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Abstract Based on the Mars Atmosphere and Volatile Evolution measurements we have observed
cases when the fluxes of oxygen ions escaping the Martian ionosphere exceed their median values by more
than a factor of 100. In the Martian tail very high fluxes of the more energetic (E > 30 eV) oxygen ions

fill the plasma sheet which then becomes much broader than under conditions with median values of

ion fluxes. We have analyzed the occurrence of such events in the upper ionosphere near the terminator
plane, which is the main source region of ions in the plasma tail. The maximum values of fluxes of oxygen
ions with E > 30 eV were observed mostly in the hemisphere where the motional electric field imposed

by the solar wind is directed outward from the planet. Although high values of the solar wind dynamic
pressure and (or) the motional electric field are favorable for the observation of the extreme values of

ion fluxes with E > 30 eV, there must also be other factors which initiate these events. In particular, we
found a close relation of the maximum ion fluxes with the values of the simultaneously measured fluxes
of solar wind penetrating into the upper ionosphere. Direct interaction of both plasmas might be a critical
factor for the strong growth of the oxygen ion escape. Very high fluxes of the low-energy oxygen ions

(E < 30 V) are often related with ion “clouds” with anomalously large number density observed in the
upper ionosphere.

1. Introduction

The topside ionosphere is the main ion reservoir supplying the Martian plasma tail. It was shown that
this region is very responsive to the variations of the external (solar extreme ultraviolet [EUV] flux, solar
wind, and interplanetary magnetic field) and internal (crustal magnetic field) drivers (Dubinin, Fraenz,
et al.,, 2019). As a result, the escaping ion fluxes also reveal strong variations. Lundin, Barabash, Holmstrom,
et al. (2008) estimated the long-term variations in the ion fluxes due to changes in solar wind dynamic pres-
sure to be a factor of 25-30. However, Nilsson et al. (2010) observed that the average ion flux was only 2-3
times higher during periods of large solar wind dynamic pressure. Dubinin et al. (2011) and Dubinin and
Fraenz (2015) found a correlation between the solar wind dynamic pressure and ion fluxes in the plasma
sheet using biweekly intervals of Mars Express observations. Ion fluxes varied by a factor of ~10 in response
to solar wind variations. Using the MAVEN data Dubinin, Fraenz, Pitzold, McFadden, Halekas, et al. (2017)
observed increase of the flux of oxygen ions in the plasma sheet by a factor of ~10 when the solar wind
dynamic pressure varied in ~25 times.

Effects of solar irradiance on ion fluxes were discussed in (Dong et al., 2017; Dubinin, Fraenz, Pitzold, Mc-
Fadden, Mahalffy, et al., 2017; Dubinin, Fraenz, Pdtzold, Andrews, et al., 2017; Lundin, Barabash, Fedorov,
et al., 2008; Lundin et al., 2013; Nilsson et al., 2011; Ramstad et al., 2013, 2015). Ion fluxes observed by
Phobos-2 during solar maximum (Lundin et al., 1989; Ramstad et al., 2013) were approximately 10 times
higher than fluxes measured by Mars Express during solar minimum (Dubinin et al., 2011; Lundin, Bara-
bash, Holmstrom, et al., 2008; Nilsson et al., 2011). According to Lundin, Barabash, Fedorov, et al. (2008) a
decrease in the EUV flux by a factor of 2.5 leads to a decrease in the outflow of ions with E < 800 eV also by
a factor of 2.5. Analyzing the Mars Atmosphere and Volatile EvolutioN (MAVEN) data Dong et al. (2017)
found that the total escape rate of ions with E > 6 eV increases by 50% when the EUV irradiance increases
by almost the same factor. Using Mars Express data obtained over almost 12 years Dubinin et al. (2017) ob-
served that the trans-terminator fluxes of cold (E < 50 eV) oxygen ions increased by a factor of 5-10 when
the EUV flux varied in ~1.6 times. Ramstad et al. (2015) studied the effect of EUV on ion escape “freezing”
the solar wind parameters. The authors did not separate fluxes of low and high-energy ions and found an
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increase by a factor of two in the total ion escape between low and high EUV periods for similar conditions
in the solar wind.

A large spread of the values in all these studies might be caused by several reasons: by a high temporal vari-
ability of ion fluxes; by distinct effects of the solar and solar wind drivers in the different escape channels; by
a spatial asymmetry of the ion flow pattern; and by a dependence on ion energy. The authors also discussed
variations of the mean or median values of the ion fluxes. Here we analyze a variability of the ion fluxes as
a function of different drivers and also focus on their maximum values observed by MAVEN and conditions
favorable for their subsistence. It will be shown that the values of oxygen ion fluxes can exceed their median
values by more than two orders of magnitude. In past epochs the solar wind was stronger, solar irradiance
was higher and ion loss rate should have been much higher than at present. Therefore, it is interesting to
study whether these events with very high ion fluxes are related with the Sun and solar wind conditions.

