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Abstract We study the Mars Atmosphere and Volatile Evolution spacecraft observations of Martian
planetary ion escape during two time periods: 11 November 2014 to 19 March 2015 and 4 June 2015 to 24
October 2015, with the focus on understanding the seasonal variability of Martian ion escape in response to
the solar extreme ultraviolet (EUV) flux. We organize the >6 eV O+ ion data by the upstream electric field
direction to estimate the escape rates through the plume and tail. To investigate the ion escape dependence
on the solar EUV flux, we constrain the solar wind dynamic pressure and interplanetary magnetic filed
strength and compare the ion escape rates through the plume and tail in different energy ranges under high
and low EUV conditions. We found that the total >6 eV O+ escape rate increases from 2 to 3× 1024 s�1 as
the EUV irradiance increases by almost the same factor, mostly on the <1 keV tailward escape. The plume
escape rate does not vary significantly with EUV. The relative contribution from the plume to the total escape
varies between ~30% and ~20% from low to high EUV. Our results suggest that the Martian ion escape is
sensitive to the seasonal EUV variation, and the contribution from plume escape becomes more important
under low EUV conditions.

1. Introduction

The neutral gas in the Martian atmosphere can be ionized by the solar extreme ultraviolet (EUV) radiation,
solar wind electron impact, and charge-exchange collisions with ions. These processes produce planetary
ions including mainly O+, O2

+, and CO2
+. The solar wind plasma and moving interplanetary magnetic field

(IMF) generate a convection electric field (E=�U×B) at Mars. Without the shielding from an intrinsic global
magnetic field, the newly produced planetary ions can be stripped away by the solar wind and IMF through
the pickup process. The gyroradii of these pickup ions are very large in the solar wind and sheath region,
usually on a scale of a few Mars radii. As shown in many numerical models [Cloutier et al., 1974; Luhmann
and Schwingenschuh, 1990; Brecht and Ledvina, 2006; Fang et al., 2008; Najib et al., 2011; Dong et al., 2014;
Jarvinen et al., 2015; Curry et al., 2015], a portion of pickup ions generated are accelerated by the strong
electric field in the sheath region and solar wind for a long distance before finally being deflected to the solar
wind direction, forming a plume-like structure of energetic escaping ions mainly in the upstream electric field
direction. The pickup ions generated close to the planet are affected more by the strong magnetic field. They
will eventually drift to the solar wind direction and escape through the tail region.

Ion escape at Mars has been observed by the Phobos and Mars Express (MEX) spacecraft [Lundin et al., 1989,
2004]. Barabash et al. [2007] estimated that the total heavy ion escape rate at>30 eV was ~4 × 1023 s�1 based
on MEX data from 2004 to 2006. The escape rates including lower energy ions estimated using Phobos and
MEX data at different times vary by an order of magnitude from 2×1024 s�1 to 3 × 1025 s�1 [Lundin et al.,
1990, 2008a; Fränz et al., 2010; Nilsson et al., 2011; Ramstad et al., 2013]. Ion escape at Mars can be affected
by a number of factors, such as solar wind, IMF, solar radiation, and the crustal magnetic field. There have
been studies of the Martian ion escape variation based on different energy ranges and time periods.
Lundin et al. [2008b] studied the low-energy (30–800 eV) ion data from MEX during 17months from 2004
to 2006 and found positive correlations of the low-energy ion escape with both solar wind dynamic pressure
and EUV flux. Another study by Nilsson et al. [2010] using 1.5 year MEX data from 2004 to 2005 within a larger
energy range of 30 eV–36 keV showed that the escaping ion fluxes increase with the subsolar magnetic field
strength but found no clear correlation between the ion escape and solar EUV. Lundin et al.’s [2013] study of
<300 eV ion escape based on MEX data during a much longer time period (2007–2013) shows a strong
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dependence of the ion escape with solar activity measured by the F10.7 index and sunspot numbers. More
recently, Ramstad et al. [2015] also performed a statistical study using 7 year (2007–2014) MEX data in a
bigger energy range of 10 eV �15 keV to investigate the relationship between the ion escape rate and the
solar wind density and velocity under high and low EUV conditions. It is worth noting that these work based
on Phobos and MEX data focused on the tailward ion escape. Although energetic ion beams with similar
characteristics to the plume ions were detected sporadically [Kallio et al., 1995; Carlsson et al., 2006, 2008;
Dubinin et al., 2006; 2011], a substantial plume feature was not established by Phobos or MEX observations,
most likely due to the lack of IMF measurements and limited instrument field of view (FOV) [Liemohn et al.,
2014]. Thus, these previous ion escape rates may be underestimated. The plume contribution to the total
ion escape and its variability with upstream conditions were not clear yet.

The Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft [Jakosky et al., 2015] arrived at Mars in
September 2014. Equipped with instruments to measure plasma, magnetic field, and solar EUV radiation,
MAVEN has provided unprecedented opportunity to study ion escape at Mars in the context of solar wind,
IMF, and solar radiation conditions. Based on the MAVEN data from November 2014 to March 2015 near solar
maximum, the total escape rate for all heavy ion species at>25 eV is estimated to be ~3 × 1024 s�1 through a
spherical surface around Mars [Brain et al., 2015], almost 1 order of magnitude higher than the previous MEX
result with a very similar energy threshold (>30 eV) estimated near solar minimum [Barabash et al., 2007],
which indicates a drastic long-term time variability of Martian ion escape over the past decade. Using
MAVEN planetary ion data organized by the upstream electric field direction, we confirmed the existence
of a substantial plume of energetic escaping ions mainly in the electric field direction generally consistent
with model predictions, which contributes 23% of the total escape rate for >25 eV O+ ions [Dong et al.,
2015]. In this paper we will reanalyze the first 4months of MAVEN data with a lower energy threshold of
6 eV enabled by updated data calibrations and also include additional MAVEN data during a later time period
in 2015, when the solar EUV flux is significantly different. Although there have been studies of the Martian ion
escape variation with solar EUV based on MEX data [Lundin et al., 2008b, 2013; Nilsson et al., 2010; Ramstad
et al., 2015], the effects from solar wind and/or IMF are not excluded and the variation of the plume escape
has never been investigated. With MAVEN data, we will be able to constrain both solar wind and IMF condi-
tions to investigate the seasonal variations of ion escape through the two different channels (plume and tail)
in response to solar EUV.

2. MAVEN Instruments and Data

This work is based on the planetary ion data from the Suprathermal and Thermal Ion Composition (STATIC)
instrument [McFadden et al., 2015]. STATIC consists of an electrostatic analyzer that detects positive ions in
an energy-to-charge range of 0.1 eV/e to 30 keV/e within a FOV of 360° × 90° and a time-of-flight mass
spectrometer that can resolve the major ion species (H+, He++, O+, O2

+, CO2
+, etc.) near Mars. We use the

“d0” data product from STATIC, which has 32 energy bins, 8 mass bins, 32 × 4 angular bins, and a time resolu-
tion of ≤128 s. Although STATIC has a limited FOV, its orientation can change several times during one space-
craft orbit to better detect ion fluxes from different directions.

The upstream solar wind and IMF are measured by the Solar Wind Ion Analyzer (SWIA) [Halekas et al., 2015]
and Magnetometer (MAG) [Connerney et al., 2015]. The MAVEN EUV Monitor (EUVM) has three channels:
Channel A 17–22 nm, Channel B 0.1–7 nm, and Channel C 121–122 nm [Eparvier et al., 2015]. In this study
we use the data from Channel A to represent the solar EUV radiation.

Depending on different locations near Mars, the spacecraft potential can be estimated from STATIC, the Solar
Wind Electron Analyzer instrument [Mitchell et al., 2016], and/or the Langmiur Probe and Waves instrument
[Andersson et al., 2015] data. Combining these spacecraft potential corrections from different instruments, we
are able to extend the lower energy limit to 6 eV for planetary data analysis.

3. MAVEN Observations of Ion Escape During Two Time Periods

We examine MAVEN data from two time periods: 11 November 2014 to March 19 2015 (Time 1) and 4 June
2015 to 24 October 2015 (Time 2). These two time intervals represent different Mars seasons: the planet was
passing perihelion during Time 1 and was approaching aphelion during Time 2. The spacecraft orbits in the
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Mars-Sun-Orbit (MSO) coordinate system (x axis pointing toward the Sun, z axis parallel to the normal of Mars
orbital plane, and y axis completing the right-hand system) are shown in Figure 1. During these two time
periods, MAVEN crossed the bow shock during most of the orbits and had direct solar wind and IMF
measurements. Using the orbit-averaged IMF data [Halekas et al., 2016] from MAG, we can organize the
planetary ion data from STATIC in the Mars-Solar-Electric field (MSE) coordinate system, with x axis pointing
to the Sun, z axis in the upstream electric field direction, and y axis completing the right-hand system.

