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Abstract The persistent two-peaked vertical structure of the Martian ionosphere is created by extreme
and far ultraviolet radiation whose energies, respectively, determine their ionization altitude. A third
low-altitude transient layer (previously referred to as M3 or M,,,) has been observed by radio occultation
techniques and attributed to meteor ablation. However, recent remote sensing and in situ observations
disfavor a meteoric origin. Here we propose an alternative hypothesis for these apparent layers associated
with impact ionization from penetrating solar wind ions, previously observed as proton aurora. Localized
ionization, occurring nonglobally at a given altitude range, breaks the symmetry assumed by the radio
occultation technique, and creates electron layers apparently lower in the ionosphere than their true
altitude. This may occur when the upstream bow shock is altered by a radial interplanetary magnetic field
configuration, which allows the solar wind to penetrate directly into the thermosphere. This localized
ionization hypothesis provides an explanation for apparent layers’ wide variation in heights and their
transient behavior. Moreover, this hypothesis is testable with new observations by the Mars Atmospheric
and Volatile EvolutioN Radio Occultation Science Experiment in future Mars years. This hypothesis has
implications for the ionospheres of Venus and Titan, where similar transient layers have been observed.

Plain Language Summary The ionosphere of a planet couples the neutral atmosphere to the
exosphere and solar wind. Created by solar ionizing radiation, the ionosphere on the dayside of planet is
expected to be hemispherically symmetric. When Mars Express discovered transient low-altitude
ionospheric layers in 2005, they were initially predicted to be due to meteor ablation. However, recent
observations indicate that they are due to a geometric observational effect related to local, not hemispheric,
ionization. Observations from three instruments on Mars Atmospheric and Volatile EvolutioN are used
concurrently to understand this phenomenon. These transient layers have been observed at Venus and Titan
as well, and this hypothesis indicates novel physics for those ionospheric systems.

1. Previous Interpretation of Transient Layers

The Mars Express (MEx) and Mars Global Surveyor (MGS) missions have observed low-altitude transient
ionospheric layers (Pitzold et al., 2005; Withers et al., 2008), which form for an unconstrained length of time.
While initially presumed to be meteoric in origin, recent observations by the Mars Atmosphere and Volatile
EvolutioN (MAVEN) Imaging Ultraviolet Spectrograph (IUVS) suggest that a meteoric origin is inadequate
(Crismani et al., 2017; Peter, 2018). Meteoric ablation is the result of interplanetary dust grains impacting a
planetary upper atmosphere at orbital velocities, resulting in the melting and evaporation of the minerals
within the grains. These atoms then undergo chemical reactions with the ambient gases that result in the
formation of ion layers, such as Fe* and Mg*, which are observed at both Earth and Mars (Grebowsky
etal., 2017; Plane, Flynn, et al., 2018). IUVS observations of Mg* densities over the course of more than three
Earth years indicates that meteoric ion densities are 2 orders of magnitude smaller than required to explain
the observations of MEx and MGS, except in rare meteor showers, such as that from comet Siding Spring
(Schneider, Deighan, Stewart, et al., 2015; Crismani et al., 2018).

Transient layers observed by MEx and MGS appear to occur at altitudes ranging from 60 to 120 km, being
detached when below the main ionospheric peaks or merged when near these peaks (M1 at 120 km and
M2 at 140 km). A recent comprehensive analysis by Peter (2018) looked at the occurrence of merged
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layers in the MEx data set and compared them to a modern 1-D ion-neutral chemical model. They found
considerable difficulty in identifying processes capable of depositing sufficient ionizing energy at altitudes
where transient layers are found in the absence of a meteoric origin. Ionization due to penetration of solar
energetic particles and soft X-ray fluxes has also been proposed; however, existing data sets do not exhibit a
clear correlation with detached layers nor is it clear that these sources would provide sufficient energetic
penetration below 100 km to generate separated layers of electron concentration.

