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ABSTRACT:

A planetary ionosphere is a perturbing environment for radar waves. Unfortunately, it is
an unavoidable obstacle along the propagation path of signals emitting by orbiting radar
sounders. The Mars Advanced Radar for Subsurface and lonospheric Sounding (MARSIS) is
an instrument onboard the European Space Agency’s Mars Express spacecraft. In order to
deeply penetrate the surface, MARSIS operates at MHz frequencies for which the
perturbations due the Martian ionosphere can be significant. Therefore, prior to any
analyze, MARSIS data need to be corrected from the ionospheric effects.

The aim of this document is to characterize the impact of the Martian ionosphere on
MARSIS radar signals. This impact is a combination of three effects: Global absorption,
phase distortion, and Faraday rotation. They are quantitatively described in the context of
the ionized Martian environment and at MARSIS frequencies. Their relative disturbances on
the received echoes are explained and discussed.
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1. Introduction

The Mars Advanced Radar for Subsurface and lonospheric Sounding (MARSIS) is an
instrument of the Italian space Agency (ASI) [Picardi et al., 2005]. It is orbiting onboard the
Mars Express (MEX) spacecraft of the European Space Agency (ESA). MARSIS is getting data
since its unfolding in the early summer 2005. Its primary science objective is to study the
subsurface of Mars at a low-frequency regime to penetrate deep under the soil. The orbit of
MEX is highly elliptical with a periapsis of 270 km and an apoapsis of 11600 km, thus always
above the ionosphere. The ionosphere is a plasma which disturbs radio waves passing
through it. Since MARSIS is an active instrument, it emits its own signal, which is
backscattered by surface and subsurface structures before to be collected back. That is,
along is propagation path, a MARSIS signal is two times disturbed by the ionosphere. In the
final purpose of correcting the MARSIS data from the impact of the ionosphere, we
characterize in this document the different ionospheric effects on the received echoes.
Preliminary, we briefly present the MARSIS radar. We also describe important features of
the Martian ionosphere, in order to get all the ionospheric parameters needed to study the
impact of the ionosphere at MARSIS wavelengths.
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2. The MARSIS instrument

MARSIS can operate in 2 different sounding modes. The first is a passive mode (receive
only) called ‘active ionospheric sounding’ (AIS) [Gurnett et al., 2005]. It sounds the
ionosphere with a quasi-wave tone by swapping 160 frequencies in the range of 0.1 to 5.5
MHz. Of course, for the purpose of this document the ASI mode is not valuable. We will only
focused on the second sounding mode, which study the subsurface with the active
component of the radar (transmit and receive). MARSIS can use this subsurface sounding
mode when the spacecraft is lower than 900 km. This represents 26 minutes of operation by
orbit. It uses 4 different frequency bands centered to 1.8, 3, 4, and 5 MHz. Each band is 1
MHz wide. MARSIS operates in two bands simultaneously, in order to get the backscattered
echoes as a function of the frequency. The choice of the two operating bands aims to
minimize the impact of the ionosphere. It depends of the solar zenith angle (SZA) which is
directly linked to the ionosphere activity. The MARSIS signal is emitted at a rate of 127.27
pulses per second. The returned pulses are integrated over 1 s to increase the signal-to-noise
ratio (SNR). This final process gives an along-track resolution in the range of 5 to 9 km,
varying with MEX altitude and speed. At this time the MARSIS coverage of Mars is almost
complete.

3. Theionosphere
3.1.  Presentation.

An ionosphere is mainly due to the ionization of the neutral upper atmosphere of Mars by
sun radiation (photoionization). Since Mars is not shielded by a global magnetosphere as on
earth, the solar wind and precipitations of particles also contribute as a source of ionization
(impact ionization) [Luhmann, 1990; Luhmann and Brace, 1991]. Therefore, the sun is the
main responsible and the ionosphere would be at a maximum intensity near the sub solar
point (SZA = 0°), and decreases toward the terminator (SZA = 90°). Ideally, the ionosphere
could be considered as nonexistent in the night side of the planet. On the day side the
ionosphere becomes significant above 100 km in altitude.