Figures 2a–2f show the mean number fluxes and velocities for >6 eV O+ ions projected to the MSE x-z plane.
The values in each (0.2 RM)

2 bin have been averaged over the y direction. These maps from the two different
time periods show a consistent ion flow pattern near Mars: energetic plume fluxes in the + E (+z) hemisphere,
slower tailward fluxes on the nightside, and weak precipitating ion fluxes [Hara et al., 2013; Leblanc et al.,
2015] on the dayside of the�E hemisphere. We can also see some differences between the two time periods:
stronger tailward fluxes and higher plume velocities during Time 1 than those during Time 2.

Figures 2g–2l show the escaping ion fluxes through the plume and tail cross sections at z=1.6 RM and
x=�1.6 RM as marked in Figures 2a–2c, which are integrated to obtain the plume and tail escape rates.
These surfaces are chosen for decent data coverage and reasonable distance from the planet. The ion fluxes
in Figures 2g–2l are averaged within 0.2 RM below and above the surfaces. As discussed [Dong et al., 2015],
the STATIC instrument limited FOV can affect the estimation of ion fluxes. Thus, when calculating the plume
(tailward) escape rate, we only use the data points when the MSE+ z (�x) direction is within the STATIC FOV
to ensure that the major portion of the ion fluxes is reasonably captured. Only these data points are used to
calculate the fluxes in Figures 2g–2l.

We apply two different methods to calculate the ion escape rates. The first method is to integrate only over
the data covered areas at x>�1.6 RM for the plume cross sections and at z< 1.6 RM for the tail cross sections.
The cuts at x=�1.6 RM and z= 1.6 RM are meant to avoid double counting the escaping ions. The data
covered areas and escape rates are shown in Table 1 (numbers in the parentheses). These estimates are
the lower limits of the escape rates, because the data points do not cover the full surfaces. As shown in
Table 1, the data covered areas in the parentheses are different for the same surface between the two time
periods, which will cause bias for the escape rate comparisons. Thus, we also apply a second method: to
define an integration area for the plume and tail cross sections as shown by the dashed lines in

Figure 1. MAVEN orbits in the MSO coordinate system during two time periods, where ρ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
. The y-z planes in the

right column are viewed from the +x direction.
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Figures 2g–2l. The integration area is defined as x>�1.6 RM and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
≤ 2.5 RM for the plume cross

section and z< 1.6 RM and
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ z2

p
≤ 2.5 RM for the tail cross section. We calculate the mean fluxes within

these areas and then use these mean fluxes and areas to calculate the escape rates. In this way the escape
rates are estimated over the same integration areas, which avoids the bias from different data covered
areas between the two time periods. The radial limit 2.5 RM is chosen because the data points covered
the major potion of the areas within this limit as shown in Figures 2g–2l, so that the mean fluxes within
these areas would be valid for calculating the escape rates. The results from the second method are
shown in Table 1 as the numbers without parentheses and are better for both escape rate estimates and
comparisons owing to more complete integration areas and less bias.

Figure 2. (a–f) O+ ion flux and velocity maps in the MSE x-z plane, averaged over the y axis and viewed from the +y
direction. The grey dashed lines are the model bow shock and MPB from Vignes et al. [2000]. (g–l) The escaping ion
fluxes through the plume and tail cross sections at z = 1.6 RM and x =�1.6 RM as shown by the black solid lines in
Figures 2a–2c. The black dashed lines label the areas used for ion escape rate calculations. The grey bins represent
returning fluxes. The viewing directions for the plume and tail cross sections are the +z and +x directions, respectively.
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Table 1 summarizes the estimates of plume, tail, and total escape rates for >6 eV O+ ions from the two time
periods separately and together. The error bars for the escape rates are propagated from the standard
deviations of the fluxes in Figures 2g–2l. Using the both methods described in the last paragraph to calculate
escape rates, the variations between the two time periods are generally consistent: the tailward escape rate
drops significantly (~30%) from Time 1 to Time 2, while the plume escape rate does not change much
(<10%). It is worth noting that the data points in Figure 2h do not cover the area at x>~2 RM, where the
fluxes are likely to be lower assuming the flux distribution is similar to Figure 2g. This is likely to be the
main reason that the mean plume flux in Time 2 is higher than that in Time 1 and that including all data (see
Table 1). The fact that including all data from the two time periods gives very close mean plume flux and
escape rate to those in Time 1 also suggests that the plume flux distributions and escape rates do not vary
significantly between the Time 1 and Time 2. The relative contribution from the plume escape increases from
17% to 25% when the total ion escape rate when the total ion escape rate for >6 eV O+ drops from 3.1 to
2.3 × 1024 s�1.

