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Abstract In the data of the Mars Advanced Radar for Subsurface and Ionosphere Sounding on board the
European Space Agency (ESA) mission Mars Express (MEX), a distinctive type of signals (called the“epsilon
signature”), which is similar to that previously detected during radio sounding of the terrestrialFregion
ionosphere, is found. The signature is interpreted to originate from multiple re� ections of electromagnetic
waves propagating along sounder pulse-created, crustal magnetic� eld-aligned plasma bubbles (waveguides).
The signatures have a low (below 0.5%) occurrence rate and apparent cutoff frequencies 3–5 times higher
than the theoretical one for an ordinary mode wave. These properties are explained by the in� uence of the
perpendicular ionospheric plasma density gradient and the sounder pulse frequency on the formation of
waveguides.

1. Introduction

The main body of the dayside Martian ionosphere (M2 layer) is basically a Chapman layer. Its electron density
peaks at an altitude of approximately 130 km at intermediate solar zenith angles (SZAs) and decreases
upward with a scale height of a few tens of kilometers [Gurnett et al., 2005;Fox and Yeager, 2006;Nielsen
et al., 2006;Gurnett et al., 2008;Morgan et al., 2008;Withers, 2009;N� mec et al., 2011]. However, this morphol-
ogy is strongly modi� ed if crustal magnetic anomalies develop [Acuña et al., 1998, 2001;Andrews et al., 2013,
2015;Langlais et al., 2004;Lillis et al., 2008]. The� eld lines may control the ionospheric plasma motion to form
local structures. The closed� eld lines may produce plasma cylinders, which may extend to several hundred
kilometers in the horizontal directions and can be detected at altitudes above 400 km [Ness et al., 2000;
Mitchell et al., 2001;Krymskii et al., 2002;Duru et al., 2006]. Where the� eld lines are vertical, the electron den-
sity and density scale height of the ionosphere may increase to form plasma bulges because of solar wind
energetic particles input along the open� eld lines [Mitchell et al., 2001;Krymskii et al., 2002;Nielsen et al.,
2007;Gurnett et al., 2008]. In the downstream regions of the magnetic anomalies, plasma� ux ropes with
diameters of several hundred kilometers may form because of solar wind stretching and shearing of the
crustal� elds [Morgan et al., 2011;Beharrell and Wild, 2012].

As the crustal magnetic� elds modify the ionosphere morphology, ionospheric plasma must have been mag-
netized to some extent. Therefore, during radio sounding of the ionosphere, anisotropic dielectric properties
associated with the magnetization could be observed. To verify this anticipation, we examined the data of the
Mars Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) on board the European Space
Agency (ESA) mission Mars Express (MEX) [Picardi et al., 2004;Gurnett et al., 2005]. The MARSIS data and tech-
nique have been described by several authors [e.g.,Picardi et al., 2004;Gurnett et al., 2005;Morgan et al., 2008;
Jordan et al., 2009;Duru et al., 2010;Morgan et al., 2013;Zhang et al., 2015]. A MARSIS measurement (called
the frame) can be visualized using an ionogram (i.e., a plot of the echo intensity as a function of the time delay
and frequency). To date, the data acquired from June 2005 to October 2013 have been made publicly avail-
able, including a total of approximately 120,200 frames on 7700 MEX orbits. Four types of the MARSIS signals
were utilized to retrieve information about the ionosphere: (1) Vertical echoes (those from the nadir direction)
were used to reconstruct the vertical ionospheric density pro� les [e.g.,Nielsen et al., 2006;Gurnett et al., 2008;
Morgan et al., 2008, 2013], constrain peak density variations [Wang et al., 2012], or characterize sublayers
inside the main layer [e.g.,Kopf et al., 2008;Zhang et al., 2015]. (2) Oblique echoes (those from the off-nadir
regions) were used to register plasma bulges [e.g.,Gurnett et al., 2005;Nielsen et al., 2007;Andrews et al., 2014;
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Key Points:
• The MARSIS radar revealed

pulse-created, crust magnetic
� eld-aligned plasma bubbles in
the Mars ionosphere

• Ducted wave signatures occur
infrequently owing to the ionospheric
plasma distribution

• Ducted waves show the cutoff
frequencies higher than the
theoretical upper hybrid frequency
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Diéval et al., 2015] and characterize
the horizontal density gradient
near the terminator [Duru et al.,
2010]. (3) Electron plasma oscilla-
tion harmonic echoes were used
to estimate the in situ electron
plasma frequency [e.g.,Gurnett
et al., 2008; Duru et al., 2008;
Gurnett et al., 2010]. (4) Electron
cyclotron echoes were exploited
to measure the in situ magnetic
� eld magnitude [e.g., Gurnett
et al., 2008; Akalin et al., 2010;
Morgan et al., 2011]. In this paper,
we report a new type of MARSIS
echoes, which can be interpreted
to indicate anisotropic dielectric
properties of the ionosphere, asso-
ciated with the crustal magnetic
� elds, and the formation of density
irregularities by the MARSIS soun-
der pulses. We will describe the
characteristics of the signals in
section 2 and discuss their origin
and implications in section 3.

2. Phenomena

Figure 1 shows the four successive
ionograms (frames 158–161) on
the MEX orbit no. 2359. In the mid-
dle parts of the individual iono-
grams, a “� xed” combination of
several oblique echo traces can be
seen (highlighted using the circles
in Figures 1c and 1d). We call this
feature the “epsilon signature” fol-
lowing Dyson and Benson[1978]
and Benson[1997] who described
similar features found in the terres-
trial F region ionosphere in the
data of International Satellites for
Ionospheric Studies (ISIS) [see
Benson, 1997, Figures 1 and 2]. In
Figure 1, the echo traces asso-
ciated with the epsilon signature
are speci� cally labeled for ease of
reference. The upper, middle, and
lower branches of the signature
are labeled as“T2,” “T1 + T2,” and
“2 T1 + T2,” respectively. Above
the signature, an oblique echo is
labeled as“T1,” which is near the
vertical echo trace or overlaps it.