The topside ionosphere of Mars (>170 km) exhibits strong variability; however, this is unlikely to affect the
peak ionospheric densities in the main layer (M2). At the location of the main peak, the ionosphere is coupled
to the neutral atmosphere and chemical lifetimes are short compared to transport effects (Mendillo, Narvaez,
Vogt, Mayyasi, Forbes, et al., 2017). Therefore, topside variability observed both by in situ data and remote
sensing, such as in Fowler et al. (2018) or Kopf et al. (2008), respectively, and reviewed in detail by Withers
(2009), occurs in a region where chemical processes compete with plasma dynamics, that is, Kelvin-
Helmbholtz instabilities driving large amplitude waves. In the lower ionosphere, ion densities are controlled
by ionization of the neutral atmosphere and variations of that neutral background, that is, CO, variability
dominated by wave-2 nonmigrating tides (Mendillo, Narvaez, Vogt, Mayyasi, Mahafty, et al., 2017).

Radio occultation observations occur in geometries where the Earth becomes occulted by the planet's atmo-
sphere as the spacecraft moves through its orbit. Various programmatic issues and aspects of the occultation
technique constrain the frequency of observations, such that observations by MEx and MGS occur between
Mars years 24 and 27, and between solar zenith angles of 50-110°. The MEx analysis found detached layers
in 10/120 profiles (Pdtzold et al., 2005), compared to the MGS data set that contained 71/5,600 profiles (likely
due in part to the difference in radio occultation data qualities; Withers et al., 2008), or to the merged layer
analysis that contained 117/266 profiles (Peter, 2018). A careful study of the physical characteristics of
detached layers found in the MGS data set was undertaken (Withers et al., 2008), which explored correla-
tions between observed characteristics of these layers, the ionosphere, and meteor streams. Withers et al.
(2008) noted that the range of the width of these layers was large, 1-27 km, and correlated with their heights.
To observe transient layers that are merged with the lower M1 layer, the main peaks must be fit by a
Chapman model and subtracted (Peter, 2018). The mean peak electron concentrations inferred in those
merged observations were 0.8 X 10> electrons/cm?, in contrast to the detached layers whose mean peak con-
centration is 1.3 X 10° electrons/cm®. Moreover, the occurrence rate of a detached layer appears correlated
with altitude, showing only one observed below 80 km, 25 between 80 and 90 km, and 40 between 90 and 100
km (Withers et al., 2008).

Observations of transient ionospheric layers occur more frequently in Martian southern hemisphere sum-
mer (49 of the 71 MGS observed layers), but this has not been explained (Withers et al., 2008). This season
is typically associated with enhanced global dust activity; however, the work of Withers et al. (2008) shows
that transient layers did not correlate with dust opacity. It should also be noted that while the observations of
MGS occurred during southern summer these occultations were measured in the northern hemisphere.
Recent analysis by Gupta and Upadhayaya (2019) suggests that the occurrence rate of transient layers is
increased by those sources which enhance the lower primary layer (M1 at 115 km) and is not associated with
expected meteor showers or dust storms.

On 10 October 2017, the MAVEN Radio Occultation Science Experiment (ROSE; Withers et al., 2018)
observed a transient layer near 60 km, whose peak electron concentration was 2.5 x 10> electrons/cm>
(Figure 1). Transient layers were not observed in any previous observations reported in the ROSE first results
paper of Withers et al. (2018). This layer is among the lowest altitude reported in the literature, with a con-
centration at the peak slightly above the average for this type of event. The ROSE experiment makes radio
occultations whenever programmatically feasible; however, there are no occultations in the orbits directly
before or after this time period. Observations of meteoric ions from this time period were obtained by
IUVS, and are consistent with the production of no significant additional Mg* above the background
average (Figure 2).

2. Spatial Asymmetry in Radio Occultations

Radio occultation measurements are made by determining the relative refraction of the radio signal broad-
cast by the spacecraft as observed from Earth. This results in a frequency residual that is first inverted to

CRISMANI ET AL.



Journal of Geophysical Research: Space Physics 10.1029/2018JA026251

300

Orbit 5880 produce a line of sight column of electrons, and subsequently a concentra-

200

Altitude (km)

100

mr [ rrrrrr oo mo

Noise Floor

Secondary Peak

Transient Layer

10/10/17
18:46:07
Lat =-10
Lon = 40
SZA=T75
LT=75

tion of electrons at the tangent point. A critical assumption of the data
processing techniques used for radio occultation measurements is spheri-
cal symmetry. Retrievals through the refractive medium, the ionosphere
and neutral atmosphere in this case, occur along one dimension, and
therefore, other dimensions remain unconstrained. We describe here
the effect of spatial asymmetry on radio occultation techniques and how
this is a probable explanation for observations of apparent low-altitude
ionospheric layers on the dayside of a planetary atmosphere.

