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Abstract

Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) on the Mars Express (MEX) spacecraft has made

numerous measurements of the Martian surface and subsurface. However, all of these measurements are distorted by the ionosphere and

must be compensated before any analysis. We have developed a technique to compensate for the ionospheric distortions. This technique

provides a powerful tool to derive the total electron content (TEC) and other higher-order terms of the limited expansion of the plasma

dispersion function that are related to overall shape of the electron column profile. The derived parameters are fitted by using a Chapman

model to derive ionospheric parameters like n0, electron density primary peak (maximum for solar zenith angle (SZA) equal 0), and the

neutral height scale H.

Our estimated ionospheric parameters are in good agreement with Mars Global Surveyor (MGS) radio-occultation data. However,

since MARSIS does not have the observation geometry limitations of the radio occultation measurements, our derived parameters

extend over a large range of SZA for each MEX orbit.

The first results from our technique have been discussed by Safaeinili et al. [2007, Estimation of the total electron content of the

Martian ionosphere using radar sounder surface echoes. Geophys. Res. Lett. 34, L23204, doi:10.1029/2007GL032154].

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The radar signals sent by Mars Advanced Radar for
Subsurface and Ionospheric Sounding (MARSIS) on
board Mars Express (MEX) pass through the Martian
ionosphere. Therefore the MARSIS pulses are distorted
due to the fact that their frequencies are close to the
ionospheric plasma frequency, which can range from about
3.9MHz during day to less than 1MHz on the night side
(Gurnett et al., 2005).

The radar pulse from MARSIS has a bandwidth of
1MHz, and as a result it is broadened significantly in
addition to being delayed. This broadening of the pulse
causes the smearing of the radargram. Correction for
ionospheric effects must be made to re-sharpen the pulse.
e front matter r 2008 Elsevier Ltd. All rights reserved.
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This ionospheric dispersion is a well-known effect due
to the fact that the refractive index of ionosphere, or
equivalently, the velocity of the radio wave in the
ionosphere, depends on the radio wave frequency (Budden,
1985). Specifically, the impact of the Martian ionosphere
on the radio wave have been detailed in the article by
Safaeinili et al. (2003) where methods to correct the signal
have been proposed. The method described in this paper is
based on the method proposed by Safaeinili et al. (2003),
however, we significantly improve the estimation perfor-
mance by introducing an additional constraint, which is to
match the surface echoes position at real surface altitude.
Our method corrects the signal by matching the surface
echo to the filter (surface altitude), while also taking the
ionosphere into the account. The correction of phase of
signals is done using the limited series expansion of the
refractive index of plasma. This correction permits a good
detection of surface and subsurface echoes. The beneficial
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by-product from the correction of ionosphere effect is the
total electron count (TEC) of the ionosphere.
2. MARSIS instrument

MARSIS on board MEX can work in two different
modes.

Here we report only the mode known as the subsurface
sounding mode (Picardi et al., 2005). The subsurface
sounding uses 4 different frequency bands that are centered
to 1.8, 3, 4, and 5MHz, respectively, generally called band
1, 2, 3, and 4. Each band is 1MHz wide. In this article, we
will refer to the central frequency of each band but we must
keep in mind that these bands are large.

MARSIS emits and receives 127 pulses in each of the two
operation bands for a total of 254 pulses/s. The choice of
two operation bands depends of course on the solar zenith
angle (SZA) and so on the plasma frequency. These pulses
are integrated over 1 s to increase the signal-to-noise ratio
(SNR) and reduce the volume of data. The MARSIS
always operates two soundings with two different bands
simultaneously, which allow us to study the response of the
surface and subsurface, as the function of the frequency.
The second mode or active ionospheric sounding (AIS)
mode studies the ionosphere with a quasi-wave tone from
about 0.1 to 5.5MHz (Gurnett et al., 2005).