Figure 3. Histograms of orbital averaged upstream parameters.

Table 1. Plume, Tail, and Total Ion Escape Rates for >6 eV O+ Estimated at x =�1.6 RM and z = 1.6 RM as Shown in Figure 2a

Time 1 Time 2 Time 1 and 2

Plume MSE–z = 1.6 RM Mean flux (106 cm�2 s�1) 0.26 0.29 0.25
Area (RM

2) 17.2 (13.7) 17.2 (13.5) 17.2 (16.7)
Escape rate (1024 s�1) 0.52 ± 0.04 (0.41 ± 0.03) 0.57 ± 0.06 (0.44 ± 0.04) 0.50 ± 0.05 (0.47 ± 0.04)

Tail MSE–x =�1.6 RM Mean flux (106 cm�2 s�1) 1.3 0.84 0.95
Area (RM

2) 17.2 (12.6) 17.2 (13.7) 17.2 (16.2)
Escape rate (1024 s�1) 2.6 ± 0.3 (1.9 ± 0.2) 1.7 ± 0.2 (1.3 ± 0.1) 1.9 ± 0.2 (1.7 ± 0.2)

Total escape plume + tail (1024 s�1) 3.1 ± 0.3 (2.3 ± 0.2) 2.3 ± 0.2 (1.7 ± 0.1) 2.4 ± 0.2 (2.2 ± 0.2)
Plume/total 17% (18%) 25% (26%) 21% (21%)

aThe numbers with or without parentheses are calculated from the two different methods as described in section 3.
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4. Upstream Conditions

To understand the variations of ion escape between the two time periods, we have also performed a statis-
tical study on the upstream conditions. Figure 3 shows the histograms of upstream parameters during the
two time periods. The solar wind densities, speeds, and IMF vectors are measured by SWIA and MAG and
averaged on an orbit-by-orbit basis [Halekas et al., 2016]. The EUV irradiances are also orbit-averaged data
from Channel A of EUVM. The cone angle in Figure 3b is the angle between the IMF direction and the

Figure 4. (a and b) Scatterplots of solar wind dynamic pressure versus IMF and EUV irradiances. The red box in Figure 4a
labels the constrained solar wind (0.3–2.6 nPa) and IMF (2.2–6.7 nT) conditions.

Figure 5. (a–i) Histograms of orbital averaged upstream parameters with constrained solar wind and IMF conditions, using
only data within the red box in Figure 4a.
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MSO/MSE x axis. Using the solar wind and IMF data, we also calculate the solar wind dynamic pressure
pdyn =mpnswvsw

2, upstream electric field E=�vsw ×BIMF, pickup O+ gyroradius in the solar wind
rg=mOvswsinθcone/(eBIMF), and Alfvén Mach number MA= vsw/vA, as these parameters can affect the plasma
boundary locations (pdyn and MA), ion acceleration (E), and plume shape (rg). We can see that the solar EUV
irradiance during Time 2 is significantly weaker than that during Time 1, with very little overlap (Figure 3i).
It is because Mars moved farther away from the Sun from Time 1 to Time 2. There are differences in other
parameter histograms between the two time periods as well, but not as distinct as that in the EUV histograms.
The scatterplots in Figure 3 show that there are more data points from Time 2 with low IMF and solar wind
pdyn and that the IMF and pdyn are correlated in general.

To investigate the solar EUV dependence of ion escape, we want to constrain the other solar wind and IMF
parameters. Considering the limited data we have now, we put constraints on the solar wind pdyn (0.3 to
2.6 nPa) and IMF strength (2.2 to 6.7 nT), as shown by the red box in Figure 4a. We have tried different
numbers for these constraints, and the current combination gives the lowest statistical difference (in total
chi-square) between the histograms of all solar wind and IMF related parameters as in Figures 3a–3h between
the data sets from the two time periods.