2. Instrumentation

The MAVEN spacecraft arrived at Mars in September 2014 to study the processes in the upper atmosphere/
ionosphere and its interaction with solar wind and the consequent escape of atmospheric species to space
(Jakosky et al., 2015). MAVEN was inserted into an elliptical orbit with periapsis and apoapsis of 150 and
6200 km, respectively, and with a period of 4.5 h. In this paper we discuss observations made by the Su-
pra-Thermal And Thermal Ion Composition (STATIC) instrument from December 18, 2014 to May 15, 2018.
The STATIC instrument mounted on the actuated payload platform is used to study the escape of planetary
ions. It measures energy spectra of ion fluxes in the range of 0.1 eV to 30 keV and the ion composition
(McFadden et al., 2015). The measurements allow a retrieval of the velocity distribution functions and their
moments (density, velocity, and temperature) for different ion species. We derive the velocity distribution
function by joining several STATIC telemetry products (c0, cf, d1, ce, d0, cd, cc, and ca) into a common
matrix with a resolution of 32 energy bins, 4 mass bins, 64 spatial bins and 4 s time resolution. For each
bin of this matrix the phase space density is calculated. Since the measurements of the low-energy ions
in the dense ionosphere and in the planetary wake are affected by the spacecraft (s/c) potential we made
corrections using the values of the s/c potential presented by the STATIC team. Calculations of the correct-
ed moments from three-dimensional distribution functions were based on Liouville’s theorem (see, e.g.,
Lavraud & Larson, 2016). Here we focus only on the observations of the flux of the oxygen ions (O* and O5
together) which dominate in the topside ionosphere and in the tail. The STATIC observations were comple-
mented by data obtained by the MAVEN EUV instrument (Eparvier et al., 2015) and solar wind monitoring
(solar wind ion analyzer, Halekas et al. 2015), and by the measurements of the magnetic field (Connerney
et al., 2015). We utilize the interplanetary magnetic field (IMF) orientation on each MAVEN orbit by aver-
aging the MAG data in the upstream solar wind over 30 min. We processed all orbits in order to study the
global features without any assumptions about stationarity of the IMF orientation. The full EUV spectrum
at Mars is obtained by combining the MAVEN EUV measurements and the observations at Earth orbit on
TIMED-SEE and SOLSTICE instruments interpolated to the Mars position at the time when the MAVEN
measurements were obtained (EUV L3 data product produced by the EUV team). Monitoring of the solar
wind by solar wind ion analyzer is made with high cadence (4 s) measurements of ion velocity distributions
in the 30 eV to 25 keV energy range with 14.5% energy resolution and 3.75° X 4.5° angular resolution in the
sunward direction. During the orbits when MAVEN was not in the solar wind, we used the measurements
in the magnetosheath since the post-shock plasma parameters beyond the terminator plane are rather close
to the undisturbed solar wind values. The measurements performed by the Langmuir probe and waves ex-
periment (Andersson et al., 2015) provide us with in-situ measurements of the electron number density (n,)
and temperature (7,) in the Martian ionosphere.

3. Observations

Figure 1 (left panels) shows the median and maximum values of the total fluxes of oxygen (0" and O;)
ions measured with time resolution of 16 s by the STATIC instrument during the time period from Decem-
ber 18, 2014 to May 15, 2018. The data are plotted in cylindrical coordinates collecting all observations in
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Figure 1. Maps of the median and maximum fluxes of oxygen (O* and O;) ions plotted in cylindrical coordinates. In
red shaded bins values of fluxes are above 10° cm™ s™'. Nominal positions of the bow shock and the boundary of the
induced magnetosphere are shown. Right panels depict the median (maximum) ion fluxes in the tail (-3R,,, < Xps0 < —
1.3R,,) as function of the radial distance r. Dotted curves are the lower and upper quartiles which limit 50% of the data
around the median values.

different bins with 0.1 Ry, size. The median fluxes of oxygen ions are observed mainly within the induced
magnetosphere, the nominal boundary of which together with the position of the bow shock are shown by
the solid lines (Dubinin et al., 2006). Maximum values of the ion fluxes measured in each bin are signifi-
cantly higher than the median values and extend to the magnetosheath and solar wind.

Right panels of Figure 1 depict the median (maximum) ion fluxes in the tail (-3R,, < Xjs0 < —1.3R,,) (in
the MSO coordinates the X-axis is directed toward the Sun) as function of the radial distance r. Cutoffs at r
~2.5R)rappear due to the data coverage. Dotted curves are the lower and upper quartiles which limit 50% of
the data around the median values. Already here we observe that maximum values of fluxes are more than
a factor 100 higher than the median values. Correspondingly, the ion loss rates through the tail can be esti-
mated as 2.6 X 10** s™' (median) and 3.6 x 10* s™' (maximum). The calculation of the maximum loss rate
assumes that the same conditions apply for the complete cylindrical shell, although the maximum values
of ion fluxes measured in each spatial bin might be found under very different conditions and in different
time intervals. Nevertheless, it is interesting to examine at what conditions such high fluxes are observed.

