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Abstract Discrete aurorae have been observed at Mars by multiple spacecraft, including Mars Express,
Mars Atmosphere and Volatile EvolutioN (MAVEN), and most recently the United Arab Emirates Hope
spacecraft. Meanwhile, there have been studies on the source particles responsible for producing these
detectable aurorae (termed “auroral electrons”). By utilizing empirical criteria to select auroral electrons
established by Xu et al. (2022, https://doi.org/10.1029/2022GL097757), we conduct statistical analyses of the
impact of upstream drivers on the occurrence rate and fluxes of auroral electrons. We find the occurrence rate
increases with upstream dynamic pressure and weakly depends on the interplanetary magnetic field strength.
Meanwhile, the integrated auroral electron flux somewhat decreases with increasing upstream drivers. Auroral
electron precipitation also occurs more frequently and is more intense over regions of strong crustal fields
compared to weak crustal fields. Aside from emissions, auroral electrons are expected to cause significant
impact ionization and enhance the plasma density locally. In this study, we also quantify the nightside
ionospheric impact of auroral electron precipitation, specifically the thermal ion (0%, O, and COj) density
enhancement, with MAVEN observations. Our results show that the ion density is increased by up to an order
of magnitude at low altitudes. The crustal effects on ion density profiles for nominal electron and auroral
electron precipitation are also discussed.

Plain Language Summary Localized auroral emissions have been observed at Mars by multiple
spacecraft, including Mars Express, Mars Atmosphere and Volatile EvolutioN (MAVEN), and most recently the
United Arab Emirates Hope spacecraft. Meanwhile, there have been studies on the source particles responsible
for producing these detectable aurorae, termed “auroral electrons.” By utilizing previously established criteria
to select auroral electrons, we conduct statistical analyses of the impact of upstream drivers on the occurrence
rate and also the intensity of auroral electrons. In the meantime, auroral emission is not the sole effect of
electrons impacting the collisional atmosphere, but also an enhanced local ionization. Using both MAVEN
observations, we show that the ion density is increased by up to an order of magnitude at low altitudes
comparing auroral electron and nonauroral electron events.

1. Introduction

Discrete aurorae have been long observed at Earth's polar region (see review by Birn et al. (2012)) and more
recently at Jupiter with observations from the Juno spacecraft (Mauk et al., 2017, 2020), both planets possess-
ing an intrinsic global dipole field and a collisional atmosphere. Different types of aurorae are usually defined
according to their particle sources and discrete aurorae are designated for auroral emission caused by accelerated
electrons at these two planets, particularly broadband electron acceleration as a consequence of wave-particle
interactions or inverted-V electron acceleration events. However, this phenomenon is not limited to magnetized
planets but also observed at Mars, a planet with only localized strong crustal magnetic fields, by Mars express
(Bertaux et al., 2005; Leblanc et al., 2006, 2008), Mars Atmosphere and Volatile EvolutioN (MAVEN) (e.g.,
Schneider et al., 2018, 2021), and most recently the United Arab Emirates' Hope spacecraft (Lillis et al., [2022,
submitted to GRL, MS# 2022GL099820]).
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At Mars, “discrete aurora” is defined more specifically for localized emissions, in contrast to global auroral
emissions (Schneider et al., 2015). Several studies have associated these localized emissions with energized
electron observations (Brain et al., 2006; Gérard et al., 2015; Leblanc et al., 2008; Soret et al., 2016, 2021;
Xu et al., 2020, 2022). The reported energization processes/mechanisms at Mars include, but are not limited
to, narrow electrostatic potential layers (associated with inverted-V electron events) (e.g., Brain et al., 2006; Xu
et al., 2020), energization associated with current sheet crossings (e.g., Halekas et al., 2008; Harada et al., 2020),
and a hotter electron temperature (without acceleration by an electrostatic potential) (Akbari et al., 2019) perhaps
caused by wave-particle interaction (e.g., Fowler et al., 2020, 2021). Furthermore, it is speculated that the highly
localized nature of Mars's discrete auroral emission could also be a result of hotter upstream solar wind electrons
during solar transient events precipitating onto localized regions due to Mars's complex magnetic topology (Brain
et al., 2007, 2020; Liemohn et al., 2007; Weber et al., 2017, 2020; Xu, Weber, et al., 2019). Therefore, to properly
compare the discrete aurora phenomenon at Earth/Jupiter with that at Mars, we must have a better understanding
of electron sources (nominal vs. hotter upstream solar wind electrons) and the energization mechanisms at Mars.