MARSIS can operate its subsurface mode when the
spacecraft altitude is lower than 900 km. The MEX spends
approximately 30min per orbit under 900 km. The lower
altitude is about 270 km at the periapse. The latitude and
longitude of MEX orbit changes for each orbit and optimal
MARSIS orbit sounds a half-hemisphere, which allows a
survey of the entire Martian surface.
3. Ionospheric signal distortion

The ionosphere induces a frequency-dependent phase
shift that results in the defocusing of the radargram
Fig. 1. (a) MARSIS pulse after ionospheric two-way propagation represented i

pulse (b) after ionospheric correction (pulse number 389 of the 2450th Mars E
(Fig. 1). This phenomenon is well known and described
by Budden (1964) and Safaeinili et al. (2003). The phase
shift term Dj is described by the equation
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where n is the refractive index, o ¼ 2pf is the pulsation of
the radio wave signal, op the plasma pulsation, c the speed
of light in a vacuum, h1 and h2 the lower and upper altitude
traversed in the ionosphere.
The plasma frequency, fp (Hz) is given by

f p ¼
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2p
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�0me
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, (3)

where ne is the electron density (m�3), qe ¼ 1.6� 10�9 is the
electron charge (Coulomb), me ¼ 9.11� 10�31 is the
electron mass (kg), e0 ¼ 8.854� 10�12 is the free-space
permittivity (F/m).
Using Eqs. (2) and (3), Eq. (1) can be rewritten as
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In the following, we use the denotation a1, a2, a3 and a1,
a2, a3 to describe the different order terms of Eq. (4). These
terms are defined by

ai ¼

Z
ni
eðhÞdh, (5)
n time domain. One can see a spread delayed pulse compared with the same

xpress orbit).
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Fig. 2. Ratio in percentage between the expansion terms of phase shift Eqs. (4) and (5) as a function of the solar zenith angle. The different term are

calculated with a Chapman model using typical values for Martian ionosphere. Solid lines correspond to the ratio between the second and the first term

and dashed lines to the ratio of third and first term. Different colors are taken for each frequency (red: 5MHz, green: 4MHz, light blue: 3MHz, blue:

1.8MHz).
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a1 ¼ 40:32� a1 �
4p
c
,

a2 ¼ 812:851� a2 �
4p
c
,

and

a3 ¼ 32774:2� a3 �
4p
c
. (6)

Finally, the phase shift in Eq. (4) can be rewritten as

Djðf Þ ¼
a1

f
þ

a2

f 3
þ

a3

f 5
. (7)

It should be noted that our measurements give the TECs
between the spacecraft and the ground. The altitude of the
main electronic density peak is around 130–150 km
(Bougher et al., 2001, 2004; Fox and Yeager, 2006). We
can consider that h1 and h2 in Eq. (4) are, respectively,
equal to 0 and infinity, the contribution of higher altitudes
to the TEC is small.

Other significant impacts of the Martian ionosphere on the
radar signal are attenuation and the Faraday rotation
(Safaeinili et al., 2003). MARSIS subsurface sounding mode
operates primarily for SZA higher than 601. Furthermore, in
the case of SZA less than 901 the radar is operated with the
band frequency at 3MHz and above. So to first order,
the attenuation due to the electron-neutral collisions in the
ionosphere (Safaeinili et al., 2003; Nielsen et al., 2007) and
the Faraday rotation can be considered negligible.

Fig. 1 shows an ionospheric distortion of the radar pulse.
The signal after a two-way propagation in the ionosphere is
delayed and spread. Eq (4) shows the dependence of phase
shift for the first three terms of the expansion of the
refractive index n, these terms are called a1, a2, a3 (Eq. (6)).
The first term a1 depends on the integral of electron density
or TEC. In most cases, under high SZA conditions
(i.e. during the night), the higher-order terms have less
influence on the total phase distortion.
The higher-order terms (Eq. (4)) are not negligible for

lower SZA. In Fig. 2, we plot the ratio between a2/(a1f
2)

and a3/(a1f
4) for typical parameters of Martian ionosphere.

The terms a1, a2 and a3 in Fig. 2 are computed using a
Chapman model for the electron density profile (Chapman,
1931). The typical parameters for a Chapman model on
Mars would be neutral height scale equal to 10 km and n0
equal 2� 1011m�3 (Fox and Yeager, 2006). One can see in
Fig. 2 that the second and the third term can be,
respectively, more than 15% and 5% of the first term even
using the upper band 4 and 5MHz for low SZA. However,
since during operation the lowest bands are used only
during the night, the contribution of higher-order terms is
never higher than 10% and 20% of the first order for the
band 1.8MHz. This study identifies situations where it is
necessary to use three or more terms in Eq. (2).