Figure 2a shows statistics of the measurements of the different values of the total fluxes of oxygen
(0" and 03) ions in the tail (-3R,, < Xiso < — 1.3R,,). The plot also includes some data in the magnetosheath.
Black shaded bins indicate only single events. Here we separately present fluxes of low (E < 30 eV) and
high (E > 30 eV) energy ions. Such a separation is used since the mean (median) fluxes of the low-energy
(<30 eV) and high-energy (=30 eV) oxygen ions reveal different trends with changes in the solar wind and
solar irradiance. The main driver for escape of the high-energy oxygen ions is the solar wind dynamic
pressure. On the other hand, the low-energy ion component is not sensitive to solar wind variations and
varies with the solar EUV flux (Dubinin, Fraenz, Pédtzold, McFadden, Mahaffy, et al., 2017). It is observed
from Figure 2a that the events with the maximum values of fluxes in both energy ranges are very rare,
that is, < 1% of the total measurements in the Martian tail.

Figures 2b and 2c depict the median values of solar EUV flux and solar wind dynamic pressure during
the measurements in each flux bin. We observe that at least for the observations of not very high fluxes
of ions with E > 30 eV, the median values of the EUV flux during the measurements of high fluxes of the
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Figure 2. (a) Number of the measurements of the different values of the total fluxes of low-energy (E < 30 eV) and high-energy (E > 30 eV) oxygen ions in
the tail (-3R,, < Xps0 < — 1.3R,). (b) and (c) Median values of solar EUV flux and solar wind dynamic pressure during the measurements in each flux bin,

respectively.

low-energy (E < 30 eV) ions correspond to high solar activity (Figure 2b). On the other hand, median values
of the solar wind dynamic pressure during the measurements of high ion fluxes with E > 30 eV correspond
to the strong solar wind, at least during the observations of not very high fluxes of ions with E < 30 eV (Fig-
ure 2¢). This does not mean that the cases with maximum values were recorded only during the time of high
solar irradiance or strong solar wind but supports the used ion energy separation, and indicate that these
conditions might be favorable for high ion fluxes. On the other hand, we also observe very high fluxes of
ions of both energy populations for moderate conditions of the solar wind and the solar EUV flux implying
the existence of other drivers.

Figure 3 shows where in the tail median and maximum fluxes of the low-energy and high-energy oxygen
ions are observed. It depicts maps of the median values of oxygen ion fluxes in the tail (-3R,, < Xjyso < —
1.3R,,) for the same data set as in Figure 2 plotted in the B, — Zys; coordinates, where B, is the locally ob-
served X-component of the magnetic field and Zys is the spacecraft coordinate Z in the Mars solar electric
(MSE) coordinate system. In MSE system the X,z axis coincides with the Xyso axis, while the Yy axis is
along the cross-flow component of the IMF. Then the Z),s; axis is always along the direction of the motional
electric field E,,, = — Vi, X Bpyr. We took the IMF orientation on each MAVEN orbit by averaging the MAG
data in the upstream solar wind over 30 min because of frequent fluctuations of the IMF on smaller time in-
tervals. This reference frame is useful since it avoids problems related with multiple crossings of the central
current sheet of the tail,that is, around the region where the B, component changes sign, due to its flapping
motions (DiBraccio et al., 2017; Dubinin & Fraenz, 2015; Dubinin, Fraenz, Woch, Zhang, et al., 2012) and
reduces uncertainties related to a time lag (~several minutes) of the current sheet orientation in response
to the IMF variations (Modolo et al., 2012; Romanelli et al. 2018).

Upper (lower) panels show maps of low-energy (E < 30 eV) and high-energy (E > 30 eV) ions, respectively.
It was shown earlier (Dubinin, Fraenz, Pitzold, McFadden, Halekas, et al., 2017) that oxygen ions with
different energy occupy different areas in the tail. More energetic ions fill mainly the central part of the
tail—plasma sheet, where the j X B force has its maximum value. The lobes of the tail are filled by oxygen
ions with lower energy—from few eV to ~10-30 eV. These ions are extracted from the Martian ionosphere
either by the ambipolar electric field (“polar wind”) or (and) are accelerated by weaker j X B forces in the
draping magnetic field configuration.

