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Abstract Cold ion outflow is one of the candidate processes to cause significant atmospheric escape from
Mars. We here report on the cold dense heavy ion outflow event observed in Martian-inducedmagnetotail by
Mars Atmosphere and Volatile EvolutioN (MAVEN) on 4 December 2014. In the outflow event, the cold
dense heavy ion outflow was observed only in south dusk downward convection electric field (E) lobe.
During the event, the strong crustal magnetic field was located on dayside of Mars. It suggests that
combination of minimagnetosphere and downward E facilitates the cold dense heavy ion outflow. In order to
estimate the CO2

+ density, we adopted a fitting method of log-normal distribution to the O2
+ time of flight

distributions to eliminate O2
+ contamination in the CO2

+ time of flight data. Contribution of O2
+, O+, and

CO2
+ to the total heavy ions (~134 cm�3) is about 71%, 26%, and 3%, respectively. Average heavy ion flux was

~5.4 × 107 cm�2s�1, assuming the escape velocity at 2,000-km altitude.

Plain Language Summary Mars has a cold surface temperature and little water on surface at
present. However, it is thought that Mars had a warm climate and liquid water on surface about 4 billion
years ago. In order to cause the climate change, a large amount of CO2, that is, greenhouse gas, needs to be
removed from Martian atmosphere. While the ion escape from the Martian upper atmosphere to space
through interaction between the solar wind and Mars is one of the candidate mechanisms to remove CO2,
detailed characteristics of the ion escape such as its composition and relation to the solar wind conditions are
far from understood. Based on observations in the Martian-induced magnetotail by the Mars Atmosphere
and Volatile EvolutioN mission, we here report on the cold dense heavy ion outflow event which accounts for
a significant escape flux. A careful analysis enables us to derive densities of O+, O2

+, and CO2
+ ions separately.

The resultant ion species ratio suggests the ion escape from deep ionosphere below altitudes of 300 km.
Observations also indicate that both the solar wind electric field and the crustal magnetic fields play an
important role to cause the cold dense ion outflow.

1. Introduction

Geological studies have suggested that Mars had a warm climate and liquid water on surface about 4 billion
years ago, while Mars has a cold surface temperature and little water on surface at present (e.g., Bibring et al.,
2006; Jakosky & Phillips, 2001). It is thought that the warm climate on early Mars was maintained by dense
atmosphere including greenhouse gases (e.g., Ramirez et al., 2014). To cause the drastic climate change,
escape of greenhouse gases such as CO2 to space is considered as the plausible reason. However, the
mechanism enabling the large amount of the CO2 loss is far from understood. The planetary ion escape
through interaction between the solar wind and the Martian upper atmosphere can be one of the candidate
mechanisms leading to the atmospheric escape (Chassefière & Leblanc, 2004).

Solar wind plays an important role in heavy ion escape. When the upstream solar wind dynamic pressure
is strong, a large amount of heavy ions escape from Mars (Lundin et al., 2008). The upstream magnetic
field strength also has an influence on the ion outflow (Nilsson et al., 2010). Moreover, Dong et al.
(2015) showed that there are mainly three escape channels: antisunward fluxes in the tail region, strong
plume fluxes in the direction of the solar wind convection electric field in Mars-Sun-Electric field
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coordinate (X: Sun direction, Z: solar wind electric field direction, and
Y: Z×X direction), and pickup ion fluxes on the dayside. Brain et al.
(2015) calculated net number fluxes of heavy ions with higher ener-
gies than 25 eV, and they obtained a lower bound estimate for plane-
tary ion escape of about 3 × 1024 s�1.

Mars does not have global intrinsic magnetic field. However, it has
local crustal magnetic fields on its surface (Acuña et al., 1999;
Connerney et al., 2005). Due to the local crustal magnetic fields,
escape mechanisms become complicated. Some researches consid-
ered the relationship between local crustal magnetic fields and
escape rate (e.g., Brain et al., 2010; Fang et al., 2015; Lundin et al.,
2011; Ramstad et al., 2016; Soobiah et al., 2006). However, we have
not fully understood the role of local crustal magnetic fields in heavy
ion escape yet.