With mostly single-spacecraft observations at Mars, discrete auroral emissions and electron sources are usually
observed separated in times and/or spatial locations. Xu et al. (2022) established empirical criteria to select
electron events (termed “auroral electrons”) that can trigger detectable auroral emissions by the imaging ultra-
violet spectrograph (IUVS) instrument (McClintock et al., 2015) onboard MAVEN by statistically comparing
electron and auroral events. The selection criteria ensure that high-energy (~50-2,000 eV) electrons have suffi-
cient fluxes and also access to the collisional atmosphere (more details provided in Section 2). A similar logic
is adopted by Fang et al. (2022) to study the probability of auroral electrons with magnetohydrodynamic model
results. By utilizing empirical criteria provided by Xu et al. (2022), we conduct a statistical analysis of the impact
of upstream drivers on the occurrence rate and fluxes of auroral electrons. Such an analysis can not only be
compared with the analysis of upstream drivers' impact on discrete aurorae by Girazian et al. (2022) but also gives
insight into the electron sources and energization mechanisms.

In the meantime, auroral emission is not the sole effect of electrons impacting the collisional atmosphere. It is
expected for auroral electrons to cause significant ionization and enhance the plasma density locally. This is
particularly important at Mars where the nightside ionosphere is patchy and significant contributions are made by
electron impact ionization (Adams et al., 2018; Cui et al., 2019; Fillingim et al., 2007, 2010; Girazian et al., 2017,
Lillis & Brain, 2013; Lillis et al., 2018; Withers, 2009). In this study, we will quantify the ionospheric impact,
more specifically the thermal ion density enhancement, caused by these “extreme” (low occurrence rates and
high fluxes) auroral electrons with MAVEN observations.

As described above, this study characterizes how the upstream drivers affect the occurrence rates and fluxes
of auroral electrons as well as the impact on the Mars nightside ionosphere by their precipitation. This paper is
organized as follows: The methodology section (Section 2) provides the descriptions of the selection criteria of
auroral electrons, and how to obtain the upstream drivers and ion densities; the analysis of upstream driver effects
is provided in Section 3 and the ionospheric impact in Section 4; we then discuss the results and conclude the
paper in Section 5.

2. Methodology

To trigger detectable discrete aurorae, there are two necessities for source electrons (Fang et al., 2022; Xu
et al., 2022). First, auroral electrons must have sufficient fluxes at an energy range of 50-2,000 eV (e.g., Soret
et al., 2016, 2021) to produce CO Cameron band emission brightness above the instrument detection threshold
(~0.5 kR for IUVS) with an emission altitude of 100-150 km. Second, auroral electrons must be on magnetic
field lines connected to the nightside atmosphere, which naturally sets up a requirement of a one-sided loss cone
pitch angle distribution. Such a pitch angle distribution is normally identified as an “open-to-night” topology
(e.g., Brain et al., 2007, 2020; Weber et al., 2017, 2020; Xu, Curry, et al., 2019) but the actual magnetic topology
might be open or closed in the presence of parallel electric fields. More specifically, Xu et al. (2022) provide the
following criteria to select auroral electrons:

1. The integrated electron energy flux over 50-2,000 eV to be >1.1 X 10" eV cm~2s~!sr™! (or 0.018 mW m2
st™);
2. An “open-to-night” topology (one-sided loss cone pitch angle distributions).
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We select auroral electron events by applying these criteria to suprathermal electron measurements by the Solar
Wind Electron Analyzer (SWEA) (Mitchell et al., 2016) from 1 December 2014 to 1 April 2020, limited to solar
zenith angle (SZA) >95° (following Xu et al. (2022)) and an altitude range of 150-500 km. One-sided loss cone
distributions are selected by comparing upward and downward electron fluxes to perpendicular electron fluxes
within 100-300 eV (Weber et al., 2017; Xu, Weber, et al., 2019). Following Xu et al. (2022), three occurrence
rates can be calculated: O, = N /N, for the overall occurrence rate of auroral electrons, O, = N/N,, for the occur-
rence rate of the open-to-night topology, and O, = N /N, for the occurrence rate of auroral electron events on the
open-to-night topology alone, where N,, N,, and N, , are the sample number of auroral electron observations, the
sample number of the open-to-night topology, and the sample number of all (auroral and nonauroral) electron
observations, respectively. We also examine the variation in the integrated electron energy flux over 50-2,000 eV
(I, in units of eV cm~?s~'sr™! or mW m~2 sr™') and the energy of peak energy fluxes (E,) of auroral electron

events.

To investigate the effects of upstream drivers, we utilize upstream solar wind density and velocity measured by
the Solar Wind Ion Analyzer instrument (Halekas et al., 2015). For upstream interplanetary magnetic field (IMF),
we use the measured magnetic vectors by the Magnetometer (Connerney et al., 2015) when MAVEN samples
the upstream solar wind (Halekas et al., 2017) but otherwise use a proxy provided by Ruhunusiri et al. (2018).
Upstream drivers are orbit averages given at apoapsis times, one set per orbit, and are thus linearly interpolated
to local measurements based on time. To characterize the ionospheric impact, we examine the densities of main
planetary ions, O*, O, and CO;, measured by the SupraThermal And Thermal Ion Composition (STATIC)
instrument (McFadden et al., 2015). More specifically, Fowler et al. (2022) provide the detailed description of all
the necessary calibrations to calculate these ion densities.

3. Upstream Drivers

In this section, we focus on auroral electron events only and examine both the occurrence rates and integrated
energy fluxes (I,) of auroral electrons as a function of upstream parameters to characterize their impact on auroral
electrons at Mars. We also separately study these impacts for strong (1B, ;| > 30 nT) and weak (I1B,, ;| < 5 nT) crus-
tal magnetic fields, where |B,,,| is the modeled radial crustal field strength at 170 km (Morschhauser et al., 2014)
and radially mapped to the spacecraft location based on its latitude and longitude. Radial crustal fields are used
following previous studies (Girazian et al., 2022; Schneider et al., 2021; Xu et al., 2022).

3.1. Occurrence Rates

Figure 1 displays the occurrence rate of auroral electrons (0,) as a function of upstream solar wind velocity (V)
and density (ngy,) (left column) and as a function of upstream solar wind dynamic pressure (den) and IMF strength
(IB,,!) (right column), separately for all regions (a-b), weak (c—d) and strong (e—f) crustal magnetic fields. As
shown in the left column, O, generally increases from <0.001 to >0.01, more than one order of magnitude, with
increasing V,, and ngy,. O, is also well organized by dynamic pressure levels, as indicated by the dashed lines in

the left column. O, over weak crustal fields (c) varies similarly as panel (a) with V, and ngy, consequently P, .

In contrast, over strong crustal fields, Figure le shows O, is higher (~0.003) at low P, and then increases to a

dyn
value (~0.05) similar to that of the weak crustal fields at high P, . In other words, P, has a stronger effect on O,

over weak crustal fields than over strong crustal fields. As upstream drivers are somewhat correlated, we plot O,
and |B,

against P, imf 11 the right column to examine their effect separately. This again shows O, mainly increases

| >~5 nT.

dyn

with Py, In comparison, the increase in O, with |B;/ is less apparent until |B

imf imf

Figure 2 shows the occurrence rate of the open-to-night topology (O,) as a function of different drivers in the same
format as Figure 1 but the color scale is linear. In the left column of Figure 2, O, increases with Vg, and ng,, but

only from ~0.075 to ~0.3, varying by a factor of a few. Similarly, P, organizes O, reasonably well. In the right

yn

column of Figure 2, |B, | has a mild impact on O, over weak crustal fields (d), especially at high IMF strengths,

imf
and arguably over strong crustal fields too (f).