Left panels in both rows in Figure 3 depict the median values of the ion fluxes. A spatial separation of
low-energy and high-energy ions is clearly seen distinguishing the lobes and the central current sheet. Right
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Figure 3. Maps of the median and maximum values of the oxygen ion fluxes in the tail plotted in the B, — Zysg

variables. Upper (lower) panels show the values of fluxes of oxygen ions with E < 30 eV and E > 30 eV, respectively. In

black shaded bins the fluxes are less than 10° cm > s ™.

panels present the maximum values of ions fluxes measured in each bin. Ion fluxes become much higher
and the separation between the lobes and the plasma sheet in the central part of the tail almost disappears.
Occurrence of the most intense ion fluxes with E > 30 eV is higher in the Zy;sz > 0 hemisphere while the
locus of maximum low-energy ion fluxes is shifted to the Zysz < 0 hemisphere, that is, in the agreement
with the distribution of mean (median) ion fluxes in the tail (Dubinin, Modolo, et al., 2019).

To identify conditions favorable for the observation of the maximum values of ion fluxes we focus on the
measurements in the upper ionosphere of Mars near the terminator plane. It is a transition region through
which the plasma in the Martian tail is supplied (Fraenz et al., 2010, 2015). Panels (a) and (b) in Figure 4
show a number of the measurements (samples) in each bin for the measurements of fluxes of oxygen ions
with E < 30 eV and E > 30 eV at solar zenith angles (SZA) in the range 70° — 100° and different altitudes
(bin size is 25 km), respectively. Black solid curves give the median values. Dotted curves are the quartiles
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Figure 4. Upper panels show a number of the measurements of fluxes of oxygen ions with E < 30 eV (left) and

E > 30 eV (right) made at different altitudes at solar zenith angles (SZA) 70° — 100°. Median values and the upper and
lower quartiles are shown by the black solid and dotted lines, respectively. Lower panels show the median values of
solar EUV flux and solar wind dynamic pressure for the measurements of the low-energy and high-energy oxygen ions
at SZA = 70° — 100° and Alt = 400-500 km.

which limit 50% of the data around the median values. A strong variability of the flux values is the main fea-
ture. Fluxes of low energy ions with median values dominate at almost all altitudes. Fluxes of more energet-
ic ions are more frequently observed at higher altitudes. Their values increase with altitude up to ~1000 km
and then slightly decrease. There are also cases of the measurements of very high fluxes of low-energy and
high-energy ions mostly observed as single events (black shaded bins), but a number of such cases is <1%
as compared to number of samples close to the median values. The values of these maximum fluxes in both
energy ranges are comparable.

Figures 4c and 4d show the median values of solar EUV flux and solar wind dynamic pressure in each
bin during the measurements of the low-energy and high-energy ions at SZA in the range of 70° — 100°
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Figure 5. (a) and (b) Statistics of the measurements of fluxes of ions with E > 30 eV at SZA = 70° — 100° and at two different conditions in the solar
irradiance. (c) and (d) Statistics of the measurements of fluxes of ions with E > 30 eV at two different conditions of the solar wind. Black and red solid curves
show the median and maximum values of ion fluxes, respectively. Dotted curves depict the upper and lower quartiles. The lower row (e)-(h) shows similar plots
for fluxes of the low-energy (E < 30 eV) ions.

and altitudes of 400-500 km, respectively. Similar to Figure 2, we separately present fluxes of low-energy
(E < 30 eV) and high-energy (E > 30 eV) ions. We observe that the median values of the solar irradiance
during the measurements of high fluxes of ions with E < 30 eV often correspond to high solar activity, while
a lot of the measurements of high fluxes of ions with E > 30 eV were done during the enhanced solar wind
dynamic pressure. On the other hand, we have many cases with very high ion fluxes observed for moderate
EUV or solar wind conditions implying that strong solar wind or high solar EUV flux are favorable but often
not always necessary for the appearance of very high ion fluxes.

Now we consider in more details a role of different drivers for the very high values of ion fluxes. Figures 5a
and 5b present a number of the measurements of fluxes of ions with E > 30 eV at SZA = 70° — 100° and at
two different conditions in the solar irradiance. Black and red solid curves show the median and maximum
values of ion fluxes, respectively. Dotted curves depict the upper and lower quartiles. We do not observe
any significant changes in the values of the median and maximum ion fluxes with the EUV variations
(EUV = 0.03-0.05 W/m? and EUV = 0.076-011 W/m?). Panels (c) and (d) show a number of the measure-
ments of fluxes of ions with E > 30 eV with their median and maximum values of fluxes at two different so-
lar wind conditions (Pgy, = 0.05-0.16 nPa) and Py,, = 0.4-3.2 nPa). At low values of the solar wind dynamic
pressure (Pg,, = 0.05-0.16 nPa), the median ion fluxes increase with altitude more smoothly as compared
to their values at high Py, (Pgy, = 0.4-3.2 nPa) although the maximum values of the median fluxes are
approximately the same for both regimes in the solar wind. In contrast, the behavior of the maximum ion
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fluxes (red curves) with altitude occurs different at low and high Pg,,. The absolute values of the maximum
ion fluxes are also different implying an important role of Pgy,.

