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[1] By examining electron density profiles from the Mars
Express Radio Science Experiment MaRS, we show that
the vertical structure of the dayside ionosphere of Mars is
more variable and more complex than previously thought.
The top of the ionosphere can be below 250 km (25%
occurrence rate) or above 650 km (1%); the topside
ionosphere can be well-described by a single scale height
(10%) or two/three regions with distinct scale heights (25%
or 10%), where those scale heights range between tens and
hundreds of kilometers; the main layer of the ionosphere
can have a sharply pointed (5%), flat-topped (6%), or
wavy (8%) shape, in contrast to its usual Chapman-like
shape; a broad increase in electron density is detected at
160-180 km (10%); a narrow increase in electron density
is sometimes found in strongly-magnetized regions; and an
additional layer is present between the M1 and M2 layers
(3%). Citation: Withers, P., et al. (2012), A clear view of the
multifaceted dayside ionosphere of Mars, Geophys. Res. Lett., 39,
L18202, doi:10.1029/2012GL053193.

1. Introduction

[2] The Martian ionosphere is affected by solar wind
conditions, solar extreme-ultraviolet (EUV) and X-ray irra-
diance, precipitation of charged particles, solar zenith angle,
neutral density, composition, and winds, and the magnetic
environment. Interactions of the solar wind with inhomo-
geneous crustal fields are a major cause of spatial and tem-
poral variations in ionospheric chemistry, dynamics, and
energetics [Shinagawa, 2000; Connerney et al., 2001; Nagy
et al., 2004; Brain, 2006; Withers, 2009]. Understanding the
vertical structure of the Martian ionosphere has been a key
tool for discovering how the ionosphere behaves and what
processes shape it [Hanson et al., 1977; Chen et al., 1978;
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Barth et al., 1992; Fox and Yeager, 2006; Withers, 2009;
Mendillo et al., 2011].

[3] Since 2004, the Mars Express (MEX) Radio Science
Experiment MaRS has used radio occultations to measure
over five hundred vertical profiles of dayside ionospheric
electron density from ~60 km to ~800 km altitude with a
vertical resolution of 0.5 km and a measurement uncertainty
that is usually 0.5-1.0 x 10° m™> [Pdtzold et al., 2004,
2005]. Here we discuss the unprecedentedly clear view of
the vertical structure of the Martian ionosphere that is pro-
vided by their excellent measurement accuracy, vertical
range, and vertical resolution. We report diverse conditions
in the topside ionosphere, atypical shapes of the main
plasma layer, and new features above and below the main
plasma layer.

[4] Previous work has established that the vertical struc-
ture of the dayside Martian ionosphere consists of a
photochemically-controlled region (80-200 km) and a
transport-controlled region (>200 km) [Chen et al, 1978;
Barth et al., 1992; Shinagawa, 2000; Fox, 2004]. The most
abundant ion below 300 km is O3 [Hanson et al., 1977; Chen
et al., 1978; Fox, 2004]. Interaction of the solar wind with the
ionosphere generally produces an upper boundary separating
electrons of Martian origin from those of solar origin [Brain,
2006; Nagy et al., 2004, and references therein]. The typical
altitude of this boundary, which varies considerably with
time, is 400 km [Mitchell et al., 2001; Brain, 2006; Duru et al.,
2009]. Maximum electron densities occur within the photo-
chemically-controlled region in a plasma layer produced by
solar EUV irradiance, called the M2 layer [Fox and Yeager,
2006; Withers, 2009]. A smaller, highly time-variable layer
produced by solar soft X-ray irradiance and associated electron
impact ionization, called the M1 layer, occurs about 20 km
below the M2 layer [Fox, 2004; Mendillo et al., 2006; Withers,
2009]. Electron densities above the M2 layer in the transport-
controlled topside generally decrease with increasing altitude
[Hanson et al., 1977; Zhang et al., 1990; Fox and Yeager,
2006; Duru et al., 2009; Mendillo et al., 2011]. Figure la
shows such an electron density profile. The M1 layer is
visible at 110 km, the M2 layer at 135 km has a classical
Chapman-like shape [Withers, 2009], and electron densities
decrease exponentially above the M2 layer. The exponential
decrease in electron density by two orders of magnitude
over 150 km distance has a single scale height of 33 km.
We truncate all profiles shown in this paper at the first
negative electron density measurement above the M2 layer.

