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Abstract The MAVEN (Mars Atmosphere and Volatile EvolutioN) spacecraft is providing new detailed
observations of the Martian ionosphere thanks to its unique orbital coverage and instrument suite. During
most periapsis passages on the nightside ionosphere suprathermal electron depletions were detected. A
simple criterion was implemented to identify the 1742 depletions observed from 16 November 2014 to 28
February 2015. A statistical analysis reveals that the main ion and electron populations within the depletions
are surprisingly constant in time and altitude. Absorption by CO2 is the main loss process for suprathermal
electrons, and electrons that strongly peaked around 6 eV are resulting from this interaction. The observation
of depletions appears however highly dependent on altitude. Depletions are mainly located above strong
crustal magnetic sources above 170 km, whereas the depletions observed for the first time below 170 km are
globally scattered onto the Martian surface with no particular dependence on crustal fields.

1. Introduction

The Mars Atmosphere and Volatile EvolutioN (MAVEN) mission is designed to study the structure, composition,
and variability of the upper atmosphere and ionosphere ofMars, its interaction with the Sun/solar wind, and the
atmospheric escape [Jakosky et al., 2015]. Its insertion into orbit around Mars occurred on 21 September 2014.
The spacecraft since then reached its mapping orbit which is a highly elliptical precessing orbit with a periapsis
at 150 km, a period of 4.5 h and an inclination of 75°. This periapsis can also be lowered down to 125 km during
deep-dip campaigns such as in mid-February 2015.

The nightside ionosphere of Mars is a poorly investigated area compared to the dayside one. One of the main
observational properties of this region is the presence of recurrent structures characterized by significant
depletions in electron fluxes and hence called “nightside suprathermal electron depletions” (hereinafter
referred to as electron depletions). The first observations of these structures were obtained during the
400 km mapping orbit of Mars Global Surveyor (MGS) by the Electron Reflectometer instrument that
detected on Mars’ optical shadow pronounced decreases of the electron count rates up to 3 orders of
magnitude at all energies [Mitchell et al., 2001]. The same structures were then detected by the Mars
Express (MEX) Electron Spectrometer [Soobiah et al., 2006]. The statistical analysis of their geographical
distribution suggested a strong correlation with crustal magnetic field in both hemispheres [Mitchell
et al., 2001; Soobiah et al., 2006; Soobiah, 2009]. Lillis and Brain [2013] showed thanks to MGS data fixed
at 02:00 A.M. local time that permanent electron depletions are located in regions of strong horizontal
crustal fields whereas intermittent depletions are located in weaker horizontal field regions, only existing
for low and moderate solar wind pressure. Duru et al. [2011] also reported these structures from
measurements obtained down to 275 km altitude by the Mars Advanced Radar for Subsurface and
Ionospheric Sounding on board MEX. These last measurements revealed the diversity of electron
depletions which were sometimes correlated with ion flow features or ion density depletion regions.
Martian electron depletions appeared different from the plasma holes reported at Venus [Brace et al.,
1982] since no local time, latitude, or altitude dependencies were detected [Duru et al., 2011].
However, Soobiah [2009] demonstrated that they could not be distinguished from Venus-like electron
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holes without the use of in situ magnetic field measurements and plasma density and temperature calcula-
tions. To date the origin of electron depletions stays mysterious, and a few processes have been proposed
including plasma escape, recombination with ionized components above closed magnetic field lines, or a
photochemical process [Duru et al., 2011].