Spatial symmetry is expected on the dayside of Mars, as the primary ioni-
zation source is uniform insolation by ultraviolet radiation and ion life-
times are short compared to transport time scales. On the nightside of
Mars, the ionosphere is sourced by day-night transport and electron pre-
cipitation, so the assumption of spatial symmetry can be relaxed. This
has been addressed in Withers et al. (2012), where they showed that there
is a relevant length scale over which uniformity must occur in order for
spherical symmetry to be a valid assumption, and for a radio occultation
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retrieval to be considered representative of the local conditions at the tan-
gent point. For a neutral scale height of 10 km, they determine this length
scale is on the order of 250 km. Furthermore, they address the repercus-
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lowing points (adapted from Withers et al., 2012):

1. If a localized region of high-density plasma some horizontal distance

Figure 1. A Radio Occultation Science Experiment (ROSE) profile from 10 away from the occultation point, [...] then the altitude of the layer in
October 2017, which features a transient ionospheric layer at a tangent the derived density profile is at or below the true altitude [...].

altitude of 60 km, whose peak electron density is 2.5 X 10* e/em®. This
observation occurs on the dawn terminator of the planet near the equator.

2. The density of the plasma in the derived layer underestimates the true

This occultation is conducted after periapse of orbit 5880, while MAVEN is density of this localized region of high-density plasma.

on the outbound segment moving toward apoapse. The vertical blue line
denotes the noise floor, and a description of the data processing is found in

Withers et al. (2018).

Here we propose that spatial asymmetry affects a retrieved electron profile
by artificially lowering the perceived altitude (Figure 3). To demonstrate
this effect, we created a simple model of a spherically symmetric single-
peaked ionosphere, and added a region of enhanced ionization. To recre-
ate a layer at 60 km with similar characteristics as those observed by ROSE (Figure 1), we created a layer
whose angular width about the planet is 4°, offset from the tangent point (defined as 0° zenith angle) by
11°. We chose a true altitude of 125 km and peak concentration twice that of the main ionospheric peak,
although with a separate perturbed scale height. The perceived magnitude of this enhancement at the tan-
gent point is less than the true enhancement, and is sensitive to its angular width and offset. As the pertur-
bation is lowered (say to 100 km), this decreases the angular width (from 11° to 8°) necessary to locate the
transient layer at the observed tangent point. We also compared this model with previous observations, such
as those from Withers et al. (2008), and found that multiple regions of local ionization away from the tangent
point readily formed double-peaked structures.

3. Hypothesis: Solar Wind Impact as a Local Ionization Source

Mars exhibits three different types of aurora: discrete aurora was first detected by Mars Express (Bertaux et al.,
2005), followed by the discovery of two new types by the MAVEN mission. MAVEN was able to observe dif-
fuse aurora, where solar energetic particles impact the upper atmosphere, producing auroral emissions at all
longitudes on the nightside (Schneider, Deighan, Jain, et al., 2015; Schneider et al., 2018). While these two
auroral phenomena are associated with solar energetic particles, a third type of aurora was also discovered
with a different production mechanism. Proton aurora was originally discovered at Earth (Eather, 1967;
Kallio & Barabash, 2001), and this process occurs similarly at Mars (Deighan et al., 2018; Ritter et al.,
2018). Proton aurora occur when solar wind protons charge exchange with the planet's neutral hydrogen cor-
ona, creating energetic neutral atoms that are capable of penetrating the magnetospheric boundary layer, or
foreshock, and delivering energy to the upper atmosphere (Deighan et al., 2018; Ritter et al., 2018).
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Figure 2. (left) Imaging Ultraviolet Spectrograph (IUVS) observed spectra (black) from orbit 5880 (10/10/17 16:14 UTC) at 60 km, with the best fit (solid red)
composed of the combination of known emissions, such as scattered solar continuum, Mg*, and ambient gases. Broken lines show varying expected Mg emis-
sion as local ion concentrations are artificially enhanced. (right) The difference between the observed spectra and the best fit gives the residual (black) which is
compared to Mg* emission profiles of artificial concentrations. The solid red indicates the best fit Mg, and is consistent with a nondetection of enhanced metallic
ions during this time period.

