
2015Publication Year

2020-06-08T10:43:51ZAcceptance in OA@INAF

Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) after 
nine years of operation: A summary

Title

OROSEI, ROBERTO; Jordan, R. L.; Morgan, D. D.; CARTACCI, MARCO; 
CICCHETTI, ANDREA; et al.

Authors

10.1016/j.pss.2014.07.010DOI

http://hdl.handle.net/20.500.12386/25952Handle

PLANETARY AND SPACE SCIENCEJournal

112Number



Mars Advanced Radar for Subsurface and Ionospheric
Sounding (MARSIS) after nine years of operation: A

summary

R. Orosei1a, R. L. Jordanb, D. D. Morganc, M. Cartaccid, A. Cicchettid, F.
Duruc, D. A. Gurnett c, E. Heggyb, D. L. Kirchnerc, R. Noschesed, W.

Kofmane,f, A. Masdeag, J. J. Plautb, R. Seug, T. R. Wattersh, G. Picardig

aIstituto di Radioastronomia, Istituto Nazionale di Astro�sica, Via Piero Gobetti 101,
40129 Bologna, Italy

bJet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr.,
Pasadena, CA 91009, USA

cDepartment of Physics and Astronomy, The University of Iowa, 203 Van Allen Hall,
Iowa City, IA 52242-1479, USA

dIstituto di Astro�sica e Planetologia Spaziali, Istituto Nazionale di Astro�sica, Via del
Fosso del Cavaliere 100, 00133 Rome, Italy

eInstitut de Planetologie et d’Astrophysique de Grenoble, Bâtiment D de physique - BP
53, 38041 Grenoble C�edex 9, France

fVisiting Professor at Space Research Centre of the Polish Academy of Sciences, ul.
Bartycka 18A, Warsaw, Poland

gDipartimento di Ingegneria dell’Informazione, Elettronica e Telecomunicazioni,
Universit�a di Roma \La Sapienza", Via Eudossiana 18, 00184 Rome, Italy

hCenter for Earth and Planetary Studies, National Air and Space Museum, MRC 315,
Smithsonian Institution, PO Box 37012, Washington, DC 20013-7012

Abstract

Mars Express, the �rst European interplanetary mission, carries the Mars
Advanced Radar for Subsurface and Ionosphere Sounding (MARSIS) to search
for ice and water in the Martian subsurface. Developed by an Italian-US
team, MARSIS transmits low-frequency, wide-band radio pulses penetrat-
ing below the surface and reected by dielectric discontinuities linked to
structural or compositional changes. MARSIS is also a topside ionosphere
sounder, transmitting a burst of short, narrow-band pulses at di�erent fre-
quencies that are reected by plasma with varying densities at di�erent al-
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titudes. The radar operates since July 2005, after the successful deployment
of its 40 m antenna, acquiring data at altitudes lower than 1200 km. Subsur-
face sounding (SS) data are processed on board by stacking together a batch
of echoes acquired at the same frequency. On ground, SS data are further
processed by correlating the received echo with the transmitted waveform
and compensating de-focusing caused by the dispersive ionosphere. Ground
processing of active ionospheric sounding (AIS) data consists in the recon-
struction of the electron density pro�le as a function of altitude. MARSIS
observed the internal structure of Planum Boreum outlining the Basal Unit,
an icy deposit lying beneath the North Polar Layered Deposits thought to
have formed in an epoch in which climate was markedly di�erent from the
current one. The total volume of ice in polar layered deposits could be esti-
mated, and parts of the Southern residual ice cap were revealed to consist of
� 10 m of CO2 ice. Radar properties of the Vastitas Borealis Formation point
to the presence of large quantities of ice buried beneath the surface. Obser-
vations of the ionosphere revealed the complex interplay between plasma,
crustal magnetic �eld and solar wind, contributing to space weather studies
at Mars. The presence of three-dimensional plasma structures in the iono-
sphere was revealed for the �rst time. MARSIS could successfully operate
at Phobos, becoming the �rst instrument of its kind to observe an asteroid-
like body. The main goal pursued by MARSIS, the search for liquid water
beneath the surface, remains elusive. However, because of the many factors
a�ecting detection and of the di�culties in identifying water in radar echoes,
a de�nitive conclusion on its presence cannot yet be drawn.

Keywords:
Mars Express, Mars, Ground Penetrating Radar (GPR), Ionosphere, Ice,
Water

1. Introduction

Mars is today a cold, dry and sterile world with a thin atmosphere made of
CO2. The geologic and compositional record of the surface reveals however
that in the past Mars had a thicker atmosphere and liquid water owing
on its surface. For this reason, it has been postulated that life could have
developed and that some primitive life forms may be existing even today.
This possibility has led to the growth of an enormous interest in the red
planet, and its exploration now involves all major space agencies in the world.
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Mars Express, the �rst European interplanetary mission, was designed to
provide unprecedented global coverage of the planet’s surface, subsurface
and atmosphere, focusing on two related issues: the current inventory of ice
or liquid water in the Martian crust, and possible traces of past or present
biological activity on the planet (Chicarro et al., 2004).