The lower row in Figure 5 (panels (e)-(h)) presents similar plots for the measurements of fluxes of ions
with E < 30 eV. We observe that the median and maximum fluxes of the low energy ions at altitudes below
~1000 km significantly increase with increase of the solar EUV flux, but at higher altitudes ion fluxes at
weaker EUV radiation become higher. Maximum values of the fluxes of ions with E < 30 eV also strongly
increase with increase of the solar wind dynamic pressure, while the median values almost not sensitive to
variations in Pyy,.

Figure 6a shows several examples of the STATIC measurements of fluxes of ions with E > 30 eV at
SZA = 70°-100° which demonstrate some important features. The green curve shows the total fluxes of ox-
ygen ions measured on 20 May 2017 (P, = 0.79 nPa). Solid and dotted curves depict for comparison the me-
dian fluxes and the upper and lower quartiles corresponding to P, = 0.4-3.2 nPa. The fluxes measured on
20 May 2017 almost coincide with the maximum values of fluxes observed in all cases at SZA = 70°-100°.
The red curve corresponds to the measurements made during the impact of an interplanetary coronal mass
ejection (ICME) in September 2017. The shock related with the ICME arrived on 13 September at 02:52 UT
(Lee et al., 2018). During the event MAVEN did not enter the solar wind and therefore there are uncertain-
ties in the solar wind parameters. Results from CME modeling provide proxy peak values of the dynamic
pressure in the range 3.4-3.8 nPa. According to Ma et al. (2018) the peak value of the dynamic pressure
reached 20.8 nPa at 08:00 UT. During this event we also observe ion fluxes with values close to the maxima.
It is important to note that in both cases, the MAVEN measurements were done in the E*-hemisphere in
which the motional electric field in the solar wind is pointing along the +Zy-axis. The dotted red curve
in Figure 6a depicts the ion fluxes measured in the opposite E”-hemisphere on the inbound leg of the same
orbit on 13 September (07:20-07:48UT). We observe that ion fluxes in both hemispheres differ by two orders
of magnitude implying a very asymmetric ion outflow during this event. Note that in the E~ hemisphere the
values of fluxes are within the area limited by the upper and lower quartiles which bound 50% of the data
around the median values.

We do not compare here the fluxes measured on both orbital legs on 20 May 2017, since on the inbound
part of the orbit the spacecraft sampled the regions with much smaller SZA. But a similar large spatial
asymmetry is observed on many other orbits. Figure 6b presents an example of the measurements made on
two legs of the orbit on 3 April 2015 in a similar range of the SZA. The solar wind dynamic pressure was
rather moderate (Pg4, = 0.6 nPa). The observations were carried out at EUV (0.1-50 nA) = 0.076 W/m? and
therefore we also plot here the median and quartile values for the measurements at EUV = 0.076-0.11 W/m*
(solid and dotted black curves). We see that the values of ion fluxes measured at almost the same solar and
solar wind conditions show a very large variability controlled only by the position of the spacecraft in the
MSE coordinates.

Another important feature of the observations of very high values of the ion fluxes with E > 30 eV can be
seen in Figures 6¢ and 6d. Here we show fluxes of oxygen ions (red curves) on the same orbits on 13 Sep-
tember 2017 and 3 April 2015 and fluxes of the solar wind protons (black curves). On 13 September 2017
(the ICME impact), the solar wind plasma penetrates down to ~250 km. The region above of ~250 km is
filled by both plasmas. Spikes of ionospheric plasma are often accompanied by drops in fluxes of the solar
wind plasma. Similar features of the direct interaction of the solar wind with the ionospheric plasma are
observed on orbit on April 3, 2015, but at less disturbed solar wind conditions. It is worth noting that we
cannot distinguish between the solar wind protons and protons of the atmospheric origin picked up by the
solar wind flow. Therefore, we also present the fluxes of the low energy (E < 30 eV) protons (the dotted
black curve) and solar wind He** ions multiplied by a factor of 20 (Figure 6c, blue curve). At altitudes above
~1000 km fluxes of H* and He™™" ions are well correlated. At smaller distances correlation remains, al-
though the ratio of their fluxes strongly varies. At h ~400 km and below, the ratio F(He**)/F(H") increases
implying a deeper penetration of He** ions, probably, due to their larger Larmor radius. At h < 400 km the
proton fluxes and fluxes of the oxygen ions with E > 30 eV strongly decrease pointing to a significance of a
direct interaction of both plasmas for ion losses. Fluxes of the low-energy protons decrease with altitude at
h <300 km. At higher altitudes we observe several peaks which correlate with the peaks of the oxygen ions
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Figure 6. (a) The green curve shows the total fluxes of oxygen ions with E > 30 eV measured on 20 May 2017 at