Proton aurora are expected to be enhanced during Martian southern hemisphere summer (L ~300), as the
hydrogen corona is seasonally inflated (Chaffin et al., 2014; Clarke et al., 2014), which leads to enhanced
charge exchange upstream from Mars (Deighan et al., 2018; Halekas et al., 2017). Energetic neutrals created
in the solar wind maintain the solar wind velocity (~300-600 km/s), travel unimpeded by magnetic and elec-
tric fields, and impact the atmosphere. These neutrals transfer energy and momentum, interact chemically
through electron stripping and charge exchange, and ionize the neutral atmosphere (Fang et al., 2013;
Gerard et al., 2018).

Ion chemistry at Mars is strongly dependent on the presence of CO, and the solar ionizing flux, which results
in the dominant ion O,", formed through charge exchange of O atoms with CO,*. The lifetime of electrons
is therefore essentially governed by electron dissociative recombination:

Scaled Concentration

Figure 3. A two-dimensional cross section of Mars' modeled ionosphere from which we construct the simulated radio occultation profile. (left) The atmosphere of
the planet is shown curving about its limb, with the surface of the planet shown at 0-km altitude and increasing vertically. The geometric parameters of the
enhancement are indicated, with increasing angle away from the observed tangent point. (right) The ionosphere from left is integrated along the line of sight, and
inverted with an Abel Transform to simulate the radio occultation data processing technique. The unperturbed ionosphere is represented by an oversimplified
single peak model (blue) and scaled to unity to emphasize the perturbed enhancement (black) of 30% that appears at low altitude.
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where the rate coefficient k; is 5 X 1077 cm>/s (Bones et al., 2015). In steady state, the rate of production of
electrons (P) is equal to their removal.

ki [e7][0,1] = ka[e7)? 2
with charge neutrality maintained:
(027] =[e7] ®3)

Hence, 310 cm™3/s for a layer with [e™] = 2.5 X 10* electrons/cm?, which matches the concentration at the
apparent tangent point in Figure 1. This rate underestimates the true ionization rate if we do not assume that
spatial symmetry is appropriate. For such a layer (described above) at 125 km whose true electron concen-
tration is 1.8 x 10° electrons/cm?, the ionization rate must then be 16,200 cm™>/s. As stated above, this rate is
dependent on the precise geometry but not on the production process, and plausible ionization processes
must be capable of producing this rate. These considerations are under the assumption of steady state, which
is valid for time scales larger than the order of tens of minutes.

4. Concurrent Observations Support a Local Ionization Hypothesis

For global proton events (such as those reported in Deighan et al. (2018)), ionization that occurs uniformly
near the M1 or M2 peaks is indistinguishable from nominal enhancements in the solar ionizing flux. For
ionization that appears below the main peaks, it is not immediately obvious whether this is due to spatial
or temporal variations. Ionization of the main layers that occurred after the radio occultation tangent alti-
tude had passed below them would appear as increased ionization at low altitude. However, solar temporal
perturbations of the ionosphere are not rapid compared to the duration of an occultation, where flares
increase ionization on the order of minutes and the segment of an occultation that occurs below the peaks
are on the order of tens of seconds (Fallows et al., 2015; Mendillo & Evans, 1974). Therefore, solar flares can-
not explain the low-altitude transient layers.

The MAVEN mission can test the local ionization hypothesis with three sets of observations: TUVS
Hydrogen Ly limb profiles, Solar Wind Ion Analyzer (SWIA) periapse energy spectrum, and ROSE electron
density profiles. Using the SWIA energy spectrum, measured in situ at the spacecraft as it moves through
periapse, we can connect the observations of Lya on the limb with their expected source, noting that both
appear spatially varying (Figures 4 and 5). While spatial variation is the strongest evidence for local ioniza-
tion, the remote sensing observations of IUVS and in situ observations of SWIA are taken at separate loca-
tions (as far as 1,000 km away), and this evidence is strongly based on a temporal correlation in observations.
It is worth noting that MAVEN carries a solar energetic particle detector, which observes energetic ions with
energies of 20 keV-6 MeV (Larson et al., 2015). However, during this time period there was no signature of a
CME, solar event, or the presence of solar energetic particle precipitation outside of the typical as deter-
mined with the methods of Lee et al. (2017).