Mars Advanced Radar for Subsurface and Ionosphere Sounding (MAR-
SIS) was included in the Mars Express payload to search for ice and water in
the Martian subsurface. Developed by a team of Italian and US researchers
and industrial partners, MARSIS works by transmitting low-frequency, wide-
band radio pulses that are capable of penetrating below the surface and
are reected by dielectric discontinuities linked to structural or composi-
tional changes. MARSIS is also capable of operating as a topside ionosphere
sounder, transmitting a burst of short, narrow-band pulses at di�erent fre-
quencies that are reected by plasma with varying densities at di�erent alti-
tudes (Picardi et al., 2004b).

The �rst instrument of its kind to y since the ALSE experiment on-board
Apollo 17 (Porcello et al., 1974), MARSIS started acquiring scienti�c data in
June 2005, after the successful deployment of its 40-m antenna. Since then,
it has produced more than 100 GBytes of data over thousands of orbits,
each consisting of several hundred observations. In the following sections,
instrument and data characteristics will be summarized, and main scienti�c
results obtained over a nine year period will be presented.

2. The Instrument

The Mars Advanced Radar for Subsurface and Ionospheric Sounding
(MARSIS) on the Mars Express spacecraft operates from a highly elliptical
orbit with a periapsis altitude of 250 kilometres but acquires data only from
altitudes lower than 1200 km. This radar has been successfully operating
since August 2005. The subsurface sounder is a dual channel low-frequency
radar operating between 1.3 and 5.5 MHz with wavelengths between 230 and
55 meters in free space for subsurface sounding and between 0.1 and 5.5 MHz
(wavelengths between 3000 and 55 m) for ionospheric sounding. The subsur-
face sounder can operate at one or two-frequency bands out of four available
bands. The subsurface sounding radar transmits radio frequency (RF) pulses
of 250 � s duration through a 40 m dipole antenna. The return echoes are
then converted to digital form and temporarily stored on board for some
digital processing. This processing reduces the data rate produced by the in-
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strument to rates allowed by the spacecraft communications channel. These
processed returns are then sent to Earth by the telecommunications system
on the spacecraft. Advances in digital data acquisition and processing since
1972 have enabled this technique to be used in a compact spacecraft science
instrument. This sounder has obtained returns from several kilometres below
the surface of Mars. The ionospheric sounder operates at altitudes greater
than 800 km in a mode that sweeps the entire 0.1 - 5.5 MHz range. During
ionospheric sounding, the transmitter sends a 91� s tone at 127 pulses per
second rate. The frequency sweep takes 7.3 s to complete the 0.1 { 5.5 MHz
range.

The ionospheric and subsurface sounders share much of the MARSIS
hardware. The ionospheric sounder uses a simple low bandwidth pulse and
radiates through the dipole antenna. The subsurface sounder operates over
four possible frequency bands of 1 MHz bandwidth each using a 250� s fre-
quency swept transmit pulse. The subsurface sounding channel includes a
transmitter and receiver which share the 40 meter tip to tip dipole antenna.
In sites with a rough surface, the subsurface dynamic range is strongly re-
duced by echoes received from surface clutter. O�-nadir echoes from areas
extending in the along-track direction are reduced by the synthetic antenna
processing.

The basic block diagram of MARSIS is shown in Fig. 1. MARSIS con-
sists of: (1) a sounder channel containing a programmable signal generator,
a transmitter that drives a 40 m dipole antenna and a receiver with an
analogue-to-digital converter; (2) a surface cancellation channel consisting a
7m monopole antenna and a receiver with an analogue-to-digital converter;
(3) a dual channel data processor; and (4) a digital electronics and power
and control subsystem that controls all the sounder

The MARSIS subsurface sounding modes operate at altitudes lower than
900 km. The MARSIS transmitter generates a swept frequency high-power
RF pulse that is delivered to the antenna for radiation. This radiated en-
ergy is reected from the Martian surface and subsurface back to the radar.
Data processing is performed on board in the MARSIS instrument. MAR-
SIS principal operational parameters of the subsurface sounder are outlined
in Table 1. MARSIS utilizes the technique of Doppler beam sharpening
(DBS) in order to enhance the ratio of subsurface echoes to surface clutter.

To acquire data with a su�cient signal-to-noise ratio, MARSIS employs
a 1 MHz bandwidth linearly swept signal for transmission in the subsur-
face sounding modes. This waveform has a duration of 250 microseconds
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Figure 1: Conceptual block diagram of MARSIS.
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Parameter Description
Subsurface sounding altitude range 250-900 kilometres
Antenna Length 40 meters tip-to-tip
Subsurface sounder frequency range 1.3 to 5.5 MHz in 4 Bands
Peak Radiated Power 1.5 to 5 Watts
Subsurface sounder pulse repetition rate 127 Hz
Subsurface sounder transmit pulse length 250 Microseconds
Subsurface sounder wavelength 60 to 160 Meters
Bandwidth per band 1 MHz
Sounder free space depth resolution 150 Meters
Sounder dynamic range 40-50 dB
Nominal window depth 15 kilometres
Number of processed channels 2 or 4
Number of simultaneous frequencies 1 or 2
Data quantization 8 bits per sample
Data quantization rate 2.8 Megasamples per second
Data window duration 350 microseconds
Data rate output 18 to 75 Kilobits per second
Data Volume 285 Megabits per day
DC Operation Power 60 Watts
Total Mass 20 Kilograms

