case. This
results in forming the foreshock region upstream Mars. In the Martian foreshock, strong fluxes of O+ ion
beams outgoing from the bow shock are observed by Yamauchi et al. [2015] for which the acceleration
mechanism is still uncertain. Thus, it is possible that the large reflection ratio in the parallel IMF case may
be caused by the O+ beams in the foreshock formed near the parallel shock. To confirm this, we need more
detailed analysis of O+ ion VDFs under the parallel IMF case and study effects of the parallel shock on the
reflection of incident O+ pickup ions in the future.

It is known that the incident O+ pickup ions are a major source of sputtering with the Martian upper atmo-
sphere that drives atmospheric heating and escape [Luhmann and Kozyra, 1991]. Our observation shows that
the reflection ratio is sharply increased to 38.9 ± 10.2% when the IMF magnitude and dynamic pressure are
very large and gyroradius of O+ pickup ions in the solar wind is very small (BIMF> 6 nT and median values
of Pdyn and RO+ are 1.5 nPa and 2.0 RM, respectively). This implies that under the extreme solar wind condition
a significant amount of incident O+ pickup ions do not reach the exobase, which could reduce the sputtering
consequences. Since the sputtering escape is thought to be important at the ancient Mars when the Sun and
solar wind were more active than they are today [Luhmann et al., 1992], it is important to study the effect of
the O+ reflection on the sputtering escape. However, our study only includes incident O+ pickup ions reen-
tering from the solar wind across the bow shock but denser newborn pickup ions also exist below the
bow shock [Masunaga et al., 2016]. These ions may be a main source for the sputtering especially in the
�E hemisphere although they are not highly accelerated compared with incident O+ pickup ions entering
from the solar wind. Thus, we need to take these ions into account to study the effect of the O+ ion reflection
on the sputtering escape at Mars in future works.

According to our observations, solar wind conditions more likely to affect the reflection ratio of incident
O+ pickup ions than the solar EUV condition and the crustal magnetic field at Mars. Since the solar EUV
flux does not significantly change the reflection ratio but inward/outward fluxes, it only contributes to
O+ ion productions around Mars. We conclude that the effect of the solar EUV flux on the ion reflection
is small. Although effects of the position of the southern crustal magnetic fields on the reflection ratio
are weak in our result, this does not mean that the crustal magnetic field never affect the incident O+

pickup ions. It is possible that the incident O+ ions are reflected by the crustal magnetic field with
the same analogy to the reflection occurred in the magnetosheath shown in Masunaga et al. [2016].
Because the reflection ratio is larger under strong IMF and magnetic fields below the bow shock shown in
Figure 10 and the magnitude of the crustal magnetic field typically reaches several hundred nanoteslas, it
is possible that O+ ion reflections locally occur more frequently than those seen in the magnetosheath.
Thus, we plan to analyze the ion VDFs and study the ion reflection near the crustal magnetic field in
the future work.

5. Conclusion

It was recently found that some of incident O+ pickup ions are reflected in the Martian magnetosheath and
return to the solar wind as a beam with energy of ~10 keV or higher [Masunaga et al., 2016]. In this paper, to
evaluate the importance of the reflection of incident O+ pickup ions, we statistically estimated a reflection
ratio by calculating average inward and outward O+ ion fluxes (>10 keV) above the Martian bow shock.
Using ~1.3 year data set (November 2014 to February 2016) of O+ ion velocity distribution functions obtained
from the STATIC instrument on MAVEN, we obtained three main results:

1. An average reflection ratio is 14.1 ± 6.7%.
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2. The reflection ratio depends mainly on the IMF magnitude, the solar wind dynamic pressure, and the
gyroradius of O+ pickup ions in the solar wind. The solar EUV flux and the crustal magnetic field do not
significantly affect the reflection ratio.

3. The reflection ratio becomes large as the IMFmagnitude and the dynamic pressure increase and as the O+

gyroradius decreases. Under the extreme solar wind condition (BIMF> 6 nT and median values of Pdyn and
RO+ are 1.5 nPa and 2.0 RM, respectively), the reflection ratio increases to 38.9 ± 10.2%.

From these results, we suggest that magnetic fields both in the solar wind and below the bow shock deter-
mine the reflection ratio of the incident O+ pickup ions by controlling the gyroradius of O+ pickup ions. Since
the reflection ratio depends on the dynamic pressure as much as the IMF magnitude that controls the sheath
magnetic field, it is possible that the O+ ion reflection occurs in MPR as frequently as it does in the magne-
tosheath. Since incident O+ pickup ions are known to be a major source of atmospheric sputtering escape
from Mars, our result suggests that ion reflections may have a role to reduce the sputtering escape from
Mars under the extreme solar wind condition.

The effect of the crustal magnetic field on the ion reflection seems to be weak at Mars. However, it is possible
that incident O+ ions are reflected locally near the crustal magnetic field because themagnitude of the crustal
magnetic field typically reaches several hundred nanoteslas. Thus, it is important to study ion VDFs near the
crustal magnetic field on Mars.
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