Figure 5 shows the revised histograms of the upstream parameters after applying the constraints on IMF and
pdyn within the red box in Figure 4a. As shown in Figure 5i, the EUV histograms are still distinctly different with
little overlap between Time 1 and Time 2. The histograms of the solar wind and IMF related parameter are
close to each other between the two time periods, except for the solar wind speed (Figure 5d). This is not
problematic because the more physically meaningful parameters, such as pdyn, E, rg, and MA, have a similar
probability distribution during the two time periods. Therefore, after the application of the data constraints
the MAVEN ion measurements are under comparable upstream solar wind and IMF conditions but are

Figure 6. O+
flux and velocity maps during the two time periods with (a and c) high and (b and d) low EUV radiations, under

the constrained solar wind and IMF conditions. The solid black lines in Figures 6a and 6b label the surfaces used to
estimates the ion escape rates.
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exposed to distinctly different solar EUV irradiances. The comparison of escaping ion flux distributions
between the two time intervals enables us to distinguish the solar EUV effects.

5. Ion Escape Variations With Solar EUV Irradiance
5.1. Ion Flux and Velocity Distributions

Using the solar wind and IMF constraints as discussed in section 4, we perform the similar analysis as in
section 3 to the >6 eV O+ data from Time 1 (high EUV) and Time 2 (low EUV). Figure 6 shows the

Figure 7. Escaping O+ ion fluxes through different (a–f) plume and (g–l) tail cross sections as labeled in Figure 6. The grey
bins represent returning fluxes.
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comparison of O+
flux and velocity distributions between high and low EUV. Similar to the results in section 3,

we see stronger tailward fluxes and higher plume velocities in Time 1 (high EUV) than those in Time 2
(low EUV).

The higher plume velocities in Time 1 indicate a more energetic plume under more intense solar EUV irradi-
ance. Considering that the upstream electric field histograms are generally consistent between the two time
periods as shown in Figure 5f, one possible explanation for a more energetic plume is a longer acceleration
distance. A previous study of Martian plasma boundary location variations based onMEX data by Edberg et al.
[2009] suggests that high EUV generally causes the magnetic pileup boundary (MPB) to move inward. As
discussed in Fang et al. [2008], the plume ions are likely to be produced near or above the MPB so that they
are accelerated by the strong electric field in the sheath region. In the case that the MPB is at lower altitude,
more pickup ions created near the MPB will be accelerated over a longer distance to reach any certain posi-
tion at high altitude in the +E hemisphere (i.e., the plume region) and will gain more energies.

5.2. Escape Rates

As shown in Figure 6, the stronger tailward fluxes in Time 1 indicate higher tailward escape rates under high
the EUV condition. We estimate the escape rates through different surfaces: plume cross sections at z= 1.2,
1.6, and 2.0 RM and tail cross sections at x=�1.2, �1.6, and �2.0 RM, as shown by the solid black lines in
Figures 6a and 6b. The ion fluxes through these surfaces are shown in Figure 7. We also use the two methods
as described in section 3 to calculate the escape rates through these surfaces. The results are shown in Table 2.
The escape rates in the parentheses are the results integrated over the data covered areas and serve as lower
limit estimates. Those numbers without parentheses are obtained by calculating the mean fluxes and then
extending to the integration areas as labeled by the dashed lines in Figure 7, which avoid the bias from
different data covered areas and will be used for comparisons between the two time periods (high and
low EUV). The error bars are propagated from the standard deviations of the fluxes shown in Figure 7. The
escape rate at x=�2.0 RM during Time 1 (high EUV) is not available due to the poor data coverage as shown
in Figure 7i.

Figure 8a and Table 2 show that the total escape rate tends to increase moderately with the distance from
the planet from (x=�1.2 RM, z= 1.2 RM) to (x=�1.6 RM, z= 1.6 RM). This is probably because at 1.6 RM more
ions are accelerated to beyond the observation energy threshold (6 eV) and also more pickup ion sources at
higher altitudes are included. However, there is an increase in both the tailward escape rate and the mean
flux by more than a factor of 2 from x=�1.6 to �2.0 RM during Time 2 (low EUV) (see also Table 2). No
comparison from Time 1 (high EUV) is available due to the poor data coverage at x=�2.0 RM. In fact,
the data coverage at x=�2.0 RM during Time 2 (high EUV) is not good either. As shown in Figure 7l, the
data only concentrate near the center of the tail, which may result in overestimates of the mean flux
and escape rate. Thus, it is hard to tell whether this increase at x=�2.0 RM is real or not. Overall, the escape
rates estimated at 1.2 RM and 1.6 RM are reasonably consistent.