Table 1: MARSIS subsurface sounder parameters

duration. During on-board or ground data processing, the return signal is
range compressed, increasing the signal-to-noise ratio by about 24 dB. The
MARSIS electronics control of pulse compression side-lobes was an overrid-
ing issue. The expected return of the �rst specular signal was calculated to
be very strong compared to the calculated subsurface reections. In order
to prevent the subsurface return from being masked by the side-lobes of the
specular �rst surface reection, the side-lobe levels were required to be very
low. The required impulse response of the system, after passing the received
signal through a Hanning weighting function, is for all side-lobes to be below
a time-dependent level speci�ed by the solid line in Fig. 2.
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Figure 2: Diagram illustrating the ideal impulse response of the system and the require-
ment on side-lobe level, to prevent the subsurface return from being masked by the side-
lobes of the specular �rst surface reection.
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Parameter Value
Ionospheric sounding altitude range � 1200 km to 250 km
Ionospheric sounder frequency range 100 kHz to 5.5 MHz
Discrete frequencies used for sounding 160
Ionospheric sounder transmit pulse length 91.4� s
Ionospheric sounder pulse repetition rate 127 Hz
Receive window after pulse 254� s to 7566� s
Ionogram frame length 1.26 s
Ionogram frame interval 7.543 s
Detection bandwidth 10 kHz

Table 2: MARSIS ionospheric sounder parameters

2.1. Antenna
The 40-meter tip-to-tip dipole consist of two 20 meter elements. Each

element consists of a �breglass tube with wire attached inside to act as the
antenna conductor. The elements are folded individually and stowed in a
rectangular carrier for launch. After arrival at Mars, a pyrotechnic device
released the elements one at a time, at right angles to the spacecraft solar
array.

The 7-meter monopole has similar construction to the dipole elements,
but is smaller diameter and deployed at a right angle to the dipole parallel
to the spacecraft Z axis.

2.2. Radar Sensor Electronics
The electronics assembly consists of two boxes. The �rst contains the

digital electronics subsystem (DES) and receiver assembly, while the second
box contains the transmitters and interfaces to the antenna. Both these
boxes are housed inside the Mars Express structure, while the antenna box
is located on the outside of the spacecraft. The monopole antenna contains
a pre-ampli�er at the mounting plate of the structure.

2.3. Transmitter
The transmitter assembly controls the signal ow between the antenna

and the receive electronics. The transmitter control signals are generated
in the DES. The low level swept frequency pulse from the signal generator
is ampli�ed and routed into a wideband matching network. The matching
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network allows multi-frequency operation on a pulse-to-pulse basis with no
switching, so operational modes can be designed with any desired combina-
tion of frequencies bands between 1.3 and 5.5 MHz.

A transmit/receive (T/R) switch is located between the transmitter out-
put and the matching network input. The T/R switch protects the receiver
from high voltages during transmit pulses and isolates the transmitter dur-
ing receive to reduce signal loading. For the ionospheric sounding mode, the
wideband antenna matching network is bypassed and the antenna is coupled
to the transmitter with a transformer. The transformer allows a high voltage
to be placed on the antenna over a wide frequency range without the size
and mass cost of a matching network.

2.4. Receiver
The radio frequency electronics receiver resides in the DES housing. It

consists of the chirp/local oscillator distributor and the dual channel re-
ceiver radio frequency subsystem-receive electronics (RFS-RX), which down
converts and ampli�es the returns from the dipole and monopole antennas.
The receiver is composed of a power divider, switches, ampli�ers, mixers,
bandpass �lter banks, and low-pass �lters, which provide for two receive
channels.

Following RF ampli�cation and �ltering, the received signal is down con-
verted and then low pass �ltered, ampli�ed and gain controlled. The received
signals are then converted to digital form by two 8-bit analogue-to-digital
converters, one in each receiver channel. After bu�ering, the digital receive
signals are routed to the digital electronics.

2.5. Digital Electronics
The command and control of the instrument resides in the Digital Elec-

tronics Subsystem (DES).
The MARSIS subsurface sounder has �ve basic operating modes for sub-

surface sounding and one additional mode for ionospheric sounding. Each
mode sets the number of frequencies that may operate, the use of the clutter
cancellation channel (the monopole channel), if required, the use of pre-
summing, and the number of Doppler �lters that will be downlinked. The
�ve subsurface sounding modes (SS1 - SS5) are:

SS1: 2 frequency bands/2 antennas/1 Doppler �lter.
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SS2: 2 frequency bands/1 antenna (dipole)/on-board multi-look. This mode
carries out on board non-coherent integration of �ve looks and down-
loads a single amplitude detected averaged echo pro�le for each syn-
thetic aperture (frame), at two-frequency channels.

SS3: 2 frequency bands/1 antenna/3 Doppler �lters. This mode allows
downlink, for each frame, of the I/Q data of three Doppler �lters col-
lected on the dipole antenna channel at two frequencies. Range pro-
cessing is performed on the ground.

SS4: 1 frequency band/2 antennas/5 Doppler �lters. This mode allows
downlink, for each frame, of the I and Q data of �ve Doppler �lters
(around the zero Doppler �lter) for both the dipole and the monopole
channels at one frequency. Range processing is performed on the ground.
In this mode it is possible to perform, on the ground, the dual antenna
cross-track clutter cancellation with a �ve look non-coherent integra-
tion on each frame.