4. Technique for correction of ionospheric distortion

4.1. Technique

MARSIS radar uses a linearly modulated chirp s(f). The
signal after traversing the ionosphere can be written as
s1(f) ¼ s(f)exp(�jj(f)) where the phase terms include the
propagation through the free space

jspace ¼
2o
c

Z
dh. (8)
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The phase perturbation Dj is indicated in Eq. (1).
Ideally, the received signal is correlated with a reference
ideal chirp (matched filter) to produce a narrow and
well-defined radar pulse. This technique maximizes
SNR at the receiver. The phase disturbance results in a
poor compression of the chirp that causes a broadening
of the compressed radar pulse. To improve the output
signal we use the strategy for correcting the signal pro-
posed by Safaeinili et al. (2003). This strategy con-
sists of the modification of the phase of the arriving
signal, by introducing the phase correction developed in
Eqs. (1)–(7)

Scompressedðf Þ ¼ C�chirpðf ÞS1ðf Þ expðjDjðf ÞÞ, (9)

where f is covering 1MHz bandwidth.
The spectrum of the distorted signal s1(f) is multiplied by

the exponential of this corrective term and than com-
pressed by multiplying by the conjugate copy of the chirp
signal (Eq (9)). As we do not know a priori what the
coefficients are that we should use to correct the signal we
are using an optimization method to select them. We
explore the set of the parameters (integrals of the ne, ne

2 and
ne
3) in such a way, as to obtain the maximization of the

amplitude of the signal reflected by the surface at the
output of matched filter. This maximization of the signal
ensures that the signal is well compressed. To implement
this procedure and to make this procedure efficient we
have to introduce some physical constraints that we discuss
in the next sections. Our correction is divided into two
steps as described in next sections. First step uses a
Gaussian model as electron density profile and allow us to
determine initial conditions for the parameters a1, a2 and a3
(Eq. (6)) used in the second correction step. When the
optimal compression is obtained as a by-product we derive
the TEC.
5. MOLA altitude constraint

The first constraint is given by the altitude of the
spacecraft and the propagation time corresponding to this
altitude. The phase of the surface reflected signal measured
by the receiver is

jmeasured ¼ jspace þ Dj. (10)

In the maximization procedure jestimated ¼ jmeasured�

Djcorrection is the estimated phase corresponding to the
height of the spacecraft.

To estimate the Djcorrection we are imposing that
jestimated should be close to the jspace given by the distance
of the MEX to the surface as estimated from the Mars
Orbiter Laser Altimeter (MOLA) data (Smith et al., 2003)
within a 70.6 km limit and the output of matched filter
should be maximum. In practice we use the time delay
instead of the phase.
6. Electron profile shape constraint

In order to start the optimization procedure one should
provide the initial conditions. For this we use the simplified
electron density profile that is a Gaussian one

neðzÞ ¼ n0 exp �
ðh� h0Þ

2 sec w
2H2

� �
, (11)

where n0 is the maximum of the electron density, H is the
scale height and w is the SZA.
With this profile we calculate the phase correction that

depends on two unknown parameters TEC and the scale
height H. Using a Gaussian approximation of electron
density with altitude, the solution of the integrals of ne, ne

2

and ne
3 (see Eq. (4)) are easily derived byZ

ni
eðhÞ ¼

1ffiffi
i
p
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Eq. (13) shows this dependence. The phase correction
depends also on the SZA that is known parameter
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This simplified formula allows integration for only two
parameters with minor impact on the quality of the
estimation. In practice, the value of H varies between 8
and 30 km, which is the expected range for the height scale
of the Mars atmosphere (Krymskii, 2004; Gurnett et al.,
2005; Nielsen et al., 2007). The introduction of the
simplified model of the ionosphere in general will result
in suboptimal estimation of the phase. However, this
simplified model will provide good initial conditions for the
second step of the correction.