Table 2. Plume, Tail, and Total O+ ion Escape Rates Estimated at Different Surfaces as Shown in Figures 6 and 7 During the Two Time Periods With High and Low
EUV Fluxes under the Constrained Solar Wind and IMF Conditions (Section 4)a

Time 1 (High EUV) Time 2 (Low EUV)

Plume z = 1.2 RM z = 1.6 RM z = 2.0 RM z = 1.2 RM z = 1.6 RM z = 2.0 RM
Mean flux (106 cm�2 s�1) 0.32 0.30 0.35 0.22 0.30 0.34

Area (RM
2) 15.6 (12.2) 17.2 (12.8) 18.6 (9.0) 15.6 (11.8) 17.2 (11.4) 18.6 (11.9)

Escape rate
(1024 s�1)

0.57 ± 0.08
(0.42 ± 0.06)

0.59 ± 0.05
(0.43 ± 0.03)

0.74 ± 0.05
(0.36 ± 0.02)

0.39 ± 0.08
(0.28 ± 0.05)

0.60 ± 0.05
(0.39 ± 0.03)

0.73 ± 0.09
(0.47 ± 0.06)

Tail x =�1.2 RM x =�1.6 RM x =�2.0 RM x =�1.2 RM x =�1.6 RM x =�2.0 RM
Mean flux (106 cm�2 s�1) 1.1 1.2 0.44 0.68 0.75 1.6

Area (RM
2) 15.6 (13.6) 17.2 (10.8) 18.6 (3.2) 15.6 (9.8) 17.2 (10.8) 18.6 (10.1)

Escape rate (1024 s�1) 2.1 ± 0.2 (1.6 ± 0.2) 2.5 ± 0.3 (1.5 ± 0.2) 1.2 ± 0.1 (0.67 ± 0.07) 1.5 ± 0.1 (0.88 ± 0.09) 3.4 ± 0.3 (1.9 ± 0.2)

Total escape: plume + tail (1024 s�1) 2.7 ± 0.2 (2.0 ± 0.2) 3.1 ± 0.3 (1.9 ± 0.2) 1.6 ± 0.1 (0.95 ± 0.09) 2.1 ± 0.1 (1.3 ± 0.1) 4.1 ± 0.3 (2.4 ± 0.2)

Plume/Total 21% (21%) 19% (23%) 24% (29%) 29% (30%) 18% (20%)
aThe numbers with or without parentheses are calculated from the two different methods as described in section 3.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023517

DONG ET AL. MARTIAN ION ESCAPE SEASONAL VARIABILITY 9



As shown in Figure 8a the tailward
escape rates increase with EUV signifi-
cantly, while the plume escape rates
do not change much except for at
z= 1.2 RM. Since plume ions are likely to
be generated near or above MPB and
accelerated above MPB [Fang et al.,
2008], it is better to estimate the plume
escape rate through a surface at higher
altitude. Thus, the plume escape rates
at z= 1.6 and 2.0 RM should be more
accurate estimates, which do not show
significant difference between low and
high EUV conditions. The stronger EUV
fluxes would generally enhance the
ionization of neutral sources. However,
it is possible that the enhancements of
lower altitude sources, which mainly
contribute to the tailward escape, are
more significantly than those of the
higher-altitude sources, which mainly
contribute to the plume escape.
Therefore, the increase of escape rate
with EUV is mostly seen in the tail but
not in the plume.

Estimating at the surfaces of x=�1.6 RM
and z= 1.6 RM, where both the plume
and tail cross sections have adequate
data coverage during the two time per-
iods as shown in Figure 7 and are at a

reasonable distance from the planet, the total escape rate for >6 eV O+ increases from 2.1 to 3.1 × 1023 s�1

with EUV irradiance from 0.26 to 0.44mW/m2, by almost the same factor. In this work we used the data from
Channel A of EUVM, which only covers a narrow wavelength band of 17–22 nm. Under the same solar wind
and IMF constrains, the averaged irradiances from the other two EUVM channels for Time 2 (low EUV) and
Time 1 (high EUV) are 0.22 and 0.52wm/m2 from Channel B (0.1–7 nm, corresponding to soft X-ray) and
2.8 and 4.3wm/m2 from Channel C (121–122 nm, corresponding to Lyman �alpha line). Although it is not
clear which channel can represent the variation of a complete EUV irradiance for ~10–120 nm better, compar-
ing ion escape with irradiances from the three channels gives very similar results. Noticing that the seasonal
variation of the solar EUV radiation between the two time periods that we investigated is small comparing to
long-term EUV variations with solar cycle or over the history of the solar system, our results suggest that the
ion escape rate may vary by a much larger factor with EUV over a longer time scale. Although the plume
escape rate is not sensitive to the seasonal EUV variation, it may vary more significantly with long-term
EUV variations.