SZA = 70°-100°. Solid and dotted curves are the median fluxes and the upper and lower quartiles corresponding to
statistics at Py, = 0.4-3.2 nPa. The dotted and solid red curves show the measurements made during the impact of
ICME in September 2017 on the inbound and outbound legs, respectively. (b) Similar measurements made on 3 April
2015. Median and quartile values correspond to the measurements at EUV = 0.076-0.11 W/m?. (c) and (d) Fluxes of
oxygen ions (red) and solar wind protons (black) as a function of altitude (SZA = 70° — 100°) on the outbound legs of
the orbits on September 13, 2017 and on April 3, 2015. The blue curve in Figure 6¢ depicts fluxes of the He™™ ions. The
dotted black curve shows fluxes of protons with E < 30 eV.

implying a certain contribution of the atmospheric protons, although their fluxes are significantly lower
than fluxes of oxygen ions.

Figure 7 shows the median values of the Zysg position of MAVEN plotted as a function of both altitude and
high-energy ion flux. We see that the maximum fluxes of oxygen ions with E > 30 eV are observed mostly
in the E"-hemisphere.
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Figure 7. Median values of the Zs; position of MAVEN plotted as a
function of altitude and flux (E > 30 eV) for SZA = 70°-100°.

a)

Figure 8 shows how median (black curves) and maximum (red curves)
fluxes of ions with E > 30 eV measured at SZA = 70°-100° and altitude
of 400-500 km vary with changes in the solar wind dynamic pressure (a),
the motional electric field (b), and the solar EUV flux (c), respectively.
Color bars present a number of the measurements in each bin (size of the
altitude bin is 25 km). Red squares show the data for orbit on 13 Septem-
ber 2017 (impact by the ICME). As a result of the uncertainty with the
solar wind parameters for this case we use two values of the Py, (7.4 and
20.8). We observe a trend of a sharp increase of the maximum flux values
with increase of the solar wind pressure or the motional electric field at
P4n < ~1 nPa and (V X B) < ~0.25 mV/m, respectively. It is difficult to
say whether a decrease of the values at higher Py, and (V X B) is related
to a pure statistic of the measurements and, for example, the absence of
measurements at large Zys; or has another origin. Large variations in
ion fluxes are probably caused by their filamentary structure, as seen,
for example, on orbits on September 13, 2017 and April 3, 2015 and by a
diversity of fluxes due to a strong axial asymmetry of the escape pattern,
in particularly, in the MSE coordinates. In contrast, we do not observe a
visible effect of the solar irradiance on values of the maximum ion fluxes.

Figures 9a-9c present similar to Figure 8 plots of effects of different driv-
ers on median and maximum fluxes of low-energy (E < 30 eV) oxygen
ions at SZA = 70° — 100° and altitudes of 400-500 km. Median values
of ion fluxes almost do not vary with changes of the solar wind dynamic
pressure and the motional electric field. Maximum values of ion fluxes
at first increase with Py, and (V' x B) and then drop down. Black squares
show the fluxes during the ICME impact (13 September 2017). Variations
of median fluxes with solar irradiance reveal a substantial increase at

EUV > 0.08 W/m” when the EUV flux increases only by a factor of 2, although statistics of the measure-
ments at high EUV is rather poor. The maximum values of ion fluxes show large fluctuations and do not
reveal any trend with changes in solar activity.
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Figure 8. Upper panels: median (black curves) and maximum (red curves) fluxes of ions with E > 30 eV measured at SZA = 70°-100° and altitude of
400-500 km as a function of changes in the solar wind dynamic pressure (a), the motional electric field (b), and the solar EUV flux (c), respectively. Color bars
present a number of the measurements in each bin (size of the altitude bin is 25 km). Red squares show the data for orbit on 13 September 2017.
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Figure 9. The same as in Figure 8 but for low-energy ion fluxes.
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A decrease of the maximum fluxes of low-energy ions at high values of the solar wind pressure and the mo-
tional electric field can occur due to the efficient ion acceleration and their conversion to the high-energy
population. We can see it, for example, from Figure 10a which depicts the fluxes of the low-energy oxygen
ions on the outbound leg of the orbit on 13 September 2017 (blue curve) when an ICME impacted Mars
followed by the appearance of very high fluxes of ions with E > 30 eV (see Figure 6a). Comparing the ion
fluxes with E > 30 eV (Figure 6a) and E < 30 eV (Figure 10a) we observe a strong decrease of fluxes of the
low-energy component, even below the values of the median values. It happens due to conversion of ions
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Figure 10. (a) Fluxes of the low-energy oxygen ions on the outbound legs of the orbit on 13 September 2017 (blue curve) and the orbit on 20 May 2017 (red
curve). Black curves are the median, upper and lower quartiles corresponding to values of Py, = 0.4-3.2 nPa. (b) and (c) Examples of the measurements of
fluxes of the low-energy oxygen ions (red curves) and solar wind protons (black curves).
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Figure 11. Left panels are examples of the observations of high values of the fluxes of the low energy oxygen ions
in the upper ionosphere. Right panels show the ion (black) and electron (green) density profiles. Dotted curves on all
panels are the data obtained on the nearby MAVEN orbits.