2. The Topside Ionosphere

[5] In only 10% of profiles do topside electron densities
clearly decrease with a single scale height. The topside of the
profile in Figure 1b, like 25% of profiles, has two scale
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heights, here 22 km from 150 to 220 km altitude and 120 km
from 220 to 400 km altitude. Another 10% of profiles have
three regions with distinct scale heights (Figure 1c: 28 km at
150-220 km, 190 km at 220-280 km, and 21 km at 280—
315 km). Figure 1c is a rare Mars radio occultation profile
that measures plasma above and below the ionopause
(~300 km). Topside plasma scale heights are affected by
ion and electron temperatures, large-scale plasma flow,
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Figure 2. Two electron density profiles illustrating varia-
tions in the vertical extent of the ionosphere. The local time
is (a) 11 hrs and (b) 21 hrs in Panel B.

and the magnetic environment [Schunk and Nagy, 2009].
Abrupt transitions between regions of nearly-uniform plasma
scale height suggest transitions in either the physical mecha-
nism that controls the topside scale height (e.g., diffusive
equilibrium, suppression of vertical flow by horizontal mag-
netic fields) or a key parameter for the dominant physical
mechanism (e.g., ion composition, electron temperature,
magnetic field strength). Extended regions with a nearly-uni-
form plasma scale height indicate that the dominant physical

Figure 1. Three electron density profiles illustrating differ-
ent structures in the topside ionosphere. Latitude, longitude,
solar zenith angle (SZA), orbit number, and UTC date are
shown. All local times are 12—14 hours. (a) The grey solid
line is an exponential fit to densities between 150 km and
300 km that has a scale height of 33 km. (b) The lower
and upper grey solid lines are exponential fits to densities
at 150-220 km and 220400 km, respectively, that have
scale heights of 22 km and 120 km. (¢) The lower, middle,
and upper grey solid lines are exponential fits to densities
at 150-220 km, 220-280 km, and 280-315 km, respectively,
that have scale heights of 28 km, 190 km, and 21 km.
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Figure 3. Six electron density profiles illustrating atypical features near the main peak. All local times are within a few

hours of local noon.

mechanism and its key parameters remain the same despite
large changes in altitude.

[6] The height of the top of the ionosphere is not fixed, as
shown in Figures 2a and 2b. In 25% of proﬁles densities
drop below 10° m > below 250 km, and in 1%, densities
remain above 10° m > until 650 km. A cause of the
unusually low extent and clear ionopause in Figure 2a was
intense solar activity (i.e., temporal variability). Numerous
coronal mass ejections occurred at this time and the fluxes of
solar energetic particles at Earth and Mars were high
[Morgan et al., 2006]. A cause of the unusually high extent
in Figure 2b was the strong, 220 nT at 150 km [Arkani-
Hamed, 2004], and nearly horizontal crustal magnetic field
at this location (i.e., spatial variability) that held off the solar
wind. The vertical profile of electron density in Figure 2b
has the greatest range yet reported for Mars, 600 km. The

vertical thickness of the ionosphere changes by a factor of
six between Figure 2a (100 km thick) and Figure 2b (600 km
thick).

[7] Figures 1 and 2 illustrate extreme spatial and temporal
variations in the extent and morphology of the topside ion-
osphere, which is an important reservoir of escaping vola-
tiles, with space and time. They highlight the difficulties
inherent in developing an understanding of present-day vol-
atile loss from Mars that adequately captures time-dependent
changes in the space environment above Mars and position-
dependent magnetic field variations across Mars.