As shown in Figure 3, the occurrence rate of auroral electrons on “open-to-night” topology only (O,,) behaves
similarly to O, (Figure 1) in response to upstream drivers. The left column of Figure 3 shows O,, increases signif-
icantly with Vg, ngy, and thus den, about an order of magnitude for all data (a) and over weak crustal fields (c)

|, particularly for

but only a factor of a few over strong crustal fields (e). Similarly, O,, increases more with |B; ],
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Figure 1. The occurrence rate of auroral electrons (0,) as a function of upstream solar wind velocity and density (left
column) and as a function of upstream solar wind dynamic pressure and interplanetary magnetic field strength (right column).
The top row (a-b) is based on all the data; the middle row (c—d) is limited to weak crustal magnetic fields (IB,,,,l < 5 nT); and
the bottom row is limited to strong magnetic crustal fields (1B, ;| > 30 nT). IB, ;| is the modeled radial crustal field strength
at 170 km (Morschhauser et al., 2014). The three dashed lines in the left column, from left to right, mark equal dynamic
pressures of 0.1 nPa, 0.5 nPa, and 1 nPa, respectively.
1B, > ~5 nT, for all data (b) and over weak crustal fields (d). The increase in O, with respect to IB, [ is less
prominent over strong crustal fields (f).
To summarize, Figures 1-3 show similar trends: (a) O,, O, and O, increase systematically with increasing
Py (corresponding to an increase in Vg, and/or ng,); (b) 1B, | has a milder impact on these occurrence rates,
compared to Py ,; (¢) the increase in O, with drivers is more prominent than the increase in O,; and (d) the
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Figure 2. The same format as Figure 1 but for the occurrence rate of the “open-to-night” topology (O,). Note that the color
scale for O, is linear.
increase in occurrence rates with varying upstream drivers is more prominent over weak crustal fields than that
over strong crustal fields.
3.2. Electron Fluxes and Peak Energies
In this section, we examine how the integrated electron fluxes (I,, eV cm~2s~!sr™!) for selected auroral electrons
change with upstream drivers. Figure 4 illustrates /, as a function of ngy, Vs, Py, and |B; . in the same format
as Figures 1-3. The left column shows that 7, has a moderate decrease (within a factor of 2-3) with increasing
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Figure 3. The same format as Figure 1 but for the occurrence rate of auroral electrons on “open-to-night” topology only
Oy).
Ny, Vsw, and thus Py, less prominent over weak crustal fields (c). The right column shows that /, is somewhat
insensitive to 1B, /. As our selection threshold for 1, is 1.1 x 10! eV cm~2s~!sr™!, the median /, under large
dynamic pressures (>~0.5 nPa) has values very close to the threshold while I, is significantly higher than the
threshold during low dynamic pressures (<~0.5 nPa). Girazian et al. (2022) reported that the discrete auroral
brightness is insensitive to the dynamic pressure, which is roughly consistent with the relatively small change in
median /, in Figure 4.
It is interesting that at large P, and IB; I, the occurrence rates (O,, O,, and O,,) generally increase while the
median /, decreases. This implies that even though it is more likely for auroral electrons to occur during strong
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Figure 4. The same format as Figure 1 but for the median integrated electron fluxes (1,, eV cm~2s~!sr~!) of auroral electron
events only. Note that the color scale for /, is linear.
driver periods, these auroral electrons tend to have smaller fluxes. To understand it further, we plot the median
peak energy (for maximum energy flux) of auroral electron events as a function of different drivers in Figure 5, in
the same format as Figure 1. The peak energy (E,) decreases from above 100 to ~50 eV with increasing ngy (a,
¢, and e), Vg, (a, c, and e), den (b, d, and f), and arguably IB, [ (b, d, and f) too. The peak energy is also gener-
ally lower over weak crustal fields than over strong crustal fields, except for at highest driver periods comparing
panels c—d to panels e—f. These trends suggest electrons are less accelerated (a) over weak crustal fields than