Here after, we describe important features of the Martian ionosphere, in order to get all
the ionospheric parameters needed to study the impact of the ionosphere at MARSIS
wavelengths.

3.2.  The electron density (N,).

Although the ionosphere is an ionized medium, it remains globally neutral. That is there
are as many positive charges that negative charges. So-considered, one can understand that
the electron density is commonly used as a valid indicator for the global ionosphere density.
Fig. 1 shows two MGS profiles obtained during the day for a normal ionosphere activity, and
corresponding to a 2.7 MHz peak plasma frequency. The Mariner 6 profile corresponds to a
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high solar activity period, which can be considered as a high electron density case. The
nocturnal profile was obtained by Mariner and Viking orbiters over the night side; its
corresponding peak plasma frequency is 600 kHz. Our study will use those profiles as
reference cases.
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Fig. 1. Three samples of electron density for Mars based on data collected by Mariner
and MGS missions (see text for details). The ionosphere is significant above 100 km in
altitude. Note that values fewer than 90 km were extrapolated [from Safaeinili and al.,
2003]

3.3.  The Total Electron Content (TEC).

One of the most important parameter of an ionosphere is the integral of electron density
within a column of this ionosphere. This is called the total electron content and expressed in
m for a reference altitude. The Chapman model is generally used to describe the electron
density profiles for different SZA [Chapman, 1931] with the following expression

o) e -5) o

N_(z,x) = Nyexp [0.5 (1 —

where N,(z) is the electron density changing with the altitude z, Ny is the maximum of the
electron density, zg is the altitude of maximum of production of ionization, H is the height
scale of the atmosphere, y is the SZA, and Ch() is the Chapman incidence function [see
Chapman, 1931].
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The TEC on Mars has been measured as a function of the SZA by several experiments in
orbit, included MARSIS [Safaeinili et al., 2007; Mouginot et al., 2008]. Those results are
presented on Fig. 2, and show that the ionosphere is negligible just after the terminator at
SZA =100°.
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Fig. 2. Total electron content as a function of the sun zenith angle. Values are plotted from
MARSIS, Mariner 4, 6, 9, Mars 2, 4, 6, Viking 1, 2, MGS, and MaRS/MEX. The TEC decreases
toward the terminator, and the ionosphere is negligible after SZA = 100° [from Mouginot et
al., 2007].

3.4.  The plasma frequency (f,).

Independently from the magnetic field, the plasma frequency characterizes the plasma
oscillations. It results from charge-density perturbations in the ionosphere. The plasma
frequency is given by

qa — —
f,=——4N_# B98N 2
) zﬂf,-—guma*v g Wle ( j

where f, is the plasma frequency, g. is the electron charge, m. is the electron mass, and & is
the free space permittivity.
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3.5.  The refractive index (n).

A plasma has its own refractive index which depends both of the plasma frequency and
the frequency of the wave crossing it. The refractive index is given by Budden [1964]

- ¥ % : > 3
s 1w 1 [fews 1 fews
n=[1-2nq-(22) (2] = (2 (3)
.\‘ e 2\ we 8\ w- 16\ w-

where n is the refractive index, w, is the plasma pulsation and w = 2rf is the wave pulsation

of the radio signal. For the purpose of our future work, we developed n to the third order.
Mouginot et al. [2008] has shown this development to be a sufficient approximation. Note
that a signal could no propagate in the ionosphere if its frequency is lower than the plasma
frequency.