The escape rate of heavy ions has been estimated by Mars Express
(e.g., Barabash et al., 2007; Carlsson et al., 2006; Lundin et al., 2009;
Nilsson et al., 2011). From their results, the main ion species in the
heavy ion escape are inferred to be O+ and O2

+, while they also
reported that significant amounts of CO2

+ escape. It is difficult to
detect the cold ions precisely although it is important to assess their
contribution to the total ion escape (Brain et al., 2015; Lundin et al.,

2009). The contamination of O2
+ ions prevents us from calculating CO2

+ number density precisely,
because the mass per charge ratio of O2

+ ions is closed to that of CO2
+.

In this study, we report on the cold dense heavy ion outflow event on 4 December 2014 observed by Mars
Atmosphere and Volatile EvolutioN (MAVEN; Jakosky et al., 2015) in the induced magnetotail wake region.
Cold ions can be detected because of negative charging of the spacecraft. Cold ions are accelerated toward
the spacecraft when the spacecraft potential is negative, and we can detect the ions. We also present a
method to estimate number density of CO2

+ through subtracting O2
+ contamination from the data, and

the method is applied to the cold dense heavy ion outflow event.

2. Instrumentation and Data Analysis
2.1. Instrumentation

MAVEN has nine science instruments dedicated to understand escape processes fromMars (Lillis et al., 2015).
The magnetometer (MAG; Connerney et al., 2015), the Solar Wind Ion Analyzer (SWIA; Halekas et al., 2015),
and the Supra-Thermal And Thermal Ion Composition (STATIC; McFadden et al., 2015) instrument onboard
MAVEN were used in our study. STATIC was used to derive density of each ion species, and MAG and SWIA
were used to derive solar wind conditions and field configuration in the magnetotail. The solar wind condi-
tions were determined by the same method as that described in Halekas et al. (2017). The energy range of
STATIC is 0.1 eV to 30 keV. STATIC provides several data products, and we used “c6” data product with high
resolution in mass. It has 32 energy bins and 64 mass bins. Time resolution and energy range of SWIA are 4 s
and 5 eV to 25 keV, respectively. The MAG samples magnetic field vectors at a maximum rate of 32 Hz, and we
use 1-s average of this data for our investigation.

2.2. Estimation of CO2
+ Density

To estimate CO2
+ number density precisely, subtraction of the O2

+ contamination is needed. We first deter-
mined the response function (i.e., mass-counts relationship) of the STATIC instrument to O2

+ ions. We
selected data in which CO2

+ contribution is small from all MAVEN orbits #1476-4854 (obtained from July
2015 to March 2017). STATIC “pickup” mode data were only used. We divided the selected data into indivi-
dual energy steps and determined the response functions corresponding to each energy step by using fitting
method. Note that the data with energies less than 2 eV were merged under the assumption that the
response function does not depend on energies less than 2 eV.

Figure 1. Example of derivation of CO2
+ number density at 15:03:16 on 4

December 2014. Black symbols represent the data with the energy of
8.1 eV, and red line represents the fitting function for O2

+ distribution. Blue
line shows a residual between data and fitting function. The residual data
in mass range from 40 to 55 (blue shaded area) are used to derive CO2

+

number density.

10.1029/2018GL077584Geophysical Research Letters

INUI ET AL. 5284



As a fitting function to the O2
+ distribution in TOF (time of flight) data,

we adopted a log-normal distribution

f xð Þ ¼ k
1ffiffiffiffiffiffi

2π
p

σ x � cð Þ exp � ln x � cð Þ � μð Þ2
2σ2

" #

where x represents mass per charge number and c represents transla-
tion in x direction. We determined the values of c, σ, and μ by using
fitting method. Coefficient k was determined by the peak value of
O2

+ counts.