SS5: 1 frequency band/2 antennas/short pulse (30� s)/3 Doppler �lters.
This mode uses a short-pulse waveform to reduce the impact of un-
controlled side-lobes on deep subsurface reections. The echoes re-
turning after the transmission of four short pulses with the same car-
rier frequency are pre-summed upon reception, and the I/Q processed
data at two antennas and three Doppler �lters are downlinked for each
frame. Range compression and clutter cancellation are performed on
the ground.

AIS: Active Ionospheric Sounding. This is the active sounding mode used
when the spacecraft is at an altitude higher than 900 km or when
no SS mode is being used. In AIS mode MARSIS is used as a topside
ionosonde to probe the Martian ionosphere by detecting reections from
layers of di�ering electron density. During AIS mode, a 91.4� s transmit
pulse is generated at a single frequency, and the receive window is
opened as soon as possible after the pulse to energy at that frequency
only. The system then steps to the next frequency at a 127 Hz rate
and repeats until each of the 160 frequencies in the table have been
sampled to form a single ionogram. One ionogram is generated every
7.543 seconds.
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2.6. Data characteristics
In Subsurface Sounding (SS) mode, MARSIS transmits a 250� s linearly

modulated pulse (\chirp") receiving its echo before transmitting a new one.
Echoes are collected in groups called \frames", and then processed together
on board. Frames contain a variable number of pulses, as a function of
altitude and frequency. Dual-frequency modes (see previous section) trans-
mit two closely spaced pulses at di�erent frequencies receiving their echoes
separately (Jordan et al., 2009). On-board processing consists in stacking to-
gether all echoes at the same frequency within a frame after compensating for
the vertical motion of the spacecraft. This technique, called Doppler-beam
sharpening, can be used to compensate the spacecraft motion in directions
that are di�erent from the vertical one. The result of stacking echoes after
motion compensation is called a Doppler �lter, and di�erent SS modes pro-
duce a variable number of them, usually pointing at nadir or in directions
close to nadir (Jordan et al., 2009). Further processing is required on ground,
as the transmitted waveform is much longer than the required range reso-
lution of 150 m in free space, corresponding to 1� s in pulse width. Thus,
MARSIS SS data are completely unintelligible before ground processing.

The Active Ionospheric Sounding (AIS) mode of MARSIS is much simpler
than the Subsurface mode described above. It is a swept frequency topside
sounder, following the basic description of Franklin & Maclean (1969). Ex-
amples of ground-breaking topside sounders are the ISIS and Alouette series
(see Benson & Bilitza, 2009). For reviews of the design and history of this
kind of sounder, see Franklin & Maclean (1969) and Benson (2010). In a
swept frequency sounder, the sounder sends out an intense radio signal, or
\sounding pulse," at a pre-set frequency, and then \listens" for a reply. After
a speci�ed listening interval, the transmission frequency is incremented and
another sounding pulse is sent, with another listening interval. The array
of intensities as a function of sounding frequency and delay time is called
an ionogram. This is the basic unit of data output for a swept frequency
sounder.

In Fig. 3 from Morgan et al. (2008) we show an ionogram, with sounding
frequency on the horizontal axis and delay time on the left-hand vertical
axis. The right-hand vertical axis shows apparent range, computed asrapp =
(c=2)Tdelay , which is the calculated distance from the spacecraft assuming
the absence of dispersion due to plasma. On this ionogram, we show the
ionospheric trace along with several other data objects that are available from
an ionogram: the electron plasma frequency harmonics, which give the local
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Figure 3: A sample ionogram (from Morgan et al., 2008).
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electron density; the electron cyclotron echoes, which give the local magnetic
�eld strength; and the planetary surface reection, which can be used as
a measure of ionospheric attenuation of the sounding wave, an indicator of
excess electron density in the ionosphere.

2.7. Ground Data Processing
In SS mode, MARSIS transmits a modulated waveform to achieve a range

resolution equal to the inverse of the transmitted bandwidth, after processing
on ground (Jordan et al., 2009). Such processing is called range compression,
and consists in the correlation between the received echo and the transmitted
waveform. This achieves the desired resolution and increases signi�cantly
the signal to noise ratio (SNR), but produces also side-lobes, artefacts that
may mask secondary echoes coming after the surface reection unless further
�ltering of the signal is applied (see Fig. 2). Data that have been processed
this way are usually displayed as radargrams, that is grey-scale images in
which the horizontal dimension corresponds to distance along the ground
track, the vertical dimension is the round trip time of the echo, and the
brightness of the pixel is the logarithm of echo strength.

The radargram for orbit 5017 shown in Fig. 4 reveals also one of the main
problems a�ecting MARSIS data, that is ionospheric de-focusing. Plasma in
the ionosphere of Mars acts as a dispersive medium for electromagnetic waves,
having a frequency-dependent index of refraction. MARSIS operates in the
MHz range, and typical values for maximum plasma frequency in the Mar-
tian ionosphere are of a few MHz. With a frequency close to the maximum
plasma frequency and a large fractional bandwidth, pulses transmitted by
MARSIS can be severely distorted as waves at di�erent frequencies within
the bandwidth of the signal propagate at di�erent velocities. The e�ect on
the received echo is a degradation of the signal to noise ratio and a loss of
range resolution due to the broadening of the pulse. Especially at times of
strong solar activity, these e�ects can be so strong that they make radar data
unintelligible. Over the years since the start of the development of MARSIS,
several methods were developed to correct this distortion, such as those by
Safaeinili et al. (2003), Ilyushin & Kunitsyn (2004), Mouginot et al. (2008),
Zhang et al. (2009) and Cartacci et al. (2013). They are all based on the
maximization of a function of the signal through the di�erential variation of
the phase of the components of the Fourier signal spectrum. The algorithm
used in producing publicly-available data is called contrast method (Cartacci
et al., 2013).
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Figure 4: Radargram for orbit 5017 before (top) and after (bottom) the use of the contrast
method (Cartacci et al., 2013) to correct ionospheric distortion.
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Figure 5: Simulated radargram for orbit 5017. Comparison with Fig. 4 reveals a potential
subsurface echo in the rightmost part of the radargram.