From late November 2014 to late February 2015 the periapsis of MAVEN occurred in the nightside of Mars. This
time period therefore appears ideal to study electron depletions observed by MAVEN at low altitudes never
reached before together with a unique complete suite of particles and fields instruments not flown on board
MGS (no ion spectrometer) and MEX (no magnetometer). In this study we will combine for the first time (1)
electron observations from the Solar Wind Electron Analyzer (SWEA) that measures the energy and angular
distributions of 5 eV to 5 keV electrons with up to 2 s resolution (D. L. Mitchell et al., The MAVEN Solar Wind
Electron Analyzer (SWEA), Space Science Reviews, in preparation 2015), (2) ion composition observations from
the SupraThermal And Thermal Ion Composition (STATIC) analyzer that measures the velocity distributions
and mass composition of suprathermal and thermal ions (J. P. McFadden et al., MAVEN SupraThermal And
Thermal Ion Composition (STATIC) Instrument, submitted to Space Science Reviews, 2015), (3) magnetic field mea-
surements from the Magnetometer (MAG) with a resolution of 8pT [Connerney et al., 2015], and (4) observations
from the SolarWind Ion Analyzer (SWIA) thatmeasures the energy spectrum and angular distribution of solar wind
and magnetosheath ions with energy from 5eV to 25keV [Halekas et al., 2013].

This study will show how MAVEN sampled electron depletions above strong crustal magnetic sources and
above places without any significant ones. Thanks to an exhaustive data set of electron depletions we will
investigate the ion and electron populations’ characteristics inside the electron depletions. We will also
examine the altitude dependence of electron depletions and see if the known influence of crustal magnetic
anomalies is dependent on altitude.

2. MAVEN Observations of Electron Depletions
2.1. Case Studies

The measurements of SWEA, STATIC, SWIA, and MAG on two particular orbits of MAVEN are presented in
Figures 1 and 2. A nightside pass of MAVEN over a strong magnetic anomaly in the northern hemisphere
is shown in Figure 1, whereas a similar pass over a quiet magnetic area is shown in Figure 2. During orbit
740 (Figure 1) the spacecraft came from the dayside, passed its periapsis at a local time of 19:15, 125 km
above the geographic location (40°N, 74°E), and went out the induced magnetosphere on the nightside.
During orbit 669 (Figure 2) it passed its periapsis at a local time of 20:45, 150 km above the geographic loca-
tion (50°N, 150°E). In both cases we used multiinstrument observations to identify the different boundaries
and key regions of the Martian-induced magnetosphere. The bow shock corresponds to the heating of
the interplanetary plasma (H+ and He+ +) by the interaction between the supersonic solar wind and the
Martian obstacle. The so-called magnetic pileup boundary (MPB) corresponds to the boundary where the
solar wind proton and the suprathermal magnetosheath electron density decrease suddenly but not the core
solar wind electron fluxes nor the solar wind magnetic field that piles up [Acuña et al., 1998; Bertucci et al.,
2003; Nagy et al., 2004]. The ionosphere is the region where the atmospheric photoelectrons dominate
and the flux of electrons having an energy greater than ~ 30 eV decreases. This decrease can reach 1 order
of magnitude for ~ 100 eV electrons [Mitchell et al., 2001].

During orbit 740, SWEA recorded between 06:29 and 06:36 UTC a large electron depletion (delineated by brown
dashed vertical lines) characterized by a decrease of the electron energy flux by more than 2 orders of magni-
tude at almost all energies. There is however a remaining electron population around 6 eV (Figure 1a). STATIC

observations revealed a strong peak around 3 eV inside the depletion (Figure 1b) with mostly Oþ
2, whereas the

ionosphere was mainly composed ofHþ; Heþþ; Oþ; and Oþ
2 (Figure 1c). Note that forO

þ
2 3 eV corresponds to the

ram energy resulting from the satellite speed in the case of a thermalized background of ions. Just after the end

of the electron depletion, at 06:36 UTC, the mean Oþ
2 energy jumps from 3 to 6 eV which is due to a spacecraft

potential effect a priori.