We utilized the obtained parameters of the fitting function to subtract
the contamination of O2

+ ions included in CO2
+ TOF data bins from

the 64-s resolution data. In this process, we determined the coefficient
k to fit the right slope. After calculating residual counts (original data-
fitting function) at each CO2

+ TOF bin, moment calculation was con-
ducted for the residual data in mass range from 40 to 55 (blue shade
in Figure 1) to derive CO2

+ number density since CO2
+ ions are

expected to be distributed in this mass range. Energy shift caused
by the spacecraft potential was corrected in the density calculation.
Spacecraft potential was obtained by the energy cutoff of the STATIC
instrument, and its range is about �5.4 to �1 V in the cold ion outflow
event. From Figure 1, the obtained O2

+ distribution fits well to the data
in the range of 25 to 40 by mass. When mass approaches 40, the resi-
dual between the data and obtained fitting function starts to expand.
Blue shaded area (around 44 by mass) is regarded as contribution from
CO2

+ ions. We tried various fitting functions to assess their effect on
the resultant CO2

+ density. The uncertainty in the CO2
+ density is

within 10%.

Figure 2. Trajectory map of MAVEN orbit #354 (4 December 2014), projected onto (a) the X-Z and (b) the Y-Z plane in the
MSO coordinates. Blue, green, and red lines represent +X, +Y, and + Z direction in the MSO coordinates, respectively. Blue
shaded region in Figure 2a shows the wake region. Red and blue colors on the Martian surface indicate the radial com-
ponent of modeled crustal magnetic fields at 400 km at 15:38 (Morschhauser et al., 2014). The direction of ESW (the
solar wind electric field) is displayed with the black arrows in the figure. Southern and northern hemispheres roughly
correspond to downward and upward ESW hemispheres, respectively. MAVEN = Mars Atmosphere and Volatile EvolutioN.

Figure 3. Summary plot of MAVEN observations in the 4 December 2014
event: (a) magnetic field in the MSO coordinates (MAG), (b) energy time,
(c) mass-time spectra (STATIC) in which color codes indicate differential
energy flux (“Eflux”), and (d) spacecraft altitude in which colors indicate each
plasma region (Trotignon et al., 2006). Red bar at the bottom of the figure
indicates the period when cold dense heavy ions were observed and
corresponds to the period shown in Figure 4. MAVEN = Mars Atmosphere
and Volatile EvolutioN; MAG = magnetometer; STATIC = Supra-Thermal And
Thermal Ion Composition.

10.1029/2018GL077584Geophysical Research Letters

INUI ET AL. 5285



3. Results

The cold dense ion outflow with the peak O2
+ density of > 100 cm�3 is

observed in the Martian-induced magnetotail at the altitude of about
2,000 km around 15 UT on 4 December 2014 (orbit #354). Note that
because of the limited field of view of the STATIC instrument, observed
densities may be underestimates. However, derived total ion density
agrees with electron density obtained by Langmuir Probe and Waves
(Andersson et al., 2015) within 10% difference. As shown in Figure 2,
MAVEN traverses the wake region from south dusk to north dawn quad-
rants. During the event, the strong crustal magnetic fields were located
on the dayside of Mars.

In the same orbit, MAVEN also observed the solar wind region, and the
interplanetary magnetic field was directed to approximately +Y direc-
tion in Mars-Sun-Orbital (MSO) coordinate (X: Sun direction, Y: dusk
direction, and Z: X × Y direction; (Bx = �0.9, By = 2.9, and Bz = 1.3 [nT],
respectively). Therefore, based on a simple assumption that the current
sheet direction is perpendicular to the projected interplanetary mag-
netic field on the Y-Z plane, the angle between the current sheet and
X-Z plane in the MSO coordinates was about 24°. In other words, the
solar wind electric field was tilted at 24° from Z axis in the MSO coordi-
nates (as shown in Figure 2b).