The antenna of MARSIS has negligible directivity, with the consequence
that the radar pulse illuminates the entire surface beneath the spacecraft
and not only the near-nadir portion from which subsurface echoes are ex-
pected. If the surface of the body being sounded is not smooth, then part
of the incident radiation is scattered in directions di�erent from the specular
one. Areas that are not directly beneath the radar can scatter part of the
incident radiation back towards it, and thus produce surface echoes reaching
the radar after the echo coming from nadir. This can mask, or be mistaken
for, subsurface echoes. This surface backscattering from o�-nadir directions
is called \clutter".

Clutter can produce in a radargram the impression of subsurface struc-
tures where there are in fact only o�-nadir surface echoes. For this reason,
the detection of subsurface interfaces is usually validated through numerical
electromagnetic models of surface scattering, such as those by Nouvel et al.
(2004). Such models are used to produce simulations of surface echoes, which
are then compared to real echoes detected by the radar (see Fig. 5 for an
example). If a feature appears both in the radargram and in the simulation,
then it is concluded that such feature is a lateral surface echo and not a
subsurface reection.

Ground processing of AIS data consists in the reconstruction of the elec-
tron density pro�le as a function of real (as opposed to apparent) altitude.
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The ionospheric trace shown in Fig. 3 is the reection of the sounding wave
from the ionosphere. Because the index of refraction of a radio wave in a
plasma (neglecting the existence of magnetic �elds) is given by

n = [1 � (f p=f s)2]1=2 (1)

implying that the group velocity is given by

vgroup = c[1 � (fp=fs )2]1=2 (2)

the wave cannot propagate and therefore must be reected when the
plasma frequency becomes equal to the frequency of the sounding wave. This
allows the swept frequency of the radar sounder to be a probe of the electron
density of the ionosphere. The trace is essentially a plot of the apparent alti-
tude against the sounding frequency or plasma frequency in the ionosphere.
Because the wave is travelling through a plasma medium, the apparent alti-
tude must be corrected for dispersion. How this has been done for the MAR-
SIS AIS data is described by Morgan et al. (2008), Morgan et al. (2013c),
and Morgan et al. (2013a). This procedure is based on time-tested methods
described by Budden, K. G. (1961), Jackson (1969), Rishbeth & Garriott
(1969), Zou & Nielsen (2004) and a host of others. The method used for
\inversion" of an ionospheric trace is described by these authors and others
as the \lamination" method, meaning that the dispersion is accounted for in
the top layer of the ionosphere below the spacecraft, and that this result is
used to solve for the next layer. The top two layers are then accounted for,
allowing the solution for the third layer, and so on, until all the layers are
solved.

One should notice that the lamination method requires that the electron
density at the spacecraft be known. In fact, the artefact labelled \plasma
frequency harmonics" in Fig. 3 in many cases provides the local electron
density at the spacecraft. This quantity has, through the history of MARSIS,
been collected manually with the aid of a cursor-driven adjustable scale on the
computer monitor used to display an ionogram; however, automated methods
of taking these data have now been developed and will soon supercede the
manual method (see Andrews et al., 2013). The process of getting local
electron density from the plasma frequency harmonics is discussed by Gurnett
et al. (2005), Gurnett et al. (2008), Duru et al. (2008), Morgan et al. (2008),
and Morgan et al. (2013b). The origin of the plasma frequency harmonics as
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an artefact of feedback from the sounding pulse that is then clipped in the
pre-amp { receiver complex, is discussed in the last named reference.

The local densities derived from the plasma frequency harmonics are an
interesting and valuable data set even without their supporting role in in-
version of the ionospheric trace. Results from analysis of these data will be
presented in a later section of this paper.

The electron cyclotron echoes shown in Fig. 3 are the result of the ac-
celeration of electrons by the initial increase in electric �eld on the antenna
as a result of the sounding pulse. In the presence of an electric �eld, these
electrons are accelerated perpendicular to their direction of motion, caus-
ing them to execute circular or helical motion with the electron cyclotron
frequency. They therefore impact the antenna at the cyclotron frequency,
causing intense and sharply de�ned signals spaced at the electron cyclotron
period. This phenomenon is illustrated in Fig. 3.

The MARSIS AIS electron cyclotron echoes and the extraction of the
magnetic �eld strength was �rst discussed by Gurnett et al. (2005) and again
by Gurnett et al. (2008). The electron echoes and the resulting magnetic
�eld strengths were �rst used en masse by Akalin et al. (2010) to map the
�eld strength as a function of altitude and solar zenith angle. The data are
taken manually using an adjustable scale on a computer monitor with the
visual ionogram displayed, exactly the same as with the plasma frequency
harmonics. As with the plasma frequency harmonics, automated methods
are under development that will certainly retire the manual method.