7. Optimization method

In order to obtain the best solution for the signal
compression one has to explore the set of parameters for
the phase correction terms in an independent way. So in
this approach, we are searching to optimize the SNR of the
surface echo. For the third-order correction one has three
free parameters, a1, a2 and a3 as defined previously (Eq.
(7)), to explore.
If the first correction step is close to the optimal solution

(the best SNR), then we only need to explore a1, a2 and a3
around the values found previously. So the previous
correction values provide the starting point [a10, a20, a30].
At the start, we build a space covering the 720% of the
first parameters a10 and 750% of the following ones
(a20 and a30). This is done to minimize the search time
relying on the fact that usually we do have a good first-
order estimate for the parameters. Effectively, we must
compute a fast fourier transform (FFT) for each a1, a2 and
a3 combination (correction in frequency domain and
checking in time domain). For each orbit, we process
signals measured for two transmitted bands together.
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Another important point is that the optimum solution
should be the same for the different bands because a1, a2
and a3 depend only on the electron profile of the
ionosphere and not on the frequency. So we optimize the
SNR of each frequency band. Once the optimum is found
the next iteration center the new cube on the new solution
then the step is decreased and the new iteration starts. The
process is stopped when the increase in the maximum of the
compressed signal achieves the optimum within a given
Fig. 3. Radargrams of the orbit 2400 and 2682. These observations were do

February 12, 2006. The vertical axis is the short time that corresponds to the

measurements. The white first line is the surface echo followed by the subs

correction, second signal before correction), each couple is, respectively, called (

the lower bands (1.8 and 3MHz). Almost all MARSIS frequency bands are r
percentage of the previous value (respectively, 20%, 40%,
and 40% for a1, a2 and a3). Figs. 1a and b show only one
frame before and after our ionospheric compensation,
and in Fig. 3 we show all frames for one orbit
(called radargram). It can be seen from the narrow width
of the echoes that the compression works well. The surface
echoes are strong and the subsurface echoes are very well
compressed. The fact the subsurface echoes are very
narrow indicates that the losses inside the subsurface are
ne on the Southern Hemisphere, respectively, at November 25, 2005 and

depth of penetrating signal. The horizontal axis corresponds to successive

urface signal. Radargrams are presented two by two (first: signal after

a) and (b). (a) Shows the correction for the upper band (5MHz) and (b) for

epresented here.



ARTICLE IN PRESS
J. Mouginot et al. / Planetary and Space Science 56 (2008) 917–926922
almost independent of frequency otherwise, it would
cause the spreading since the signal has a fractional
bandwidth larger than 20%. Fig. 3 shows the radargrams
for two bands. In Fig. 3a, we show the band at 5MHz
(band 4) before compression and after the correction
of the phase. Fig. 3b shows similar plots with the lower
bands at 1.8MHz (band 1) and 3MHz (band 2),
respectively. One can see the effectiveness of our procedure
and that even the lowest frequencies are well corrected.
This procedure is used routinely to correct for ionospheric
distortions.

8. Application to MARSIS data

We apply this technique to the MARSIS data in order to
obtain well-compressed radargrams. As a beneficial by-
product of the surface echo correction for ionospheric
effects we derive the TEC for every 2 s. The TEC value is
directly linked with the a1 or a1 parameter. In Fig. 4 we
show the derived values of TEC for ones of the orbits. This
figure shows the typical values of the TEC as functions of
the SZA. Usually for SZA smaller than 50–551 the signal is
lost, this is due to the strong absorption and distortion of
the signal by the ionosphere.

To study the behavior of the ionosphere using whole set
of data, we have used a Chapman model as the electron
density profile to model a1, a2, and a3. Then we fitted
measured parameters.

This Chapman model (Chapman, 1931) (see formula
(13)) of the ionospheric electron density profile is generally
defined as

neðz; wÞ ¼ n0 expð�0:5ð1� z� Chðd; wÞ expð�zÞÞÞ, (14)
Fig. 4. Total electron content as a function of the solar zenith angle as measure

2540, 2541, 2543, 2544, 2545, 2575, 2604). Each continuous line represents an

correction. Here we show a range of SZA between 201 and 1301 but mostly th
where z ¼ h� h0=H; d ¼ Rþ h=H, w the solar zenith
angle, R ¼ 3396� 103m the radius of Mars (m), h the
altitude (m), h0 the altitude of maximum of production of
ionization (m) and Ch the Chapman incidence function
(Chapman, 1931) defined by

Chðd; wÞ ¼ d sin w
Z x

0

exp d � d
sin w
sin a

� �
cosec2ðaÞda.