In this period, MAVEN first observed the sheath region and then pene-
trated into the induced magnetotail. In the magnetotail optical wake
region from 14:57 to 15:17 UT, cold dense heavy ions were observed
even at high altitudes as shown in Figures 3b and 3c. Dense iono-
spheric ions were observed near the periapsis. After the periapsis,
MAVEN passed by the sheath and solar wind regions. The sign of
XMSO component of magnetic field changed dramatically at about
15:11 UT, indicating that MAVEN passed by a current sheet. In the
sheath and solar wind regions, H+ and He++ ions were dominant popu-
lations with energies about 1 keV. In the induced magnetotail observed
from 14:57 to 15:17 UT, heavy ions were observed. We could observe
cold heavy ions in the wake region because of negative charging of

the spacecraft (about �5.4 to �1 V). We focused on the period when the cold dense heavy ions were
observed (indicated by red bar at the bottom of Figure 3).

Figure 4 is the enlarged figure of the period indicated by the red bar in Figure 3. At about 15:11 UT, MAVEN
crossed the current sheet from the south dusk to north dawn lobes as shown in Figure 4a. Note that a flux
rope was observed in the current sheet at this time (Hara et al., 2017). Number densities of heavy ions
decreased significantly at the current sheet crossing around 15:11 UT. On the other hand, the H+ number
density is increased or almost constant at the crossing. Time variations of heavy ions were similar to each
other, while H+ variation was different, suggesting that H+ ions have a different source or transport process.
Therefore, there was a clear asymmetry between south dusk downward E and north dawn upward E hemi-
spheres. The former was heavy ion dominant, and the latter was H+ dominant.

In the period of cold dense (134 cm�3 on average) heavy ion outflow event (from 14:57 to 15:10), density ratio
of heavy ions O2

+:O+:CO2
+ is about 1:0.38:0.04. In other words, contribution of O2

+, O+, and CO2
+ to total

heavy ions (the sum of these three ion species) is about 71%, 26%, and 3%, respectively.

4. Discussion

Figure 5 illustrated outline of the cold dense heavy ion outflow event reported in this study. During the event,
the strong crustal magnetic fields were located on the dayside, and cold dense heavy ions were observed
only in south dusk downward E lobe. Mitchell et al. (2001) showed that the interaction between the solar

Figure 4. Summary time series plots of number densities of ions in the
period indicated by red bar in Figure 3. Panels (a) and (d) are identical to
panels (a) and (c) in Figure 3. Panels (b) and (c) show energy-time spectro-
grams for proton and heavy ions. Panel (e) shows number densities for each
ion species (black: H+, red: O2

+, magenta: O+, and blue: CO2
+), and panel

(f) shows the density ratio of heavy ions (O+, O2
+, and CO2

+) to H+ ions.
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wind and the strong crustal magnetic fields forms the minimagneto-
sphere. Some of the crustal magnetic fields are “open” fields, one end
connects to Mars, and the other end connects to tailward (Luhmann
et al., 2015). A possible scenario of the ion outflow formation is that
ionospheric heavy ions in this minimagnetosphere are gradually trans-
ported upward along the magnetic field lines in the cusp-like regions
and flow out to the magnetotail.

In upward E hemisphere, heavy ions can be accelerated by the upward
electric field induced by the solar wind and strong plumes can occur
(Dong et al., 2015). Due to the flux conservation at high altitude, the
strong acceleration results in lower density and higher velocity in the
upward E hemisphere. Moreover, the efficient acceleration of plume
ions in the upward E hemisphere makes their escape path more pole-
ward andmakes it difficult for them to reach such a near-Mars magneto-
tail region. Therefore, the observed decrease in the cold heavy ion
densities from south downward E to north upward E hemisphere might
be explicable with less acceleration in the downward E hemisphere.

The obtained number density ratios between heavy ion species pro-
vide us a clue to infer the source altitude of the cold dense ion out-
flow (e.g., Lundin et al., 2009). Roughly speaking, CO2

+ originates
from low altitudes. The ions obtained in the tail region can include
light ion species coming from high altitudes, which suggests that
the ratio of CO2

+ decreases. Thus, the source altitude of ion outflow is
expected to be lower than the altitude indicated by the ratio obtained

in the tail region. Withers et al. (2015) showed the ion density profiles observed by Neutral Gas and Ion
Mass Spectrometer (Mahaffy et al., 2015) onboard MAVEN. Their results indicated that above 300 km, densi-
ties of O+ ions and O2

+ ions are comparable, and contribution of CO2
+ to total heavy ions is smaller than 3%.