Unlike the plasma frequency harmonics, the electron cyclotron echoes
have no role in processing the electron density pro�les; however, like the
plasma frequency harmonics, they constitute a valuable data set on their
own. We shall discuss how these data have been used to further knowledge
of the Martian ionosphere in a later section of this paper.

Use of attenuation of the planetary surface reection as an indicator of
increased electron density due to impinging energetic particles is discussed
by Morgan et al. (2006) and Morgan et al. (2010).

3. Main Results of Subsurface Sounding

3.1. Planum Boreum
After the deployment of its antenna, which took place in June 2005, the

�rst observations of MARSIS were acquired over Planum Boreum, a large
geologic feature more than 1000 km across covering the North polar region of
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Mars, and composed mostly of water ice with a few percent of dust (Byrne,
2009). Planum Boreum consist of di�erent geologic units: the Northern
residual ice cap (NRIC), the North polar layered deposits (NPLD) and the
basal unit (BU). The NRIC is a high albedo feature predominantly composed
of H2O ice (Langevin et al., 2005) and is commonly interpreted as the current
site of NPLD formation (Byrne, 2009). The NRIC is superimposed on the
NPLD, which consist of stacks of �nely layered dusty water ice more than
2 kilometers thick, and whose strati�cation is thought to be the result of
climatic variations over timescales of 105-109 years (e.g. Byrne, 2009). The
BU lies below the NPLD, appears to have a much higher content of dust,
and is thought to have formed in an epoch in which climate was markedly
di�erent from the current one (Byrne & Murray, 2002).

In an early MARSIS orbit, 1855, the NPLD were observed in the fre-
quency bands centred at 3.0 and 5.0 MHz (Picardi et al., 2005) (Fig. 6). The
time delay to and the relative echo strength of the basal reector were found
to be consistent with the NPLD material having a dielectric constant and
loss tangent similar to that of fairly pure water ice, while the characteristics
of the echoes were not compatible with the presence of a melt zone at the
base of the NPLD. The lack of a a exural/membrane downward deection
of the plains beneath the NPLD (after correcting for the velocity of prop-
agation within the NPLD) was interpreted as requiring a very thick elastic
lithosphere and a low crust/upper mantle temperature gradient.

The acquisition of subsequent observations over Planum Boreum allowed
a study of its internal structure (Selvans et al., 2010). It was possible to
discern the NPLD from the BU, and to map the thickness and extent of
these two units. Water ice volume was estimated to be (7:8 � 1:2) � 105

km3 in the NPLD, and (4:5 � 1:0) � 105 km3 in the BU. No lithospheric
deection was apparent anywhere under Planum Boreum, suggesting that a
thick elastic lithosphere has existed at the north pole of Mars since before
the emplacement of the BU. A problematic area for mapping the BU extent
and thickness was found in the distal portion of the 290◦E { 300◦E region,
where MARSIS data showed no subsurface reectors, even though the BU
was inferred to be present from other lines of evidence.

Between June and December 2011, MARSIS collected over 250 high qual-
ity observations of the NPLD. During the prime period of the campaign, the
periapsis of the Mars Express orbit passed over the north polar plateau on
the night side. This combination of low altitude and night side produced the
highest resolution along-track (< 5 km) and the best signal-to-noise due to
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Figure 6: (A) MARSIS data in radargram format for orbit 1855 as it crosses the margin of
the north polar layered deposits. (B) Simulated MARSIS data if echoes are only from the
surface (nadir and o�-nadir clutter). (C) MOLA topography along the ground track (red
line); elevation is relative to the mean planetary radius. MARSIS data at 5 MHz show a
split of the strong return into two as the ground track reaches the NPLD (higher terrain
to the right). Maximum time delay to the second reector is 21 µs, equivalent to 1.8 km
depth in water ice (from Picardi et al., 2005).
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the absence of ionospheric distortion and absorption. The higher quality of
the data allowed the mapping of the BU over the entire extent of Planum
Boreum. Weak echoes within the BU outlined a two-layer structure, perhaps
corresponding to the Rupes Tenuis unit and the Planum Boreum Cavi unit
identi�ed by Tanaka et al. (2008) within the BU (Frigeri et al., 2012). The
echo time delay between the surface return and the lower contact of the BU
was used to derive a real relative dielectric constant of approximately 4 for
its material, signi�cantly higher than that of pure water ice, or of the NPLD
alone observed at Gemina Lingula (Picardi et al., 2005). This value requires
a fraction of dust that, for a ma�c component, could be as high as 50% (Plaut
et al., 2012).

3.2. Planum Australe
Similar to Planum Boreum, Planum Australe is an ice-rich cap extending

across the southern polar region of Mars. It consists of three main units, a
Southern residual ice cap (SRIC), the South polar layered deposits (SPLD)
and the Dorsa Argentea Formation (DAF). The SRIC is composed of high-
albedo solid CO2 and it is estimated to be on the order of a few meters
thick (Byrne, 2009), while the SPLD are similar in structure to the NPLD.
The DAF extends around the SPLD, appearing as a relatively smooth plain
crossed by sinuous ridges, and is thought to be the devolatilized remnant of
an ancient polar ice sheet (Byrne, 2009).