over strong crustal fields and (b) during high driver periods than during low driver periods. We will discuss the
implications of these statistical trends in Section 5.
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Figure 5. The same format as Figure 1 but for median peak energy (for maximum energy flux) of auroral electron events.
4. Ionospheric Impact
As mentioned previously, electron precipitation is an important source of the Mars nightside ionosphere. In this
section, we quantify the impact of auroral electrons on the density profiles of different ion species, measured by
the STATIC instrument. We limit the data to SZA >110°, above which ion densities have little SZA dependence
(Fowler et al., 2022). We compare the density profiles for auroral electron events and nominal electron events,
defined as I, above and below the flux threshold of 1.1 x 10'° eV em~2s~!sr~!, respectively. In addition, we only
examine cases with open-to-night topology such that the main variability is the intensity of precipitating elec-
trons, as other drivers, such as thermospheric density changes and ion winds, are contained in both nominal and
XUET AL. 8 of 14
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(a) nO+; SZA>110 auroral electron cases. It is worth noting that Girazian et al. (2017) evaluated
450 ' ': ' Imo'0 how ion densities vary for high and low ionizing electron fluxes with ion
5 Nominal e- : Auroral e- measurements from the Neutral Gas and lon Mass Spectrometer (NGIMS)
400f €«—— | ———— > onboard MAVEN, but not discerning magnetic topology. The NGIMS instru-
— 350L : ] 100 9 ment has a small field of view (FOV) and might thus miss a portion of ions
é I E on the nightside due to plasma transport above ~200-300 km altitude. In
300 : ] 5 comparison, STATIC has a much broader FOV but provides measurements
250k : ] 10 of limited ion species. In addition, we limit to cases where superthermal
I = electrons have access to the collisional atmosphere (open-to-night topology)
200¢ : ] I and focus on the impact of “extreme” (low occurrence rates and high fluxes)
15?05 = 169 ; (I)I"’ 1(;“ pres 0.1 auroral electron precipitation events.
Integrated eflux Figure 6 shows the median ion densities as a function of /, and altitude, (a)
(b) n02+: SZA>110 for 0.+ , (b) for OF, and (c) for COQr . Eor all spe.cies, ion densities_ increase
T T T as 1, increases up to an order of magnitude, particularly at low altitudes. In
450F : . ] addition, n(O*) normally has a peak altitude of ~250 km, evident in panel (a)
a00f : ] 1000 for small /, and is enhanced significantly below 300 km altitude for large /,.
: = In contrast, the peak altitudes for n (O} ) and n (CO} ) are located nominally
g 3501 : ] 100 5 at <~160 km on the nightside, at or below the nominal MAVEN periapsis
2? 300 I ] & altitude, such that we do not observe similar changes in the peak altitude as
: Q O*. Similar density enhancements and the change in O* density peak alti-
250¢ I ] 10 tude comparing low and high ionizing electron fluxes are also reported by
200F : 1 Girazian et al. (2017).
|
15?08 1(')9 1(')'10 1or 102 1 To more quantitatively compare cases with nominal electron precipitation
Integrated eflux and auroral electron precipitation, Figure 7 displays the ion densities as a
function of altitude separated for 1, above (red) and below (blue) 1.1 x 101°
(C).n002+il SZA>1.1O 10000 eV cm~2s~!sr7!, (a) for O*, (b) for OF, and (c) for CO?, and the ratios of
asob | ] ' median ion densities of the two scenarios in (d). In general, the density
-: enhancement is within a factor of 2 above 300 km altitude for all ion species
400} | 11000 and by a larger factor below, up to a factor of 6 for n (O} ) (magenta line) and
— 350[ ] 2 n (CO;) (green line), and a factor of 12 for n(O*) (black line), as shown in
§ 10.0 % panel d. In short, an increase in ion densities because of the precipitation of
< 300F ] 1) auroral electrons is seen across all ion species at lower altitudes (closer to
2501 : ] o 2 the production region), by a larger factor for O* and a smaller factor for O
| : and CO;. This is mainly because the peak altitude of O™ is shifted to lower
200 : ] I altitudes as auroral electrons tend to be more energetic.
1 . i — 0.1
5?05 10° 10" 10" 10" Over weak crustal fields, ion density profiles and density ratios for nomi-