5.3. Different Energy Ranges

To better understand the seasonal variation for different ion populations, we estimate the escape rates within
different energy ranges at the surfaces of x=�1.6 RM and z= 1.6 RM, which have the best data coverage and a
reasonable distance from the planet. The results are shown in Figure 8b.

As expected, the tailward escape is dominated by low-energy ions, while the plume ions are mainly between
1 and 10 keV under both high and low EUV conditions. The tailward escape rate variations with EUV are
mostly seen in the low-energy range at <1 keV. At >1 keV, both plume and tailward escape rates do not
change much. As discussed in Dong et al. [2015], there is no clear boundary between the plume and tail
regions, but a smooth transition region. Some of the high-energy (>1 keV) tailward escaping ions are like

Figure 8. (a)>6 eV O+ escape rates estimated at different surfaces versus
averaged EUV irradiances during the two time periods. The shaded areas
show the standard deviations of the EUV irradiances. (b) O+ ion escape
rates within different energy ranges estimated at x =�1.6 RM and
z = 1.6 RM. The percentages (only labeled when >1%) show the ratio to
the total O+ escape rate (6 eV–30 keV) under high or low EUV.
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plume ions: generated near the MPB and accelerated in the sheath region but are deflected more by the
magnetic field to the tail region depending on their initial positions and the electromagnetic field distribution
[Fang et al., 2010]. Meanwhile, the low-energy (<1 keV) tailward escaping ions are likely to be generated at
lower altitude. Therefore, the fact that the ion escape rate increase is mostly from <1 keV ions can also be
explained by a more significant enhancement of lower altitude sources under the high EUV conditions, as
discussed in section 5.2.

The escape rate at >10 keV under high EUV is much larger than low EUV, although both numbers are very
small comparing to other energy ranges. Under high EUV conditions, the >10 keV escape (mostly tailward)
contributes ~2% to the total ion escape. For low EUV, the>10 keV escape rate is much lower and contributes
<1% to the total escape. As discussed in our previous work [Dong et al., 2015], there are upstream pickup O+

detected by STATIC at >10 keV with weak fluxes of ~104–105 cm�2 s�1. Comparing with the mean tailward
fluxes ~106 cm�2 s�1 as shown in Table 2, it is plausible that the ~2% at >10 keV of the total ion escape
during Time 1 (high EUV) is from upstream pickup ions that enter the tail region. This high-energy portion
is more significant under high EUV, probably because the neutral corona and upstream O+ production are
enhanced under high EUV. MAVEN observations of the hot O corona have shown positive correlation
between the corona density and EUV flux based on the corona brightness at the altitudes of 700–1500 km
(i.e ~1.2–1.5 RM) [Deighan et al., 2015]. However, a more recent study by Rahmati et al. [2016] based on
the upstream pickup ion data from MAVEN suggests that the more distant upstream hot O corona does
not show significant seasonal variation. Thus, whether the seasonal O corona enhancement with EUV is
enough to account for the >10 keV tailward escaping ions under high EUV condition requires more quanti-
tative investigation.

6. Discussion

We have examined the ion escape during two time periods with and without the solar wind and IMF
constraints. The ion flux and velocity distributions between Figures 2 and 6 (without and with the solar wind
and IMF constraints, respectively) are generally consistent. The ion escape rates at 1.6 RM and the variations
from Time 1 to Time 2 are also generally consistent between Tables 1 and 2. These imply that the most
important factor in determining the difference in ion escape between the two time intervals is most likely
the solar EUV intensity.