with low-energy to the high-energy population. As a result, the growth of the total loss rate of oxygen ions
during this and similar events might be rather moderate. We observe the same feature on the orbit on 20
May 2017 (red curve) which can be compared with high-energy ion fluxes in Figure 6a. Panels (b) and (c)
of Figure 10 demonstrate another important characteristic of the observations of very high fluxes of the
low-energy ions. The black (red) curves show fluxes of the solar wind protons (oxygen ions), respectively.
The events are observed inside the induced magnetosphere where the direct solar wind contribution is mi-
nor. This is valid for all our cases with maximum fluxes of the low-energy ions.

We also found that the cases with very high fluxes of the low-energy oxygen ions are often related with
anomalously large number densities in the upper ionosphere. Figure 11 (left panels) show examples of the
altitude profiles of low-energy ion fluxes with very high values. We observe structures with large plasma
density in the upper ionosphere which resemble similar structures observed at Venus (Brace et al., 1982).
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In both cases shown in Figure 11 the measurements were done during
the moderate solar and solar wind conditions (Pg, = 0.38 and 0.63 nPa,
EUV(0.1-50 nA) = 0.047 and 0.045 W/m? on December 25, 2015 and
June 7, 2016, respectively). Right panels show the ion (O + 03) (black
curves) and the electron (green curves) density profiles measured on the
same orbits by two different instruments. Despite of a certain mismatch
between the STATIC and Langmuir probe and waves data a clear signa-
ture of large-scale structures with very high number densities in the up-
per ionosphere for cases with high ion fluxes is observed. Dotted curves
on the left panels present the measurements with much lower ion fluxes
carried out on the nearby MAVEN orbits. We see very different values of
the ion fluxes for the same external solar and solar wind conditions im-
plying that the cases with very large low-energy ion fluxes are either local
or transient phenomena.

SZA=70-100

Bcef, nT

A tailward transport of these large and dense ionospheric structures
might be due to an enhanced thermal expansion driven by the ambipolar
electric field (Ergun et al., 2016) due to stronger local gradients in the
electron density (pressure), or (and) a drag by the magnetic field tensions.
Figure 12 shows a plot for the median values of the cross-flow component
of the local magnetic field. We see that higher values of the cross-flow
field component are favorable for the observations of the maximum ion

1000 1200 1400

: fluxes.
Altitude, km
Figure 12. Median values of the cross-flow component B,s measured . . .
at SZA = 70°-100° for different values of ion fluxes (E < 30 eV). In red 4. Discussion and Conclusions

shaded bins the magnetic field is larger than 40 nT.

In about < 1% of the MAVEN measurements in the Martian tail and near
the terminator plane fluxes of oxygen (O* and O3) ions escaping Mars are
higher than the median values in the corresponding regions by more than
a factor 100. If the fluxes with the maximum values simultaneously fill the cross-section of the tail, the ion
loss rate would be about 3.6 x 10*° s™'. We have studied the occurrence of the maximum values of fluxes of
ions with E < 30 eV and E > 30 eV as a function of the solar wind dynamic pressure and the solar EUV flux.
We used such a separation in energy based on the observations of different trends in the mean(median) flux-
es of the low-energy (E <30 eV) and high-energy (E >30 eV) ions with changes in the solar wind and solar
irradiance (Dubinin, Fraenz, Pdtzold, McFadden, Halekas, et al., 2017). Ions with higher energy mainly fill
the region adjacent to the current sheet of the magnetic tail (plasma sheet). Their maximum fluxes are also
localized in the plasma sheet where the j X B forces are the strongest. But this region becomes significantly
broader. The most intense fluxes are observed in the E*-hemisphere. Median fluxes of the low-energy ions
fill the tail lobes adjacent to the plasma sheet. For maximum fluxes of these ions the plasma sheet and lobes
strongly overlap. Maximum fluxes of low energy ion are more often observed in the E"-hemisphere. Such
a behavior is related to a shift toward the -Zys; direction of the magnetic tail and the appearance of the ion
trail which contains a dense and slowly moving plasma (Dubinin, Modolo, et al., 2019). Median values of
the solar wind dynamic pressure and solar EUV flux during the measurements of maximum fluxes of ions
with E > 30 eV and E < 30 eV correspond to disturbed solar wind conditions or high EUV values, respective-
ly. In other words, we observe similar trends for maximum ion fluxes as trends for mean (median) values.
On the other hand, we also observe very high ion fluxes for moderate conditions in the solar wind and solar
irradiance implying the existence of other drivers. We could not identify a unique driver which might be
solely responsible for the appearance of very high ion fluxes in the tail.