3. The Main Ionospheric Layer

[8] The main ionospheric peak usually has a smooth shape
similar to a classical Chapman layer (Figure la) [Withers
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and Mendillo, 2005; Morgan et al., 2008]. However, MEX
observations show that the shape of the M2 layer can be
substantially different from this ideal. The three examples in
Figures 3a—3c display sharply pointed, flat-topped, and
wavy shapes, respectively. These shapes occur in 5%, 6%,
and 8% of profiles, respectively. The density maximum at
120 km in Figure 3c that lies below a wide dense layer of
plasma is consistent with a commonly observed feature in
MARSIS ionospheric sounding ionograms: a brief continu-
ation of the ionospheric trace beyond the cusp at the peak
frequency of the plasma layer [Kopf et al., 2008, Figure 5a].
Figure 3d shows a new feature at 120 km between the M1
layer at 110 km and the M2 layer at 130 km. This feature,
found in 3% of profiles, is also present in Figure 3a. Both
Figures 3a and 3d share an unusual attribute in their topside
ionospheres; their electron densities decrease linearly, not
exponentially, with increasing altitude. The localized features
seen in Figures 3a—3d may be influenced by a range of small-
scale plasma instabilities that are important in the analogous
E-region of the terrestrial ionosphere [Kelley, 2009]. As-
yet-unidentified spatial or temporal variations in ionospheric
chemistry are another potential cause. Figures 3a—3d illustrate
that much remains to be learned about the photochemically-
controlled ionospheric regions that contain most of the plasma
present in the ionosphere and which were thought to be well-
understood. It is not clear whether the root causes of these
atypical features lie in ionospheric chemistry, dynamics, or
energetics.

[v9] The general trend in electron densities between the
main peak and ~200 km is an exponential decrease with
increasing altitude. Electron densities in the 160—-180 km
range are enhanced above this trend in 10% of profiles. In
Figure 3e, the enhancement is sufficient to cause a local
maximum in electron density. This bulge is the “second
layer” present near 180 km in about half of Mars Express
topside radar sounder MARSIS observations [Kopf et al.,
2008]. Several numerical models have predicted the exis-
tence of this bulge, but for two different physical reasons.
Shinagawa and Cravens [1992] associated it with converg-
ing vertical plasma motion affected by magnetic fields. Fox
and Yeager [2006] associated it with a sharp increase in
electron temperature, which reduces plasma neutralization
rates, at these altitudes.

[10] The ionosphere of Mars is affected by the planet’s
unique magnetic environment. Nielsen et al. [2007] and
Gurnett et al. [2008] reported elevated peak and topside
electron densities, respectively, above regions of strong and
vertical field. These effects are caused by increased plasma
production and/or heating in regions where the solar wind
plasma impinges directly onto the ionosphere. The crustal
magnetic field strength at 150 km in Figure 3F’s profile is
250 nT [Arkani-Hamed, 2004]. Electron densities in a 3 km-
wide region are increased above the background trend by
20%. Similar features are present in 1% of profiles and have
also been observed in strongly magnetized regions by other
instruments at Mars [Withers et al., 2005]. The localization
in altitude of this feature has two possible interpretations.
First, this feature is actually a narrow plasma layer at
145 km. Since plasma production by precipitating particles
cannot be concentrated like this, such a magnetically-
controlled feature must be produced by either small-scale
or large-scale plasma motion within the ionosphere.
Second, this feature is the consequence of the assumption of
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horizontal uniformity in the processing of radio occultation
data and horizontal variations in plasma density across a
region where the magnetic field environment varies, as
observed by Nielsen et al. [2007] and Gurnett et al. [2008].
Violations of this assumption may also impact some of the
other results of this work.

4. Conclusions

[11] These Mars Express radio occultation measurements
of vertical profiles of ionospheric electron density reveal a
rich and complex range of features in the vertical structure of
the ionosphere of Mars. Single, double, and triple scale
height topsides occur in 10%, 25%, and 10% of profiles,
respectively. Sharply pointed (5%), flat-topped (6%), and
wavy (8%) shapes are sometimes found in the main layer, all
features that indicate major departures from conditions in
models that produce a Chapman-like shape. A broad increase
in electron density at 160—180 km occurs in 10% of profiles
and a narrow increase at similar altitudes, associated with
strong magnetic fields, is found in 1% of profiles. An addi-
tional layer is present between the M1 and M2 layers in 3% of
profiles. This array of features challenges numerical models,
and accurately reproducing them will determine key iono-
spheric chemical, dynamical, and thermal properties.
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