3.6.  The collision frequency (v)

The average rate of collision between particles in the ionosphere is described by the
collision frequency. Different formulas lead to this value,

Melnik’s formula [Melnik and Parrot, 1999]:
v(Hz) = 212 X 1071 N_(m 3)T}? (4)
Schunk’s formula [Schunk and Nagy, 1980]:

v(Hz) = 3.68 X 107N, ,,(m™3)[1+ 4.1 x 1071 x |[4500 — T[] (5)

where v(Hz) is the collision frequency, N, is the neutral density, Nco, is the carbon dioxide
density, and T, is the electronic temperature. Although one of these formula used N, and the
other N¢o, they gives both very similar results since neutral particles of the Martian
ionosphere are mainly carbon dioxide ones.

Fig. 3 shows different collision frequency profiles as a function of the altitude, obtained
with diurnal particle densities. The ‘Melnik’ and ‘Schunk’ profiles were plotted with the
corresponding formulas, while the used electronic temperature and density profiles were
extracted from Melnik and Parrot [1999]. The ‘Witasse’ profile is an application of the
Schunk’s formula with the values of Mc Cormick and Whitten [1990]. Thus, those profiles
were obtained using different set of values and formulas. Despite this, the results are very
similar and show how reliable could be the available estimations for the collision frequency.
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Fig. 3. Collision frequency dependence on altitude. See text for details. [From Safaeinili
et al., 2003]

4. The impact of the ionosphere on MARSIS radar signal

In the previous part of this document, several parameters of the ionosphere of Mars were
detailed for different conditions (e.g. diurnal, nocturnal, high solar activity), and at MARSIS
wavelengths. We will now use those values to estimate the impact of the ionosphere, which
is a combination of three different effects: Global absorption, phase distortion, and Faraday
rotation.

4.1.  Global absorption

As in any medium, a radio wave is naturally attenuated as it is traversing the ionosphere.
This absorption is given by Safaeinili et al. [2007]

a(dB/km) = (6)

-

Wl d — pl

10,0001l02(e) (1 B -:L:_;Em: — mz)u'% vmg
€

where v is the collision frequency. In general v? << w? Furthermore, if we assume w, << w,
this equation can be reduce to

(4
al(w) = 4.61 X 10°N, — (7)
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Thus, a one-way absorption could be written

461 x 10*

alw) :TJ SENE (z)v(z)dz (8)

where H, is the spacecraft altitude. In Fig. 4, attenuation as a function of the frequency is
plotted for different conditions. The nocturnal profile shows the attenuation to be very low

compared to the 4 MARSIS bands. During the day, the higher MARSIS bands (3, 4 and 5 MHz)
have tolerable absorption.
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Fig. 4. Total attenuation due to one-way ionospheric propagation [From Safaeinili et al., 2003]

4.2.  Phase distortion

Previously, we see that the refractive index of the ionosphere depends on the radio
frequency. Since a MARSIS pulse is emitted over a 1 MHz bandwidth, it will be affected in an
anisotropic fashion by the ionosphere. This implies a delay and a spreading of the pulse,
which are both a consequence of the phase distortion of the signal by reference to in-
vacuum propagation [Budden, 1964; Safaeinili et al., 2003]

&cp(m]=ETm “R(n—1).dz 9
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where A@ is the phase distortion. Using Egs. (2) and (3), Mouginot et al. [2008] rewrite
Eqg. (9) as

Ap(f)=—+ =+ —= 10
PR (10)
defined by the terms
45T
a, = 40.32 X J N(h).dz x — (11.1)
[
. 49T
a, = 812.851 X J Ni(h).dz x — (11.4)
C
4
a; = 327742 X J N3(h).dz x — (11.3)
[

Fig. 5 is a simulation of this phase distortion on a MARSIS pulse at 5MHz (the higher
MARSIS band), with and without ionosphere. The delay and the spreading are obvious, and
show how the phase distortion needs to be corrected for a good use of the data.
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Fig. 5. A radar echo without and with ionosphere (f,=2.5 MHz). The radar carrier
frequency is 5 MHz. [From Safaeinili et al., 2003]