Figure 4 shows IUVS observations of Hydrogen Lyo emission at 121 nm during MAVEN's periapse segment.
These pseudo-images are constructed by scanning the 10.6° airglow slit tangent to the planet's limb perpen-
dicular to the direction of motion with an internal scan mirror. The periapse segment takes about 45 min and
consists of 12 scans over horizontal distance of 6,000 km parallel to MAVEN's orbit. The periapse segment of
orbits 5879 and 5800 occurred near 10 October 2017 11:48 and 16:14 UTC, a local time near 15:30 hr, cen-
tered near latitude 20 and longitudes 250 and 180, respectively. An orbit without proton aurora is shown
(top, orbit 5879), where the vertical variation in Lya does not change rapidly due to the large scale height
of atomic hydrogen (>500 km). The Lya signal is greatly attenuated below 120 km due to absorption by
CO, (Gerard et al., 2018). Orbit 5879 and orbit 5880 occur 5.5 and 1 hr before the radio occultation of
Figure 1, although the periapse scans occur near dusk and ROSE's observation is near dawn. In the
bottom panel of Figure 4 (orbit 5880) there is an enhancement in Lya, although not in every scan. This lack
of spatial symmetry suggests either that the time scale of the proton aurora process is on the order of the scan
time (~4 min), or that there is spatial asymmetry on the order of the scan-to-scan distance (100 km). Note
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Figure 4. An Imaging Ultraviolet Spectrograph (IUVS) periapse observations of Hydrogen Lya emission, where the 10.6°
airglow slit is moved with a scan mirror to image the limb. The periapse segment takes about 45 min and consists of 12
scans over horizontal distance of 6,000 km along track. (top) An observation from 5.5 hr before the ROSE occultation
of Figure 1 shows a typical periapse in the absence of proton aurora, taken in orbit 5879 at October 10 2017 11:48 UTC.
Hydrogen Lya emission is strongly absorbed by CO, below 120 km, which leads to relative dimming. (bottom) Periapse
from an hour before the ROSE occultation of Figure 1, where enhanced Lya emission is due to impact ionization at
altitudes near 120 km, taken in orbit 5880 at October 10 2017 16:14 UTC. The brightening below 120 km seen in scan 7
(compared to the previous orbit) indicates that this emission is coming from the foreground, not the tangent point.

that this spatial variation is smaller than the required 250-km uniformity required for radio occultation
retrieval of the electron density profile (Withers et al., 2012), as discussed in the previous section.

Observations of Lya from IUVS are corroborated by detections of solar wind particles deep in the Martian
thermosphere during this time period. The MAVEN SWIA measures ions with energies of 5-25 keV, both
in the upstream solar wind and within the Martian magnetosphere, dependent on MAVEN's orbit
(Halekas et al., 2015). Figure 5 shows a pair of time series energy spectra obtained by the SWIA instrument
across periapse passes on two adjacent orbits. The data from orbit 5879 (top) exemplifies the typical exclu-
sion of solar wind particles from the Martian thermosphere. However, in orbit 5880 (bottom) a very unusual
phenomenon is observed, where penetrating solar wind particles appear
as a relatively continuous distribution across all altitudes. This suggests
direct access for these solar wind particles into the thermosphere. There