Figure 6. Median ion densities as a function of integrated electron energy
fluxes 1, (¢V cm~2s~!sr!) and altitude, (a) for O*, (b) for OZ, and (c) for Cco;.
The dashed magenta lines mark the electron flux threshold separating nominal

Integrated eflux

electrons and auroral electrons.

nal electron precipitation and auroral electron precipitation are illustrated in
Figure 8, in the same format as Figure 7. In Figures 8a and 8d, the density
ratio of O generally increases with decreasing altitude with a peak factor
of 8 at ~ 200 km. In Figures 8b and 8d, the density enhancement of O} also
increases with decreasing altitude, from less than a factor of 2 above 250 km
to up to a factor of 5 at 150 km. In Figures 8c and 8d, there are only sufficient
measurements of CO; below 200 km for 7, > 1.1 X 10'° eV cm~2s~'sr~! with
a density ratio of 2—4.

Similarly, Figure 9 illustrates ion density profiles and density ratios for nominal electron precipitation and auroral

electron precipitation over strong crustal fields. In panels a and d, the density ratio of O* is a factor of 2-8.5,
peaking at 150 km altitude. In panels b and d, the enhancement in n (O;r ) is not so obvious, within a factor 3. In
panels c and d, the density ratio of CO; increases with decreasing altitude, from equity at 300 km to a maximum
value of 6.5 at 150 km.

Comparing weak and strong crustal fields for nominal electron precipitation (blue lines in Figures 8a—8c

and 9a—c), ion densities over strong crustal fields are generally higher than those over weak crustal fields,
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Figure 7. (a—c) Median ion densities (thick lines, with thin lines as quartiles) as a function of altitude separated for integrated
electron energy fluxes above (red) and below (blue) 1.1 x 10" eV ecm=?s~'sr™!, (a) for O*, (b) for O3, and (c) for CO;.

(d) The ratio between median ion densities measured when integrated electron fluxes are above and below 1.1 x 10! eV
cm~2s~sr~!, different colors for different ion species.

especially for O] and CO; below ~300 km altitude. In fact, a steeper density decrease, implying a smaller ion
scale height, is seen in O} and CO; from 150 to 200 km altitude over weak crustal fields (Figures 8b and 8c) than
that of strong crustal fields (Figures 9b and 9c). This implies that the vertical plasma diffusion is more efficient
from the main peak to higher altitudes over strong crustal fields. Comparing weak and strong crustal fields for
auroral electron precipitations (red lines in Figures 8a—8c and 9a—c), both n(O*) and n (O;r ) have similar profiles
for two regions below ~300 km altitude but n(O*) seems to have a more vertically extended density peak over
strong crustal fields. In contrast, n (C 0;) is much higher over strong crustal fields than that of weak crustal fields
below 200 km altitude. These features could be explained by the following reasons: Over strong crustal fields, (a)
a higher I, (Figures 4c—4f) resulting in a higher production rate; (b) more local acceleration events with higher
electron peak energies (Figures 5c—5f) that penetrate deeper into the atmosphere; and (c) a more effective vertical
plasma diffusion. In addition, the chemical lifetimes of CO} and O* are shorter than O; ion species such that the
densities of CO; and O* reflects more directly on the immediate local production.

5. Discussion and Conclusions

Discrete aurora and its source electrons have both been observed and studied at Mars. Building on Xu et al. (2022),
we apply the same selection criteria to identify auroral electrons and determine how the upstream drivers affect
their occurrence rates and also the integrated electron fluxes. Furthermore, auroral electron impact can cause
effects other than observable auroral emission, one of which is the enhanced local ionization and thus local ion
densities. We quantify the ion (0%, 05, and COj) density enhancement with MAVEN STATIC observations.