We have analyzed the measurements in the upper ionosphere near the terminator plane, from which the
oxygen ions supply plasma into the tail. We found a clear relation between the solar wind dynamic pressure
or the solar wind motional electric field and the maximum fluxes of ions with E > 30 eV, although the
positive correlation is only significant up to moderate values of the solar wind parameters. Pure statistics
of the measurements for strong solar wind leaves an uncertainty concerning very large values of the solar
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wind dynamic pressure (motional electric field). The maximum values of these ion fluxes are observed in
the E* hemisphere implying a significant role of the motional electric field in the ion extraction from the
ionosphere.

Another important point is that the maximum values of high-energy oxygen ions are often observed with
the simultaneously measured fluxes of the solar wind protons. Direct interaction of both plasmas might be
a critical factor for the growth of ion sweeping. Alternating structures with strong fluxes of oxygen ions and
with penetrating jets of magnetosheath plasma resemble large-amplitude surface waves propagating on the
boundary of two plasmas. Such waves can be caused by the Kelvin-Helmholtz (KH) or other magnetohy-
drodynamic instabilities. Initiation of the KH instability at Mars was suggested by Gurnett et al. (2010) to
explain a generation of large-amplitude waves observed in the upper ionosphere. Ruhunusiri et al. (2016)
analyzed possible signatures of the KH instability and concluded that non fully developed vortices can
appear at the boundary of the induced Martian magnetosphere. Filamentary structures at the boundary
of two plasmas were also observed in the simulations made by Terada et al. (2002). The waves in the sim-
ulations were generated only in the E*-hemisphere that indicates a possible excitation of the modified Ra-
leigh-Taylor instability for a plasma with unmagnetized ions driven by the ion acceleration in the motional
electric field which acts similar to gravity in the classical Raleigh-Taylor instability (E -Vn < 0, Hassam &
Huba, 1987). It is interesting to note that such a filamentary structuring is probably a typical phenome-
non arising during solar wind interaction with the ionized gaseous shells. They were clearly observed, for
example, in the AMPTE artificial comet. G. Haerendel in paper by Szego et al., (2000) explained them as
a “clumping instability” generated by a splitting of the piled up magnetic field. Dubinin et al. (1998) sug-
gested that plasma clumps arise due to waves generated by oxygen ion flow through a fluid dominated by
the solar wind protons. Plasma filamentation was also observed in the multiple-ion magnetohydrodynamic
simulations of the solar wind interaction with weak comets, Mars and Pluto (Bogdanov et al., 1996; Sauer
et al., 1996, 1997).

Median values of fluxes of the low-energy ions sharply increase with increase of solar EUV flux. A high
solar irradiance is also favorable for initiation of very high ion fluxes but there are also other unknown yet
causes responsible for the maximum values. Recently, using the ionosphere sounding radar measurements
on Mars Express, Stergiopoulou et al. (2020) have observed isolated cold plasma structures at much higher
altitude than normal. The authors also could not find a relation of these structures to a sole driver.

The observations of very high fluxes of ions with E < 30 eV are often accompanied by the appearance of
large-scale over-dense structures in the upper ionosphere. These structures might be similar to ion “clouds”
observed at Venus (Brace et al., 1982). A large variability of ion fluxes in the upper ionosphere observed
even on the subsequent orbits implies that such structures probably represent different stages of the ion-
ospheric response to solar wind variations. However, mechanism of their formation is still unknown. We
can assume, for example, that continuous variations in the interplanetary magnetic field and magnetic field
“penetrated” into the ionosphere and, correspondingly, variations in the forces caused by the magnetic
tensions, produce a mismatch between sources and sinks of the ionospheric plasma. As a result, plasma
“clouds” can be locally formed under weak dragging conditions and subsequently swapped downstream
under a favorable field orientation. Unfortunately, it is difficult to examine such temporal variability in the
upper ionosphere using only the in-situ observations by a single spacecraft.

A separation on fluxes of low-energy and high-energy ions used in our analysis is not a strict one. We pre-
sented examples when the low-energy component is transformed to the high-energy population due to ion
acceleration. It happens, for example, during strong solar wind events. We show here that as a result of such
conversion, a total loss rate might be rather moderate even during solar wind events. The observed large
cylindrical asymmetry in distribution of very high ion fluxes might also reduce the total ion losses.

Data Availability Statement

MAVEN data are publicly available through the Planetary Data System (https://pds-ppi.
igpp.ucla.edu/mission/MAVEN).
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