Comparison with their results also indicates that the density ratio of heavy ions in the cold ion outflow, O2
+:

O+:CO2
+ (1:0.38:0.04), is almost the same as the density ratio at around 260-km altitude in the Martian iono-

sphere. Thus, it is suggested that the source altitude of heavy ions is around 260 km or below, considering
possible addition of the lighter ions at altitudes higher than the source. If the minimagnetosphere was
formed due to the existence of strong crustal magnetic fields, heavy ions at the low altitude could flow
out more easily along the magnetic field lines. Formation of minimagnetosphere with cusps as well as less
acceleration in downward E hemisphere might cause the cold dense ion outflow from the low-
altitude ionosphere.

In this cold dense heavy ion outflow event, average flux of heavy ions was about 5.4 × 107 cm�2s�1. Note that it
is challenging to derive the precise velocity due to the negative charging of spacecraft. Therefore we assume
that all ions have the same velocity, that is, the escape velocity at altitude of 2,000 km from Mars.
Considering that we observed the same outflow from the south dusk downward E quadrant (shaded area in
Figure 5), we can obtain the total ion escape rate to be about 5 × 1024 s�1. This escape rate is not small com-
pared to the previous statistical observations (e.g., 3.9 × 1023 s�1 in Barabash et al., 2007, 2.0 × 1024 s�1 in
Nilsson et al., 2011, and 3 × 1024 s�1 in Brain et al., 2015), and contribution of this kind of cold ion outflows
through the magnetotail is not negligible when one considers the total atmospheric escape from Mars. It
should be noted that low-energy component normally dominates at the distances where the cold ion outflows
were observed (Nilsson et al., 2012), and we could observe cold ions due to the negative charging of spacecraft.

5. Conclusion

In this paper, we report on the cold dense heavy ion outflow event observed by MAVEN on 4 December 2014
in the induced magnetotail wake region. In this event, cold dense ion outflow was observed only in south
dusk downward E lobe. Strong local crustal magnetic field was located on the dayside in the period of this
event. It might indicate that the cusp outflow from the minimagnetosphere formed by the interaction
between the solar wind and the strong crustal magnetic fields facilitates the cold dense heavy ion outflow.

Figure 5. Schematic summary of cold dense ion outflow event on 4
December 2014, viewed from the tail region. Black line is a trajectory of the
spacecraft, and in the period of light blue line, the spacecraft was in the
wake region. Magenta line shows current sheet. Because of IMF condition,
direction of ESW is determined as the black arrow displayed in the figure.
Black shaded region represents south dusk downward E lobe where cold
dense heavy ions were observed. IMF = interplanetary magnetic field.
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In other words, the spacecraft might be on open crustal field lines that have access to the low-altitude
ionosphere when the spacecraft was in the southern hemisphere, and the escape in analogy with terrestrial
case can occur by the mechanism such as ambipolar electric fields in cusp regions (André & Yau, 1997). The
asymmetry of heavy ion density between the downward and upward E lobes in the Mars-Sun-Electric field
coordinates is most likely to be caused by the solar wind electric field.

To obtain the number density of CO2
+ ions, contamination from O2

+ ions is eliminated by using a fitting
method. The result shows that the relative contributions of O2

+, O+, and CO2
+ to the heavy ion outflow are

~71%, 26%, and 3%, respectively. Comparison with the density altitude profile in the Martian ionosphere sug-
gests that the source altitude of the cold dense ion outflow is around 260 km or below. The estimated escape
rate of heavy ions including CO2

+ due to the cold ion outflow is about 5 × 1024 s�1. This value is not so small
compared to previously reported other escape processes. The derivation method of CO2

+ density developed
in this study will be also applicable for the long-term MAVEN data to better understand statistical properties
of various ion outflows for individual species from Mars.
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