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Abstract Electron densities in the Martian nightside ionosphere are more than 90% of time too low to
be detected by the Mars Advanced Radar for Subsurface and lonosphere Sounding radar sounder on board
the Mars Express spacecraft. However, the relative number of ionograms with peak electron density high
enough to be detected represents a good statistical proxy of the ionospheric density. We focus on solar
energetic particle (SEP) events, and we analyze their effects on ionospheric formation. SEP time intervals
were identified in situ using the background counts recorded by the ion sensor of the ASPERA-3 instrument
on board Mars Express. We show that peak electron densities during the SEP events are large enough to be
detected in more than 30% of measurements, and, moreover, the reflections of the sounding signal from
the ground almost entirely disappear. Nightside electron densities during SEP events are thus substantially
increased as compared to normal nightside conditions.

1. Introduction

Electron densities in the nightside ionosphere of Mars are often below the detection thresholds of employed
experimental methods. Moreover, radio occultation measurements are restricted to solar zenith angles
(SZAs) lower than about 132° because of geometric constraints imposed by the orbits of Earth and Mars.
This significantly limits the number of available nightside ionospheric observations and our understanding
of the Martian nightside in general. Two main mechanisms which are likely to contribute to the ionospheric
formation are plasma transport from the dayside and electron precipitation [Fox et al., 1993].

When detectable (about 40% of the analyzed electron density profiles), nightside peak electron densities
determined from Viking radio occultation measurements were on the order of 5x 10° cm~3 at peak altitudes
of about 150 km [Zhang et al., 1990]. Surface echoes measured by Mars Advanced Radar for Subsurface and
lonospheric Sounding (MARSIS) on board the Mars Express spacecraft were used by Safaeinili et al. [2007] to
determine the total electron content (TEC). Their results indicated higher TECs in nightside regions where
the crustal magnetic field was nearly vertical, which is likely to be a consequence of the connection between
the interplanetary and the crustal magnetic fields. Withers et al. [2012] examined electron density profiles
from occultation measurements performed by the Mars Express Radio Science Experiment (MaRS). They
underlined the importance of plasma transport from the dayside up to SZA =~ 115°. Electron precipitation
is likely to be a dominant source at higher SZAs, and the observed peak altitudes of about 130-170 km are
consistent with recent modeling efforts [Fillingim et al., 2007; Lillis et al., 2009, 2011].

Withers et al. [2012] also reported that solar energetic particle (SEP) events can be the main source of night-
side plasma, causing ionization at peak altitudes much lower than usual (~ 90 km). SEP-produced secondary
electrons were detected by Mars Global Surveyor (MGS) [Lillis et al., 2012]. Because of low ionization alti-
tudes, SEP events significantly increase the absorption coefficient of propagating electromagnetic waves
due to electron-neutral collisions [Withers, 2004]. The absorption can eventually become large enough to
prevent the MARSIS sounding signal reflected from the planetary surface to be detected [Morgan et al.,
2006; Espley et al., 2007]. Theoretical investigations of SEP effects indicate that for a reasonably strong SEP
event, the ionospheric response should be readily observable [Leblanc et al., 2002; Sheel et al., 2012]. The
effects of SEP events on the Martian dayside ionosphere were experimentally analyzed by Ulusen et al.
[2012] using the MGS Radio Science (RS) experiment. They found no clear evidence for an increase in the
ionospheric density between 100 and 200 km and pointed out that a possible reason may be that the extra
ionization produced by SEP events is below 80 km, which is out of the coverage of the RS profiles.
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100 . . . q We report results of a survey of the Martian
— ] nightside ionosphere observed by MARSIS
during the times of SEP events. These are
determined in situ, and their importance for
the ionospheric formation is demonstrated.
The obtained results have important con-
sequences both for the nightside modeling

effort and for radio wave propagation.
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Figure 1. Example of a SEP event determined using the background Among different instruments on board, we
counts data recorded by the IMA sensor. The data were measured have used data from the Analyzer of Space
in 2012, and the appropriate dates are marked on the abscissa axis. ~ Plasma and Energetic Atoms (ASPERA-3)
The measured number of background counts is shown by the black  instrument [Barabash et al., 2006] and from
points. The red curve corresponds to the median filtered data. The the MARSIS radar sounder [Picardi et al,,

vertical blue lines mark the time interval corresponding to the SEP . . .
event. The mean nominal counts value and the appropriate thresh- 2004; Gurnett et al., 2005; Jordan et al., 2009;
old value are shown by the horizontal green solid and dashed lines, Morgan et al., 2013].

respectively (see text for more details). Although the energy range of the lon Mass