The SPLD were extensively observed by MARSIS to produce a map of
their thickness and extent (Plaut et al., 2007b). The interface between the
SPLD and the underlying lithic substrate was detected beneath most of the
SPLD, although in places it was found to be discontinuous, indistinct or ab-
sent. Sometimes, however, basal echoes appeared equivalent to or brighter
than the surface echo, which is not expected for propagation through a lossy
medium. An extended area of unexpectedly bright basal reections was found
in an area between the thickest part of the SPLD (� 3.7 km) and the nearby
SPLD margin, from 310◦ to 0◦ E. While a strong contrast in dielectric con-
stant at the base may be responsible, it is deemed highly unlikely that liquid
water (basal melting) caused the bright return, because it occurs below thin
(as well as thick) sections of the SPLD that are among the coldest places on
the surface of Mars.

The map of the sub-SPLD topography is typically low in relief, with broad
areas of higher and lower topography. A pronounced low area is seen near the
SPLD margin around 72◦ { 74◦ S, 130◦ { 145◦ E, and elevated regions within
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Figure 7: Topography of the south polar region of Mars from MGS MOLA data. The
SPLD unit mapped by Tanaka & Kolb (2005) is outlined in black, with topography at
the SPLD basal interface shown, based on MARSIS measurements of SPLD thickness. A
indicates a depression below a distal SPLD lobe. B indicates relative highs within the
remnant Prometheus basin (basin rim indicated with arrows). C indicates depressions in
the near-polar region (from Plaut et al., 2007b).
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the remnant Prometheus impact basin are seen to continue below the SPLD
at 78◦ { 82◦ S, 100◦ { 130◦ E and from 70◦ { 90◦ E poleward of about 83◦ S. An
unexpected feature of the basal topography is a series of depressions at the
highest latitudes (84◦ { 87◦ S). These occur discontinuously from longitudes
95◦ to 295◦ E. The depressions range in width from 50 to 200 km, and reach
a depth of as much as 1 km below the surrounding sub-SPLD topography.
On a regional scale, the basal interface is relatively at. The lack of evidence
of regional down-warping in response to the SPLD load suggests the elastic
lithosphere in the south polar region is very thick (> 150 km), as was inferred
for the north polar region.

A thickness map of the SPLD was generated by subtracting the eleva-
tions of the interpolated basal topography from the high-resolution MOLA
surface topography (Fig. 8). The distribution of SPLD thickness reects the
asymmetry of the south polar geology, with the thickest portions o�set from
the pole near 0◦ E, and the much more areally extensive but thinner portion
centred near 180◦ E. The newly discovered near-polar depressions showed
clearly as anomalously thick areas, as did several of the distal lobes. The
maximum measured thickness was 3.7� 0.4 km, under the highest eleva-
tions of the SPLD near 0◦ E. The integrated volume of the entire SPLD is
estimated at 1:6� 0:2� 106 km3. This translates to an equivalent global water
layer thickness of 11� 1:4 m (assuming an SPLD composition of nearly pure
ice), and is within the range estimated by previous workers using MOLA
data alone (Smith et al., 2001).

A dedicated search for very strong subsurface reections from the base
of the SPLD was performed by Cartacci et al. (2008), who found other ar-
eas beyond what presented in Plaut et al. (2007b) where basal echoes are
stronger than surface echoes. An analysis of known surface properties did
not provide an explanation of the occurrence of such bright basal echoes.
However, simple simulations of electromagnetic propagation could reproduce
the observed behaviour if the areas of bright subsurface reections are over-
laid by a 10-100 m thick layer of CO2 ice, with or without a thin coating of
dust. These results hinted at the possibility that MARSIS could be used to
map the presence of CO2 ice over the SPLD, even when such ice is covered
by dust.

Plaut et al. (2007a) found that subsurface interfaces exist beyond the
margins of the SPLD, to depths that, depending on the material that is
hypothesized to constitute the upper layer, range from 600 m to 900 m.
These interfaces are found over a wide area of the south polar region on
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approximately 2/3 of periphery of the SPLD, as far as 1000 km beyond their
margin. Their spatial distribution correlates very well with the Hesperian
Dorsa Argentea Formation as mapped by Tanaka & Scott (1987). This fact
leads to the inference that the material constituting the DAF is markedly
di�erent from that of surrounding geologic units outside the SPLD, perhaps
because of a substantial ice content.

The portion of the DAF including Chasma Australe was further investi-
gated by Farrell et al. (2008), �nding that the radar layer correlated with the
DAF continued beneath the SPLD, and that its disappearance a few hundred
km into the SPLD might be due to absorption of the signal by the SPLD
itself rather than by its end. A uvial origin for Chasma Australe or the
existence of a paleolake at its head were ruled out by the characteristics of
radar data. Strata-like linear features within the SPLD were noted by both
Plaut et al. (2007b) and Farrell et al. (2008), but their interpretation in terms
of reections from distinct and sharp ice-ice interfaces of varying impurity
content is countered by the �nding that, in some places, the depth of the
layers changes when examining two di�erent MARSIS frequency bands.