N
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IUVS Observation Begin

are three bands of energy seen in the SWIA observations, the lower two
being consistent with solar wind H" and He**, but the highest-energy
band is unusual. It may be that pickup H* or O™ is able to penetrate to
these altitudes, although we cannot confirm this as SWIA is not capable
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plementary instrument (STATIC) was not measuring those energies at
periapse. The lack of spatial symmetry throughout periapse suggests that
104 the variability of penetrating solar wind is on the order of the enhance-
ment near 16:32 UTC (~2 min), and that the relevant spatial scales are
~500 km.
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Time (UTC) The Martian bow shock under normal conditions is a strong high Mach

number shock with a sharp increase of density and magnetic field and a

Figure 5. A Solar Wind Ion Analyzer (SWIA) energy spectrum is con-  decrease in flow velocity. The bow shock is followed by a magnetosheath
structed as MAVEN moves through its periapse segment, with time and in which the solar wind flow is further decelerated and deflected around

altitude on the horizontal axis (see text for details). Periapse occurs at 160
km, and IUVS observations begin and end at 450 km. (top) A nominal
periapse that shows negligible energetic ion flux above tens of eV across

Mars. However, during times when the interplanetary magnetic field
(IMF) is at or near radial, the structure of the bow shock can change

periapsis. (bottom) In contrast, orbit 5880 shows much larger fluxes of dramatically, becoming fragmented and unsteady. This more complex
particles at solar wind energies of ~1 keV, extending throughout periapsis.  structure, typical of quasi-parallel shock geometries, is likely due in large

Note two bands of energetic ions that appear throughout this orbit, and a
third band that appears between 16:20 and 16:30. The spatial distribution of
these particles is not homogenous, given the lack of a uniform color or color
gradient with altitude, indicating spatial/temporal nonuniformities

throughout periapse.

part to ion-ion instabilities that steepen and become nonlinear (Schwartz
& Burgess, 1991; Thomsen et al., 1990). Such phenomena have been
observed by MAVEN's SWIA and are discussed at length in Halekas
et al. (2017). At such times, solar wind ions may at least transiently
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penetrate to much lower altitudes than typical. Similar cases of “disappearing magnetospheres” have also
been observed at Venus (Zhang et al., 2009). Due to the elliptical nature of MAVEN's orbit, it is only rarely
possible for SWIA to observe at periapse on the dayside of Mars while also sampling the solar wind at
apoapse. Therefore, this potential explanation for the SWIA observations comes from an understanding of
similar previous conditions, and cannot be confirmed by concurrent observations of the solar wind for the
event described herein.

This observation is unique in the MAVEN data set because of the requirement that three concurrent obser-
vations be made under specific observing conditions. IUVS observations of proton aurora occur in about 20%
of dayside observations; however, spatially asymmetric observations are very rare (12/5,000, or 2% of dayside
observations). The frequencies of transient layers in radio occultations from other spacecraft such as MEX
and MGS are observed to be on the order of 10-40%. ROSE observations began in July 2016, and have not
yet determined such an occurrence rate. Future work will investigate the SWIA data in detail to characterize
the frequency of solar wind penetration as there are likely other events of various penetration intensities.
The next possible time periods where coordinated observations of this type are possible are March to May
and August to November of 2019.

The inferred ionization rates from the IUVS and SWIA data shown herein are not immediately sufficient to
explain the observed ion layer and further modeling will be necessary to test this hypothesis. The flux of
hydrogen ENAs required to produce the observed excess Lya brightness of 1-2 kR would only produce a
peak ionization rate of ~100 cm™>/s, which is by itself insufficient to explain the ROSE observation.
However, unlike typical Martian proton aurora, our hypothesis predicts that these ENAs are not produced
by charge exchange with the neutral hydrogen corona in the upstream solar wind, but rather originate from
solar wind protons directly charge exchanging with the Martian thermosphere. Therefore, the ratio of pro-
tons to ENAs should be very high for this type of event. This is supported by the mean solar wind energy flux
observed by SWIA, which suggests an ionization rate of 6,400 cm™>/s near the normal dayglow peak at
140 km.

It should be noted that these estimates do not take into account the true altitude of the deposition and the
line of sight Lya absorption that are necessarily occurring, both of which require self-consistent modeling
(Gerard et al., 2018). Further modeling would require the detailed consideration of integrated energy flux
of the three species and their ionization cross sections which informs the true penetration depths and
relevant deposition scale heights. Since these calculations are nontrivial, we consider that detailed modeling
of this type is outside the scope of this work, as it will be necessary to extend such modeling efforts to Venus
and Titan's transient layers. A discussion of the inferred ionization uncertainties associated with the true
penetration depth and physical location of penetrating particles will be strongly model dependent, and
the above rates should be considered as an order of magnitude result. Therefore, these indirect observations
of ionization and their calculated rates are not independent validation of this hypothesis. Instead, the
observed spatial variations in those observations are the strongest evidence that radio occultations are not
viewing a spatially symmetric dayside ionosphere, as has previously been assumed.