Analyzer (IMA) sensor of the ASPERA-3 instrument does not allow direct measurements of SEPs, the number
of counts in the highest-energy channels can be used as a proxy for high-energy particles penetrating the
instrument and reaching the detectors [Capalbo, 2010; Delory et al., 2012]. The energy of the penetrating
particles is related to the housing of the instrument and should be larger than about 30 MeV. Case stud-
ies of multipoint multi-instrumental data revealed that several days long, large increases in background
counts (BKGCs) are caused by increased high-energy particle fluxes during SEP events [Futaana et al., 2008;
Frahm et al., 2013]. An example of the BKGCs variation during an SEP event is shown by the black points in
Figure 1. As there is a significant scatter in the BKGCs data, and some individual data points are well off the
expected smooth variation, we have applied a median filter over the 20 nearest neighboring data points in
order to get a more representative trend. The filtered data are shown by the red curve, and it will be these
filtered data that we will use as a proxy for the energetic particle flux at a given time. This allows us not only
to identify the time intervals of individual SEP events but also to compare their respective strengths.

Periods with BKGCs visibly increasing above normal levels (hereinafter referred to as SEP events) were
manually identified in all BKGCs data recorded by IMA during the time intervals with MARSIS nightside iono-
spheric sounding data available. The exact beginning and ending times of SEP events were determined by
an automatic threshold-using procedure. As nominal BKGCs are caused by galactic cosmic rays, and have

a slight variation over the solar cycle, the used threshold value was different for each of the events, based
on data measured during 60 days centered on the time of the maximum BKGCs. We considered only BKGCs
lower than 5 (which is the upper estimate of the nominal counts value), and we defined the threshold value
as 3 standard deviations above mean. Note that although this procedure is in principle able to identify SEP
events Automatically, a manual verification of all identified events was used to eliminate false alarms. The
results of the procedure applied to the example event are shown in Figure 1. The mean nominal counts
value is shown by the horizontal solid green line, and the appropriate threshold is shown by the horizontal
dashed green line. The time interval of the SEP event is marked by the blue vertical lines. The list of 15 SEP
events that we have identified is given in Table 1. Mean nominal counts for these events varied from about
1.6 to 3, and threshold values varied from about 3 to 5.2.

The MARSIS instrument for topside ionospheric sounding uses sounding frequencies from 0.1 to 5.5 MHz. This
theoretically corresponds to detectable peak electron densities from about 124 cm~3 t0 3.75 x 10° cm™3.
However, since the radiated power falls off rapidly at sounding frequencies below about 500 kHz, it is usually
not possible to detect peak electron densities lower than about 5000 cm~3. Note that this threshold is only
approximate, and the actual value may vary from case to case, depending on the amount of noise in the
ionogram and other relevant conditions [see Némec et al., 2010, Figure 6al. Nevertheless, the information
about whether or not the peak electron density is large enough to be detected by MARSIS can still be used
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Table 1. List of SEP Time Intervals?

in a statistical way to characterize the electron density
in the ionosphere [Némec et al., 2010]. Moreover, if the

SEIC e ENdINe MR peak electron density is large enough to be detected,
ALUGIZHEE 222 2 2 2 1220 it can be readily determined from the maximum fre-
2011-03-0805:53  2011-03-08 16:08 886 uency of the ionospheric reflection. Unfortunatel
2011-06-05 02:56  2011-06-09 17:33 229.00 q y ot the lonosp X - R
2011-07-12 10:43  2011-07-12 15:37 575 as the nightside ionospheric reflections are typically
2011-09-22 16:25  2011-09-23 13:21 13.27 oblique [Gurnett et al., 2008; Némec et al., 2011], they
2012-01-23 16:54  2012-01-27 04:10 30.86 cannot be used to determine peak altitudes.
2012-01-27 18:56  2012-02-01 17:42 479.82 .

2012-03-07 0559 2012-03-16 02:28 338.84 We use the same approach as Némec et al. [2010].
2012-05-17 02:56 2012-05-19 12:10 62.73 Only data measured at SZA > 107° were used to
2012-07-18 09:17  2012-07-18 16:11 8.32 ensure that the ionosphere at the expected peak
2012-07-26 08:01  2012-07-27 05:45 9.89 altitude of ~ 150 km [Fillingim et al., 20071 is in the
2012-08-3122:57  2012-09-03 17:08 10.93 shadow of the planet. Further, only data measured
2012-09-28 01:24  2012-09-28 11:18 3.89 at altitudes lower than 1100 km were selected to
2013-03-0510:08 ~ 2013-03-08 11:19 21.50 ensure that an ionospheric echo—if present—would
2013-05-13 17:33  2013-05-14 11:06 8.36

be within the time delay sampled by MARSIS. Alto-

30nly the time intervals with MARSIS nightside
ionospheric sounding data available were selected.
Maximum number of background counts, which
serves as a proxy for high-energy particle flux, is pro-
vided for each of the events. Dates are formatted as

gether, 3092 MARSIS ionograms that satisfy the
aforementioned two conditions were measured dur-
ing the times of SEP events from Table 1. All these
ionograms were visually inspected for the presence

year-month-day.

of ionospheric and surface reflections. lonospheric
reflections occurred in 817 ionograms (~ 26%), mean-

ing that the peak electron density in the remaining 2275 ionograms was too low to be detected. Surface
reflections occurred in 672 ionograms (x 22%), meaning that the sounding signal in the remaining 2420
ionograms was too attenuated during the ionospheric propagation to receive a detectable reflection from

the surface.