Our results show that the ion escape rate increases with EUV under the constrained solar wind dynamic pres-
sure. This is generally consistent with the study of MEX data by Ramstad et al. [2015], which shows that the ion
escape rate is higher under high EUV condition than that under low EUV with nominal solar wind speeds and
densities. Lundin et al.’s [2008b] results suggest that the low-energy ion escape rate (30–800 eV) increases
linearly with EUV, also generally consistent with our results within a similar energy range of 25 eV–1 keV.
The work by Nilsson et al. [2010] did not find any clear correlation between the ion escape and solar EUV
radiation. However, their work is based on a data set over a continuous time span with a single-peak solar
EUV flux histogram. They divided the data set by the median EUV flux near the peak, so that most of the
EUV fluxes from the two partial data sets are still close to the original median value. The EUV variation
between the two data sets may not be enough for observable effects on ion escape. The two data sets we
studied in this paper naturally have different EUV distributions because of the 3month gap between the
two time periods. Thus, the ion escape variation with EUV is significant enough to be observed. In addition,
in Nilsson et al. [2010] the solar wind and IMF conditions are not controlled, which may also affect the ion
escape variations.

In this work, we have extended the lower energy limit for data analysis from 25 eV as in our previous work
with Time 1 data [Dong et al., 2015] to 6 eV with spacecraft potential corrections. With updated data calibra-
tion and analysis, the tailward and plume escape rates at >25 eV during Time 1 from this work are still
generally consistent with our previous results. However, the <6 eV ions escape can be a significant portion
of the total ion loss. Further data calibrations will be required to include <6 eV ions. We have calculated
the error bars for the escape rates through the propagation of the standard deviations of the mean fluxes
in each bin of the ion flux maps. The instrument uncertainties are not included yet. For the solar EUV
radiation, we have used the data from Channel A (17–22 nm) of EUVM. To better quantify the solar
EUV dependence of ion escape and understand the mechanism, we will need to consider a full solar EUV

Journal of Geophysical Research: Space Physics 10.1002/2016JA023517

DONG ET AL. MARTIAN ION ESCAPE SEASONAL VARIABILITY 11



spectrum of ~10–124 nm and the ionization cross sections of neutral sources at different wavelengths. We
seek to solve these issues in our future work with improved data calibrations and analysis methods.

The solar EUV variation can affect the neutral distribution, ion production, and plasma boundaries at Mars
and consequently cause variations in ion escape. However, we cannot yet fully understand the mechanisms
for some observed trends. Although we have constrained the solar wind and IMF conditions to determine the
dependence on EUV, there can be seasonal variations from other parameters such as solar radiation at other
wavelengths and crustal field locations [Edberg et al., 2008; Fang et al., 2017]. As shown in Figure 1, the orbital
coverage is not exactly the same between the two periods. Dawn-dusk asymmetry [Dubinin et al., 2008] may
also cause variations in ion escape. These unanswered questions are beyond the scope of this study but will
be interesting topics for future work.

7. Summary and Conclusions

We studied the>6 eV O+ data fromMAVEN during two time intervals: one is between 11 November 2014 and
19March 2015 (solar longitude (Ls) from 231.1 to 310.5) and the other is between 4 June 2015 and 24 October
2015 (Ls from 352.5 to 58.8). By imposing constraints on the solar wind dynamic pressure (0.3–2.6 nPa) and
IMF (2.2–6.7 nT), we obtain similar probability distributions of the upstream solar wind and IMF parameters
but distinctly different solar EUV conditions between the two time intervals. Therefore, by examining
the systematic differences in escaping ion distributions and loss rates, we are able to assess the effects
from the seasonal variation of solar EUV on ion loss at Mars. Our observations and conclusions are
summarized below:

1. The total ion escape rate for >6 eV O+ under all solar wind, IMF, and EUV conditions is 2.4 × 1024 s�1.
2. The total ion escape rate increases from 2.1 to 3.1 × 1024 s�1 as the EUV irradiance increase from 0.26 to

0.44mW/m2, by almost the same factor. The increase is mostly from tailward escape.
3. The plume is more energetic under high EUV, but the plume escape rate does not vary significantly with

the seasonal EUV change.
4. The plume contribution to the total ion escape is more important (~30%) under low EUV conditions than

that (~20%) under high EUV condition.
5. The EUV is likely to be the most important upstream factor causing the variations in ion escape between

the two time periods.

As discussed before, the solar EUV radiation can affect ion escape through many processes, although some
mechanisms are not fully understood yet. Our study shows that the Martian ion escape rate is sensitive to
the moderate seasonal EUV changes, which implies that there can be more drastic variations in the ion
escape rate over a longer time scale with the EUV variations during solar cycle and over history of the solar
system. Understanding the ion escape dependence on solar EUV radiation is important for the study of the
long-term evolution of the Martian atmosphere.
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