4.3.  Faraday rotation

A radio wave will be attenuated and slowed by the presence of a magnetic field along the
propagation path. A remnant magnetic field printed in the Martian crust has been attested
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by Acufia et al. [1999]. The field is more frequent in the older southern hemisphere. Though
it can locally reach 1500 nT, 80% of Mars has a magnetic field strength of less than 50 nT.
Fig. 6 shows the global distribution of the crustal magnetic field over Mars, and Fig. 7
highlights its hemispheric asymmetry.
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Fig. 6. Map showing the distribution of crustal magnetic field sources on a map showing the distribution of
craters greater than 15 km in diameter and the dichotomy boundary (solid line). [From Acufia et al., 1999]
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Fig. 7. Cumulative probability distribution of the normal component of the
magnetic field for the northern and southern hemisphere of Mars [From
Safaeinili et al., 2003].

Eg. (3) gives the refractive index of the ionosphere without magnetic field. In the
presence of a magnetic field, we should introduce the cyclotron frequency of an electron.
For a circularly polarized wave, the refractive index of the medium becomes

n, = [1-————F— (12)

with w, =3B (13)

where w, is the cyclotron frequency of an electron, g. is the electron charge, m, is the
electron mass, and B is the magnetic field normal to the motion of the electron. Since w. <<
w, the ionospheric attenuation is usually the same as Eq. (3), except for high magnetic fields.
The decomposition of the linear polarization wave into two circularly polarized waves leads
Safaeinili et al. [2003] to write the one-way polarization angle rotation as

d¥ k

> 3 [n_ (z) —n_ [z]} (14)

where k is the wave number, and after approximation
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d¥ q, w,(2)B,

—_—= 15
dz 2m,c w,f w* — m,s (z) (13)
The total polarization angle along the propagation path is then
L k
¥ = EJ [:’.I‘T,_|_ (z) —n_ [z:])d.z
0
B (" 1591.8 (" |
=9.33 X 10°— N dz + > ng (z)dz
(i R ) (i o
s By
%933 X 10°—TEC (16)
0Z

Fig.8 shows the delay effect on the radio signal. As one can see, only the case with a very
high magnetic field could imply a slight effect at MARSIS wavelengths, and in Martian
conditions. In Fig. 9, the round-trip Faraday rotation is plotted as a function of the frequency.
One should note that only a rotation close to 90° or its odd multiples would cause a
significant fading of the signal. Therefore, the attenuation will be important only under very
worst conditions, at large magnetic field and daytime operation.

Differential group delay between
two circular polarization

3 |
= B=50 nT
S B-to0nt
=2 n
25 S
3 2
.
o
o
|
I 1.5
-—
£
a
@
£
° \
- \\\\\

1 2 3 4 5 G
Frequency (MHz)

Fig. 8. Differential group delays for two circular waves with opposite polarization
for three different magnetic field strengths [From Safaeinili et al., 2003].
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Fig. 9. Faraday rotation for a case where the peak plasma frequency is 1 MHz
with a profile similar to the one shown in Fig. 1 and a radial magnetic field
intensity of 50 nT [From Safaeinili et al., 2003].

5. Conclusions

Because the radio frequencies are close to the plasma frequency of the ionosphere, one
should correct the impact of the ionosphere on the MARSIS radar signal before any analyses
of the subsurface data. The three main ionospheric effects disturbing the radio signal
propagation were analyzed. 1) The global attenuation can be neglected during the night,
while the use of the three higher bands should avoid a significant absorption on the day side
(SZA < 90°). 2) The two consequences of the phase distortion (delay and spreading of the
pulse) are over all dominant on diurnal conditions. They should be corrected before any
analyses of the signal. 3) The remnant magnetic field of Mars could produce a slight delay of
the pulse over the few local high magnetic anomalies in the southern hemisphere, but this
could be partially avoiding by using the higher MARSIS bands. Likewise, the induced Faraday
rotation will not have any significant effect over more than 80% of the Martian surface
where the magnetic field is lower than 50 nT.
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