3. Results

The ratio of the number of ionograms with peak electron density large enough to be detected to the total
number of inspected ionograms as a function of the number of BKGCs recorded by IMA is shown in Figure 2
by the black line. The ratio of the number of ionograms with the attenuation of the sounding signal low
enough for the surface reflection to be detected to the total number of inspected ionograms is shown by
the blue line. The error bars at each individual bin are upper estimates calculated assuming the binomial
distribution (i.e.,, o = O.5/\/N, where N is the number of inspected ionograms in a given bin). It can be
seen that the occurrence rate of ionograms with ionospheric reflections systematically increases with the

number of BKGCs, from less than 0.2 for

o 07g T T T T —0.7 . .
3 ] 2 no-SEP/weak-SEP time intervals up to more
g oep 306 ©  than 0.6 for strong-SEP time intervals. This
c E 3
2 E E g should be contrasted with the long-term
=R —— 305 O
3 E 3 occurrence rate of nightside ionograms
8 E E 8 9 g
5 0'45_ 304 ©  withionospheric reflections determined
8 oaf . Jos £ using more than 4 years of data, which
e ’ i 5 islessthan 10% [Némec et al.,, 2010]. The
02F o2 . .
ST —t— % occurrence rate of ionograms with sur-
*é 01F 0.1 g face reflections systematically decreases
o E .
5 oo ) _I_I—l—| L300 @ with the number of background counts.
0.0 05 10 15 20 25 Virtually no surface reflections are detected
log, ,(counts)

Figure 2. Relative number of MARSIS ionograms with peak electron
density large enough to be detected as a function of the number
of background counts recorded by the IMA sensor (black). Relative
number of MARSIS ionograms with the attenuation of the sound-
ing signal low enough for the surface reflection to be detected
(blue). The error bars were calculated assuming the binomial distri-
bution, taking into account the number of ionograms that fall in a

given bin.

during strong-SEP time intervals.

Némec et al. [2010] reported that about 90%
of nightside ionospheres have peak elec-
tron density lower than 5000 cm~3, and only
less than 2% of the events have peak elec-
tron densities larger than 1.9 x 10* cm~3.
However, during the SEP time intervals, the
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Figure 3. Relative number of MARSIS ionograms with peak electron density large enough to be detected as a function
of (a) solar zenith angle and (b) distance from the idealized Parker-spiral magnetic shadow (see text). Two different back-
ground count thresholds were employed, namely, log;y(counts) > 0.75 (black curve) and log;q(counts) > 1.50 (red
curve). The long-term average dependence obtained by Némec et al. [2010] is overplotted by the blue line for compar-
ison. The error bars were calculated assuming the binomial distribution, taking into account the number of ionograms
that fall in a given bin.

percentage of nightside ionospheres with peak electron density lower than 5000 cm~3 decreases to about
75%, while more than 5% of nightside ionospheres have peak electron densities larger than 1.9 x 10* cm=3.
Taking into account only the time intervals with log,,(counts) > 1.5, i.e,, the strong-SEP time intervals cor-
responding to the last two bins of Figure 2, we find that the percentage of nightside ionospheres with peak
electron density lower than 5000 cm~3 decreases to less than 60%, while the peak electron density is larger
than 1.9 x 10* cm™3 in nearly 10% of cases. This clearly demonstrates that SEP events have a major influence
on the formation of the nightside ionosphere.

The relative number of MARSIS ionograms with peak electron density large enough to be detected as a
function of SZA is plotted in Figure 3a. The results were obtained by considering only SEP time intervals with
the number of BKGCs larger than a threshold value, namely log,,(counts) > 0.75 for the black line, and
log,y(counts) > 1.5 for the red line. The long-term average occurrence rate of ionospheric reflections as a
function of SZA obtained by Némec et al. [2010] is overplotted by the blue line for comparison. It appears
that the ionospheric reflection occurrence rate at high SZAs is extremely low. However, it should be empha-
sized that the amount of data measured at such large SZAs is very limited, and, moreover, all of them were
obtained during the periods of not very high values of BKGCs.