Milkovich et al. (2009) studied the stratigraphy of Promethei Lingula in
the SPLD, using both MARSIS and SHARAD (Seu et al., 2007) radar data.
It was found that, within this region, reections detected by MARSIS corre-
lated with layer packets observed in images, while in tenfold higher resolution
SHARAD data it could be seen that an individual reection corresponded to
3-7 layers in images at resolutions of 6 m/pixel. This correspondence allowed
the tracing of layers within Promethei Lingula. It was found that layers
are not horizontal, but are higher toward the centre of the SPLD and lower
toward the margins. Layers generally follow the topography, but in some
locations they intersect with the surface, indicating that multiple episodes of
signi�cant erosion have occurred in local regions within Promethei Lingula
during SPLD history.

A di�erent method to study the upper stratigraphy of the SPLD was
developed by Mouginot et al. (2009): using simulations of surface reec-
tions, and correlating variations in the ratio between simulated and real echo
strength, they could point to regions of di�erent surface reectivity. In par-
ticular, they found that the Southern residual ice cap is a region of extremely
low reectivity, which could be explained by an optically thin layer of very
transparent material causing destructive interference between surface and
subsurface reections. The best �t for an electromagnetic model simulating
the such interference of the stratigraphy was obtained for a 10 m thick layer
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Figure 8: Map of the SPLD thickness, based on MARSIS measurements and MOLA
surface topography. An anomalous thick section appears in lower right (see A in Fig. 7).
The thickest areas occur beneath the highest elevations of the SPLD (red areas near top),
and in association with the near-polar depressions (see C in Fig. 7) (from Plaut et al.,
2007b).
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of CO2 ice overlying a basement of H2O ice. Variations of reectivity across
the SRIC could be explained in terms of variations of either dielectric prop-
erties or thickness of the upper layer. In case of uniform composition, the
SRIC has to be thicker towards the edges. The total volume of CO2 in the
SRIC is then estimated to correspond to about 5% of atmospheric surface
pressure.

3.3. The Medusae Fossae Formation
The Medusae Fossae Formation (MFF) consists of �ve outcrops covering

an area of about 2:1� 106 km2 across the crustal dichotomy boundary between
140◦ and 240◦ E. The MFF was initially dated as Amazonian in age (Scott
& Tanaka, 1986) and interpreted as a deposit of �ne-grained material of
perhaps volcanic origin (Tanaka, 2000). According to Mandt et al. (2008)
the properties of the MFF material are consistent with those of terrestrial
ignimbrites, suggesting an origin by pyroclastic ow. More recently, analysis
of high-resolution data has provided evidence that parts of the MFF were
formed in the Hesperian (Kerber & Head, 2010). Recent modelling of the
areal distribution of tephra using a Mars Global Circulation Model predicts
that explosive eruptions from Apollinaris Patera might have been the source
of the Medusae Fossae Formation (Kerber et al., 2011).

MARSIS data were used to characterise the thickness and electrical prop-
erties of the MFF deposits as a guide to their bulk porosity and/or ice frac-
tion (Watters et al., 2007). The subsurface interfaces revealed by MARSIS
(Fig. 9) suggest that MFF materials are deposited on generally planar ma-
terials in the northern lowlands and the downward slope of the dichotomy
boundary. MARSIS data support estimates of the total volume of MFF ma-
terial calculated using apparent base-level elevations in the lowlands. These
estimates range from 1.4� 106 km3 (Lanagan et al., 2001) to 1.9� 106
km3 (Hynek et al., 2003). MARSIS observations provide an opportunity to
evaluate the electrical properties of the MFF where the material is deposited
on lowlands plains that are exposed nearby. The observed time delays in the
MFF deposits correspond to a bulk real dielectric constant" ′ of � 2.9 � 0.4,
based on the projection of the surrounding plains beneath the material

The dielectric properties of a material are related to its density and com-
position. The real part of the dielectric constant is modulated strongly by
density. The imaginary component of the dielectric constant" ′′ and the loss
tangent are strongly inuenced by target composition. Radar losses due to
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Figure 9: Radargrams showing MARSIS data for orbit 2896 (a), 4011 (b), 3868 (c), 3824
(d), 4117 (e), and 3996 (f). Echoes are plotted in time delay versus position along the orbit.
The subsurface echoes are o�set in time delay from the surface echo and are interpreted to
be nadir reections from the interface between the MFF deposits and the lowland plains
material. The peak surface return is corrected to agree with the MOLA topography along
the orbit track. The radargrams are resampled to a uniform along-track length of � 1000
km. All the orbits are ascending except for orbit 2896 (from Watters et al., 2007).
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attenuation in the deposits were estimated using the method outlined in Por-
cello et al. (1974). At 4 MHz centre frequency (band 3), we obtain losses
of � 0.0048� 0.0024 dB/m. For "0 of 2.9 and a centre frequency of 4 MHz,
these losses correspond to a range in loss tangent of� 0.002 to 0.006. MAR-
SIS studies of the PLD (Picardi et al., 2005; Plaut et al., 2007b) suggest a
value for "0 of about 3, consistent with pure water ice, based on the agree-
ment between the inferred depth of the basal interface and the projection of
the surrounding surface. The loss tangent of the PLD is estimated to range
from < 0.001 to 0.005. Our analysis suggests a similar real dielectric constant
(2.5 { 3.3) and a comparably low range of loss tangent (0.002 { 0.006) for the
MFF materials. The loss tangents derived for the MFF deposits are below
the range measured for terrestrial volcanic materials but are comparable to
some low-titanium lunar materials (Carrier et al., 1991).




































