During the electron depletions the spacecraft was in the nightside ionosphere below 160 km altitude and
passed over a strong magnetic anomaly between 06:29 and 06:33 UTC as indicated by the observed pro-
nounced increase in magnetic field intensity and in agreement with the model of Morschhauser et al. [2014]
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(Figure 1d). Electron depletions above magnetic anomalies appear to be a recurrent structure of the nightside
ionosphere as reported from MGS and MEX data. Their observations were ascribed to spacecraft crossings of
closed magnetic loops whose feet were anchored to crustal magnetic sources on the nightside. Inside those
loops the spacecraft was then cut off from solar wind plasma traveling toward the magnetotail and ionospheric
plasma coming from the sunlit side [Mitchell et al., 2001]. It was also suggested that electron depletions are not
seen on the dayside because when the loops travel on the dayside they are filled with ionospheric photoelec-
trons. Electron depletions are then the result of a balance between electron loss and creation processes. We can
note that between 06:33 and 06:36 UTC the electron depletion is still present, whereas no significant magnetic
field can be observed. This phenomenon will be observed in more details in Figure 2.

Figure 2 provides another observation of electron depletions (delineated by brown dashed vertical lines). The
depletions are observed between 18:12 and 18:21 UTC below an altitude of 250 km and have similar proper-
ties to the depletion described previously. However, within this time interval electron energy flux decreases
intermittently and electron depletions are observed alternately with “spikes” [Mitchell et al., 2001]. The main
difference with the Figure 1 example is the absence of significant crustal magnetic sources below the space-
craft at the time of the depletion, with very low values of the measured and predicted (by the Morschhauser
model, in red in Figure 1e) magnetic fields. The model however predicts a small enhancement of the crustal
field of 9 nT at 18:18. This value seems too small to be significant as it is embedded in the ambient magnetic
field and coincident with electron spikes. This observation demonstrates that crustal magnetic anomalies
cannot be the unique source of electron depletions.

These two case studies have been chosen as representative of a large number of electron depletions
observed byMAVEN. The first one above a crustal magnetic anomaly corresponds to the typical case reported
previously from MGS and MEX observations. The second one above a quiet magnetic area was occasionally
reported from those past observations but is now commonly observed by MAVEN as illustrated by the
statistical analysis presented in the next sections.

Figure 1. Example of electron depletion in its plasma environment observed above a crustal magnetic field anomaly during
orbit 740 on 16 February 2015. (a) SWEA energy-time spectrogram of omnidirectional electron energy flux, (b) STATIC energy-
time spectrogram of omnidirectional ion energy flux (C0 mode), (c) STATIC mass-time spectrogram of omnidirectional ion
energy flux (C6 mode), (d) SWIA energy-time spectrogram of omnidirectional ion energy flux (SWICAmode), and (e) magnetic
field intensity (measured by MAG in black and calculated from themodel ofMorschhauser et al. [2014] in red) versus time. The
grey shading highlights the ionosphere. The shadow corresponds to solar zenith angle (SZA) larger than 100°.
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3. Statistical Analysis
3.1. Methodology

A simple but robust criterion was implemented in order to detect electron depletions in MAVEN data. Our
criterion is based on electron count rates (CRs) from SWEA observations and is described by equation (1). It
relies on three energy channels (E1 = 4.26 eV, E2 = 98.93 eV, and E3 = 111.16 eV) that enable us to distinguish
electron depletions from spikes. The sampling time step used is the same as SWEA data: 4 s. Consequently,
electron depletions detected last at least 4 s which corresponds to 16 km traveled by the spacecraft.
Application of this criterion to data obtained between 16 November 2014 and 28 February 2015 resulted
in a data set of 1742 electron depletions identified on 457 orbits among the 494 where data are available.
During the 37 others no electron depletion satisfying our criteria was found.

X3

i¼1

CR Eið Þ
< CR Eið Þ; 1 h >

< 0:03 (1)

3.2. Properties of Electron Depletions

In order to derive the properties of electron depletions we concatenated all time intervals obtained with our
criterion. The local time distribution of our data set covers the whole nightside sector, and the solar zenith
angle (SZA) distribution varies from 95° to 155° so that some depletions can cross the terminator
(SZA ∈ [90°, 100°]). There is therefore no particular local time or SZA dependence detected for the electron
depletions considered in this study. However, any dependence with complete local time and solar zenith
angle coverage is still undetermined but will be studied with future MAVEN data. Figure 3 provides the mea-
surements of SWEA and STATIC obtained within the depletions. The data gap between 18 and 27 November
2014 corresponds to a safe mode. The different time intervals when low-energy ion populations are not mea-
sured by STATIC correspond to a change in instrument mode.