While the bulk of the solar wind streams radially straight from the Sun, the paths of more energetic parti-
cles are dominated by gyromotion around interplanetary magnetic field (IMF) lines. The average direction
of the IMF at Mars is in the ecliptic plane and at 57° to the Mars-Sun line. The degree to which this will
result in magnetic shadow behind the planet along the direction of the IMF is a function of the pitch angle
isotropy of the SEP distribution and the energy (and hence gyroradius) of the particles [Luhmann et al.,
20071]. Distributions beamed along the IMF direction will result in significant shadowing while more isotropic
distributions, particularly at high energies, will result in less shadowing as particles should hit the planet
(including the nightside) from the front and side. Although some extensive modeling of this effect has been
done [Kallio et al., 2012; McKenna-Lawlor et al., 2012], we limit ourselves to analyzing the dependence on

a distance from the average Parker spiral shadow location in degrees. The obtained results are shown in
Figure 3b, using the same format as in Figure 3a. It can be seen that while the ionospheric reflection occur-
rence rate close to the magnetic shadow is about 25%, it increases up to nearly 40% well away from the
magnetic shadow for SEP time intervals with log,,(counts) > 0.75 and up to about 60% for SEP time inter-
vals with log,y(counts) > 1.5. The long-term average occurrence rate based on Némec et al. [2010] data is
overplotted by the blue line for comparison. An increasing trend is found also in this long-term data, which
shows that the impact ionization by high-energy particles streaming along the IMF is important also for the
long-term average ionization in the nightside ionosphere.

4. Discussion and Conclusions

Although SEP events might play a significant role already on the dayside, their importance increases even
further on the nightside, where the electron density is much lower, and any additional ionization is therefore
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much more important. The analysis of BKGCs recorded by the IMA sensor allowed us to determine the time
intervals corresponding to SEP events in situ and, moreover, to obtain a proxy for the high-energy particle
flux at Mars Express at any time of interest. Although the electron density in the ionosphere was often below
the detection threshold of the MARSIS instrument, it could still be evaluated in a statistical sense.

Figure 2 shows that the relative number of ionograms with peak electron densities large enough to be
detected increases with the high-energy particle flux proxy and is significantly larger than the long-term
average reported by Némec et al. [2010]. This, along with the analysis of peak electron densities, demon-
strates the importance of SEP events for nightside ionospheric formation. The attenuation of the sounding
signal is so large that the surface reflections during the periods of well-pronounced SEP events become
virtually undetectable. This implies a one-way attenuation larger than about 13 dB [Nielsen et al., 2007].
Taking into account that nightside peak electron densities are typically on the order of 5000 cm~3, and

the MARSIS sounding frequency extends up to 5.5 MHz, the altitudes where the ionization takes place

can be at least roughly estimated using the attenuation calculations reported by Withers [2004]. Namely,
Withers [2004, Figure 3] suggests that a significant ionization should take place below about 80 km in order
to explain the observed attenuation. However, this does not exclude a possibility of a significant ioniza-
tion also above this altitude. In fact, the results of Lillis et al. [2012] are only consistent with substantial
SEP-produced ionization above 150 km. SEP events therefore seem to produce ionization at a large range of
altitudes, being consistent with a large range of SEP energies and simulation results obtained by Sheel et al.
[2012, Figures 5 and 6].

BKGCs recorded by the IMA sensor used as the proxy for the high-energy particle flux appear to be the
main controlling factor of the Martian nightside ionospheric formation. This complicates the analysis of the
dependence on other parameters. Namely, the data measured during various levels of high-energy particle
fluxes are necessarily mixed together in Figure 3. Especially in the case of SZA dependence, we are not able
to distinguish whether the low ionospheric reflection occurrence rate at large SZAs is not due to low BKGCs
during the relevant periods, rather than due to the SZA dependence. However, the larger occurrence rate of
ionospheric reflections at lower SZAs may be related to the plasma transport from the dayside. This is con-
sidered to be an important source of the nightside ionization near the terminator [Némec et al., 2010; Withers
et al, 2012], and it is likely to be further enhanced during SEP events, because the SEP impact ionization
creates additional ions available for transport.

Our main results can be summarized as follows: (i) We have used BKGCs data recorded by the IMA sensor
on board Mars Express as a proxy for high-energy particle flux and compiled a list of 15 SEP events that
occurred at times of MARSIS nightside measurements. (i) We have analyzed the occurrence rate of both
ionospheric reflections and surface reflections at the times of SEP events, demonstrating that the nightside
ionosphere during these periods is extremely enhanced as compared to normal conditions. (iii) A significant
ionization is likely to take place below about 80 km, and there is an evidence for the magnetic shadow effect
in our data. These results clearly show that electron densities in the Martian nightside ionosphere under the
influence of SEP events are vastly different from those under normal conditions.
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