5. Implications for Martian Atmospheric Evolution, Titan, and Venus

A localized ionization hypothesis provides a solution to a number of unexplained characteristics of transient
ionospheric layers. Their transient nature is explained by the changing solar wind conditions, whose time
scale can be quite short (even on the order of hours). The wide variation in transient layer widths is related
to geometric effects, which also explains the increasing occurrence frequency with increasing altitude.
Warming in the lower atmosphere should inflate the H corona (Chaffin et al., 2017; Heavens et al., 2018;
Jakosky et al., 2017); however, this should symmetrically affect proton aurora by overall enhancement in
penetrating energetic neutral atoms. Therefore, this hypothesis does not alone explain the correlation of
transient layer occurrence with Martian southern summer.

Transient ionospheric layers have been observed at Titan (Kliore et al., 2008) and Venus (Pitzold et al.,
2009), and their origin is likely due to localized ionization not meteor ablation, as currently understood.
This is indirect evidence that supports the proposition of Deighan et al. (2018) that proton aurora should
be a common phenomenon for planets with extended neutral coronas, which are able to extend past the
planet's bow shock. As they note, these conditions occur at Venus (Gombosi et al., 1980), and when Titan
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is outside of Saturn's magnetosphere (Bertucci et al., 2015), as well as at close in exoplanets such as HD
209458b (Kislyakova et al., 2014).

Titan's low-altitude transient ionospheric layers demonstrated enhancements between 0.5 and 1 times the
main ionospheric peak concentrations, at altitudes originally assumed to be consistent with a meteoric
origin (500 km; Kliore et al., 2008). However, subsequent work has demonstrated that a majority of meteors
do not ablate in Titan's atmosphere, and the contribution to the ionosphere is expected to be small
(Frankland et al., 2016). Moreover, recently analysis of Royer et al. (2018) indicates enhanced airglow
emission when Titan is outside of Saturn's magnetopause, concurrent with observations of an unusual
electron burst. Therefore, it is likely that the assumption of spherically symmetry is also inappropriate for
Titan, whose ionosphere may be more complex than currently understood.

Some transient ionospheric layers observed at Venus (Pétzold et al., 2009) and Mars (Withers et al., 2008) are
unique as they show more than one layer in an occultation. Meteor ablation models, such as CABMOD
(Carrillo-Sanchez et al., 2016; Plane, Carrillo-Sanchez, et al., 2018), do not readily explain such enhance-
ments, as the difference in the ablation heights require atypical values for meteor velocities and vertical mix-
ing rates are expected to smooth out such profiles that observation of the separation appears extremely
coincidental. However, the localized ionization hypothesis would predict such an occurrence when several
regions of ionization are distributed in the foreground/background of the observation.

The localized ionization hypothesis suggests a potentially nonnegligible source of ionization has hitherto not
been considered. Solar wind impact ionization is likely to occur consistently at a low level (Ritter et al., 2017),
interspersed with more significant events. As the radio occultation method reduces the true local ionization
when retrieving it at the tangent point, the ionization of these patches are comparable to the UV ionizing
flux which creates the main peaks. While this is unlikely to be a dominant loss process (for a full discussion
see Jakosky et al. (2018)), it may be important to consider when assessing overall atmospheric evolution
from planets with extended neutral coronas. If this hypothesis is validated by future observations by
MAVEN, attention should be paid to the literature that has referenced these layers, and reevaluation of their
results and conclusions may be necessary.

6. Conclusions

Martian low-altitude transient ionospheric layers have presented a mystery since their meteoric origin was
challenged by MAVEN observations of meteoric ions (Crismani et al., 2017; Grebowsky et al., 2017).
Transient layers appeared to occur at altitudes below the main ionospheric peak at 120 km to as low as 60
km, deep within the neutral atmosphere. More perplexing, transient ionospheric layers were observed more
frequently in Martian southern hemisphere summer and this correlation is still not understood.