The electron population with energy above 10 eV has disappeared inside the depletions, and the remaining
population is strongly peaked around amean value remarkably constant of 6–7 eV with a full width at half max-
imum of 2 eV (Figure 3a). The neutral composition of the Martian nightside atmosphere is dominated by CO2

Figure 2. (a–e) Same as Figure 1. Example of electron depletions observed above a quiet magnetic area during orbit 669 on
2 February 2015.
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below 200km [Haider et al., 2013] but also includes O, N2, CO, and O2. Depending on the model considered the
altitude where O becomes dominant is variable [Haider et al., 2013; Krasnopolsky, 2002], but all models describe
the same composition. Inspection of the cross section for electron collisions with these five species [Itikawa,
2002; Itikawa and Ichimura, 1990; Itikawa et al., 1986, 1989; Kanik et al., 1993] reveals that only the CO2 cross sec-
tion (superimposed on top of the electron time-energy spectrogram in Figure 3a)—due to momentum transfer,
excitation, and ionization processes—is in agreement with the inner electron population. It indeed presents a
strong dip at 6 eV coincident with the remaining electron population and two strong peaks at 4 and 30 eV.
Since a peak in the cross section is related to an electron loss process, electron absorption by the atmospheric
CO2 seems a good candidate to explain the large electron disappearance above 10 eV observed in all depletions
as well as the remaining thermal electron population observed between 4 and 12 eV.

The energy of the ion population inside electron depletions (Figure 3b) is also strongly peaked around a
mean value of 3 eV with a full width at half maximum of 1 eV on each mode, again suggesting that we
observe cold ions with the ram velocity. Looking in detail at the mass-time spectrogram (Figure 3c) enable
us to derive the ion composition within electron depletions dominated by Oþ

2=NO
þ(Note that STATIC cannot

resolve between these species). This observation is consistent with the nightside ionosphere composition
calculated by Haider et al. [2013] with Oþ

2 as the main ion species below 200 km followed by NO+ and COþ
2.

In summary the main ion and electron populations of all electron depletions identified in our study appear
surprisingly constant independently of the altitude and the period they are observed. We will look into more
details to their altitude distribution in the next section.

4. Interpretation
4.1. Altitude Distribution of Electron Depletions

In order to investigate the altitude distribution of all electron depletions we binned our data with constant
bins of 2 km altitude. For each bin we first determined the number of electron depletions and then the number
of MAVEN’s passages contained therein during the time period under study (excluding data gaps during safe
mode) in order to remove any orbital bias. The percentage of electron depletions per MAVEN passage is then
the ratio of these two numbers, and the result of our statistical binning is provided in Figure 4.

First, the number of electron depletions increases with decreasing altitude. Second, there is a particularly
noticeable slope change in our data distribution around 170 km: above 170 km there are 14% of depletions
per passage, whereas below 170 km there are 46% of depletions per passage. The percentage even reaches

Figure 3. Concatenation of all the time intervals where electron depletions have been detected by our criterion. (a) SWEA
energy-time spectrogram of omnidirectional electron energy flux, together with the total electron collision cross section
for CO2 (black line) taken from Itikawa [2002]. (b) STATIC energy-time spectrogram of omnidirectional ion energy flux
(C0 mode). (c) STATIC mass-time spectrogram of omnidirectional ions energy flux (C6 mode).

Geophysical Research Letters 10.1002/2015GL065257

STECKIEWICZ ET AL. MARTIAN SUPRATHERMAL ELECTRON DEPLETIONS 5



100% at 125 km during the deep-dip campaign. In order to understand the differences between electron
depletion occurrence above and below 170 km we will at first examine the geographic distribution of the
electron depletions below this altitude and then above.