Our results indicate that the occurrence rates of auroral electrons (O,), of open-to-night topology (O,), and of
auroral electrons on open-to-night topology (O, are well organized by upstream dynamic pressure (P, ), and
only weakly depend on upstream IMF strength (1B, ). The increase in O, with drivers is more prominent than

imf
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Figure 8. The same format as Figure 7 but limited to weak crustal magnetic fields (1B, < 5 nT).

that of O,. This suggests that while the magnetosphere becomes more open during more disturbed upstream
conditions (e.g., Luhmann et al., 2017; Xu, Curry, et al., 2019; Xu et al., 2018; Weber et al., 2019, 2020), the
increase in O, is mainly because the mechanisms responsible for enhanced high-energy electron fluxes operate

.m- Meanwhile, the integrated electron flux (/,) for auroral electron

more often during high Py, and/or high 1B

events somewhat decreases with Py, but less so with IB; |. Girazian et al. (2022) reported a generally increased

imf

occurrence rate of discrete aurorae with increasing P, but little response to |B; [, with the auroral brightness

yn imf
insensitive to Py, (with a slightly lower brightness at high P, ). This is consistent with our reported trends of O,

and I, with respect to upstream drivers.

To investigate the cause of opposite trends in occurrence rates and electron intensities with respect to upstream
drivers, we further examine the peak energy (E,) of auroral electron events, which decreases with increasing
Ngw» Vsws and den, arguably 1B, | too. These trends combined show that the increase in the driver intensity does
not necessarily cause more intense electron precipitation events but rather that under stronger drivers, there are
more auroral electron events just surpassing our electron flux threshold. One possible explanation is that during
high driver periods, upstream solar wind electrons tend to be hotter and denser than that during quiet times such
that a smaller energization (or maybe no energization at all) is needed to exceed the electron flux threshold. This
would explain the decrease in £, with increasing driver values. In addition, larger energizations tend to occur less
frequently. This would then explain the occurrence rates of auroral electrons (O, and O,) are much lower during

low driver periods (larger energization needed) than high driver periods (smaller energization needed).

Comparing strong (IBr,,| > 30 nT) and weak crustal fields (IBr,,| < 5 nT), electron occurrence rates, median
1,, and median E, are lower over weak crustal fields than over strong crustal fields during low driver periods but
become similar during high driver periods for both regions. A possible explanation might be that electron ener-
gizations are less intense over weak crustal fields (smaller E, during low driver periods) than over strong crustal
fields. Then, during high driver periods, smaller energizations are needed to meet the electron flux selection crite-
rion, making auroral electron events having similar statistical properties for both strong and weak crustal fields.
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Figure 9. The same format as Figure 7 but limited to strong crustal magnetic fields (I1B,,,,| > 30 nT).

As electron precipitation is an important source to maintain the nightside ionosphere, we observe a correspond-
ing increase in O, Oy, and COj densities with increasing integrated electron fluxes (1,). More specifically, we
examine the median density profiles for nominal electron (I, < 1.1 x 10'° eV cm=2s~!sr~!) and auroral electron
(I,> 1.1 x 10'% eV ecm~2s~!sr™!) precipitation. The density enhancement is up to an order of magnitude on aver-
age and mainly occurs below 300 km altitude, close to the main production region. The enhancement is more
prominent in O* and CO; densities at low altitudes because the chemical lifetimes of these two ion species are
shorter and, thus, their densities are more responsive to enhanced electron precipitation. Comparing strong and
weak crustal fields, the ion density profiles show similarities and differences for nominal electron and auro-
ral electron precipitation, which could probably be explained by some combinations of the following reasons:
over strong crustal fields, a higher /, resulting in a higher production rate, more local acceleration events with
higher electron peak energies that penetrate deeper into the atmosphere, and/or a more effective vertical plasma
diffusion.

To summarize, this study provides a statistical analysis of how the upstream drivers affect nauroral electrons at
Mars, which helps explain the behavior of discrete aurora in response to upstream drivers and also gives insights
into the electron sources and energization mechanisms at Mars. Meanwhile, the precipitation of auroral electrons
can cause enhanced ionization. This study also provides a characterization of local ionospheric disturbances to
the nightside ionosphere produced by auroral electron precipitation. In short, our study advances the current
understanding of the causes and effects of auroral electrons at Mars and lays the ground for comparative studies
of discrete aurora at different planets.

Data Availability Statement

The MAVEN data used in this study are available through the Planetary Data System (https://pds-ppi.igpp.ucla.
edu/mission/MAVEN).
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