Planetary radio occultations are made by determining the relative refraction of the spacecraft's radio signal
in geometries where the Earth becomes occulted by the planet's atmosphere and ionosphere. The process of
retrieving electron concentrations from such observations assumes hemispheric symmetry, which has
previously been expected on the dayside of unmagnetized planets. At Mars, EUV is the primary ionization
source, and near the main ionospheric layer (M2 at 120 km) ion lifetimes are short compared to transport
time scales. Ion chemistry at these altitudes is strongly dependent on the presence of CO,, which forms
the dominant ion O," through charge exchange. While the topside ionosphere of Mars (>170 km) exhibits
variability due to various dynamical plasma processes, the main layer is coupled to the neutral atmosphere
and its variability is the result of changes in the neutral atmosphere.

This work proposes that ionospheric spatial asymmetry affect a retrieved electron profile from radio
occultations by artificially lowering the perceived altitude. We posit that this geometric effect explains the
variation in altitude of observed transient layers, as well as their nonuniform distribution in altitude. The
recent discovery of proton aurora (Deighan et al., 2018) presents a hitherto unconsidered source of energy
and ionization. Typically, proton aurora events are global and the resulting ionization occurs uniformly;
however, a small fraction of events show spatial asymmetry.

Serendipitous observations by three MAVEN instruments support, but do not yet prove, a localized
ionization hypothesis: ROSE electron density profiles, IUVS Hydrogen Lya vertical profiles, and SWIA
energy spectra. This set of observations is unique in the MAVEN data set due to the recent
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commissioning of the ROSE instrument, and the requirement of specific observing conditions. Although the
Martian bow shock typically exhibits a strong shock with a sharp dense boundary, there exist conditions
when the IMF is at or near radial where the bow shock becomes fragmented and unsteady. Such conditions
were likely met on 10 October 2017, when ROSE observed a transient layer near 60 km, ITUVS observed
Hydrogen Lya emission from proton aurora, and SWIA observed solar wind particles in the Martian
thermosphere. One cannot say with certainty whether the IMF was radial at this time as SWIA was not in
the upstream solar wind; however, these IMF configurations have previously been reported (Halekas
et al., 2017).

Impact ionization is therefore a plausible hypothesis for the origin of transient layers, although further
modeling is required. There exists a discrepancy in the inferred ionization rates from the ITUVS and SWIA
observations, which must be resolved self-consistently. The true penetration depths and relevant deposition
scale heights of these solar wind particles requires consideration of their integrated energy flux and their
ionization cross sections. Moreover, IUVS observations underestimate the true ionization rate due to line-
of-sight absorption of Lya, which must independently be determined.

Tonospheric electron densities above crustal magnetic fields are enhanced above 200 km, an effect observed
in situ and with remote sensing (Andersson et al., 2015; Flynn et al., 2017; Withers et al., 2018). Peter (2018)
infers the presence of transient layers to be uncorrelated with the crustal magnetic field regions as there are
an abundance of observations of such layers in the Northern Hemisphere and away from crustal regions. If
crustal magnetic fields can influence the spatial distribution of ions near the main peak, where chemical
lifetimes are short, there may be regions of enhanced ionization which appear as transient layers in radio
occultation. Without concurrent radio occultation and SWIA observations of penetrating particles, there is
no way to distinguish between magnetic control and impact ionization. There were no reported transient
layers during the observations of Withers et al. (2018), which includes five occultations over strong fields
in August-October 2016. Future observations over the southern hemisphere may be able to resolve the
importance of magnetic control near the main peak.

Future coordinated observations by ROSE, IUVS, and SWIA will be able to verify the relationship between
spatially asymmetric solar wind penetration and transient layers in radio occultation. However, existing data
sets may also be investigated to inform modeling efforts and determine the relationship between SWIA
penetrating particles and IUVS spatially asymmetric proton aurora. These aurorae have been observed in
~2% of dayside observations, which indicates that there may exist a handful of SWIA observations out of
the several thousand that demonstrate unusual penetration signatures. Without a systematic investigation
of SWIA data, we cannot say how unusual or energetic the event described herein, as would be necessary
for incorporation in future modeling and atmospheric evolution discussions.
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