4.2. Geographical Distribution of Electron Depletions

We binned the Martian surface with a constant bin size of 5° longitude and 5° latitude and then
estimated the percentage of electron depletions per MAVEN passage above each bin. Figure 5 displays
the results of our binning for depletions observed below 170 km (Figure 5a) and above 170 km
(Figure 5b) with the color-coded percentage of depletions per MAVEN passage projected onto a
geographic map of the Martian surface. We superimposed on the resulting map contour lines for the
intensity of the magnetic field calculated from the model of Morschhauser et al. [2014] at an altitude
of 170 km. Only magnetic field intensities greater than 10 nT are indicated for clarity. We note that the
number of time steps and of orbits is significant in all cells although weaker at the lowest latitudes
(<40°) and altitudes (<150 km).

Figure 5a indicates that the geographic distribution of electron depletions below 170 km is homogeneous
above the northern hemisphere between 30°N and 75°N with no significant latitude or longitude depen-
dence. Whereas some of the high percentages bins are located above the two largest magnetic areas located
around coordinates (180°E, 45°N) and (10°E, 50°N), many others are not related to them. Therefore, the
presence of crustal magnetic sources below the location where electron depletions are observed probably
influences their properties, but crustal fields cannot be invoked as themainmechanism to explain their origin
in this altitude range. Hence, below a mean altitude of 170 km the predominant process at the origin of
electron depletions is electron absorption by atmospheric CO2.

Contrary to depletions observed below 170 km, Figure 5b indicates a strongly heterogeneous electron deple-
tions distribution above 170 km, mostly observed above the large magnetic areas mentioned previously and
very few depletions away from them. This explains why electron depletions previously observed by MEX and
MGS were predominantly associated with crustal magnetic fields since their observations were restricted to
altitudes above 275 km, which introduced a bias in their interpretation. Hence, the predominant source
mechanism at the origin of electron depletions above 170 km seems to be linked with strong crustal
magnetic sources. Note however that some depletions do not perfectly fit with the scenario, especially in
the regions (230°E, 260°E) and (40°N, 70°N).

5. Conclusions

We have presented new in situ observations of nightside suprathermal electron depletions obtained by
MAVEN in the Martian northern hemisphere. These observations are obtained for the first time at low alti-
tudes down to 125 km and nicely extend previous observations of electron depletions by MGS and MEX that

Figure 4. Percentage of electron depletions detected by our criterion per MAVEN passage calculated in bins of 2 km
altitude. The horizontal red line highlights the abrupt slope change observed around 170 km.
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were restricted to altitudes above 275 km. Taking advantage of the unique suite of particles and field instru-
ments on board MAVEN we showed that the main ion and electron populations inside the electron
depletions appear surprisingly constant with time and altitude. Inspection of the cross section for elec-
tron collision with the main constituents of the ionosphere suggests that electron absorption by CO2

is the best candidate to explain the origin of electron depletions. Our statistical analysis however reveals
that the presence of electron depletions in the nightside ionosphere is highly dependent on altitude,
with the probability of observing an electron depletion above 170 km being 14% compared to 46%
below 170 km. Our study indicates that the electron depletions above 170 km—as previously reported
by MGS and MEX—are strongly favored by the presence of crustal magnetic fields, whereas electron
depletions observed for the first time below 170 km are globally scattered onto the surface of the planet
with no particular dependence on crustal fields. Hence, the two main sources of electron depletions
highlighted here have different predominance area: low altitude for CO2 absorption and geographical
spots for the crustal magnetic field effect.

MAVENwill soon observe the Martian southern hemisphere where the strongest magnetic crustal sources are
located. We naturally plan to extend our analysis in the near future to include these measurements and
further test our proposed interpretation about these structures’ origin.

Figure 5. Percentage of electron depletions detected by our criterion per MAVEN passage superimposed on a geographic
map of the Martian surface with constant bin size of 5 × 5°. The black lines correspond to magnetic field intensity contour
lines (in logarithmic scale) calculated from the model of Morschhauser et al. [2014] at an altitude of 170 km. Distribution of
depletions observed (a) below 170 km and (b) above 170 km.
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