In this approach, we assume that during an orbit n0
and H are constant parameters of the ionosphere and we
estimate these parameters in taking advantage of the
three terms of the ionosphere phase compensation (Eqs. (4)
and (5)). Using the Chapman model, we have computed,
for several conditions of n0 and H, the terms a1, a2 and a3
(Eq. (5)) as functions of w as defined by

a1 ¼ n0H

Z
exp �0:5ð1� z� ChðH; wÞ expð�zÞÞð Þdz,

a2 ¼ n2
0H

Z
exp �ð1� z� ChðH; wÞ expð�zÞÞð Þdz, (15)

a3 ¼ n3
0H

Z
exp �1:5ð1� z� ChðH; wÞ expð�zÞÞð Þdz.

Fig. 5 shows the behavior of the TEC(w) as a function of
w for varying H. In Fig. 5, n0 was fixed at 2� 1011m�3 and
H varies from 5 to 30 km. The H range was chosen
arbitrarily and covers a more large range than expected
values for Martian ionosphere. The parameter n0 is a factor
whereas H appears also in Chapman incidence function Ch

nevertheless the effect of n0 and H on TEC looks very
similar. The main difference comes from the behavior of
TEC during sunrise or sunset at SZA near 901. An increase
d by MARSIS surface sounding mode (MEX orbit 2392, 2393, 2398, 2414,

orbit. The total electron content is provided by a1 term in the ionospheric

e signal is lost below 50–601.
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Fig. 5. Total electron content as a function of solar zenith angle in a Chapman model with H (neutral height scale) varying by 5–30 km.
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of H shifts the TEC ‘‘rise’’ increases to larger SZAs
whereas n0 is just an amplitude factor. H variation has a
bigger impact for SZA between 801 and 1001, so we need to
use this range to fit the data and separate the parameters H

and n0.
The TEC above 1001 does not improve the fit of data

because TEC values are very low and flat (night side). And
most of the time, the signal is lost for SZA below 551, so
our TEC estimation is very bad. Therefore, we take into
account only the orbits, which cover the SZA range from
601 to 1001.

To compare a1, a2, a3 estimated by the ionospheric
correction, we must normalize a1, a2, a3 because they can
vary by many orders of magnitude. This is due to the fact
that each of these terms depends on

R
neðhÞdh;

R
n2
eðhÞdh;R

n3
eðhÞdh.
The minimization procedure minimizes

�2ðn0;HÞ ¼
X
SZA

�21
a21ðw70Þ

þ
�22

a22ðw70Þ
þ

�23
a23ðw70Þ

, (16)

where �2i ðn0;HÞ ¼ ai �
R

ni
eðzÞdz

	 
2
and w70 is the SZA

at 701.
This normalization can be explained as the minimization

of the weighed sum, when the weights are proportional to
the errors that in turn are proportional to the measured
values. As described previously in this section, the integralsR

ni
eðhÞdh were calculated using Chapman model for the

electron density profile.
In this case where we use minimization of a1, a2, a3 at the

same time, n0 and H are more decoupled than in the case
of a fit with only a1 (see Eqs. (4), (5) and (12)). Fig. 6
represents the fit using a1, a2, and a3 for the orbit 2454.
We also plot in dot-dashed lines the fit for minð�Þþ
D� ðD� ¼ 50%minð�ÞÞ. One can see the good agreement
between the fit and the data; therefore we can say that a
simple Chapman layer is good enough description of the
Martian ionosphere below 200 km. We obtain typical
values of n0 and H as 9.5� 103m and 2� 1011m�3

(Safaeinili et al., 2007). The deviation on n0 and H, which
corresponds to dot-dashed lines in Fig. 6 is about
0.3� 1011m�3 and 1.2� 103m.
This also shows that the Mars ionosphere below 200 km

behaves as the terrestrial E region where the production of
ionization is equalized by losses by recombination, the
losses depending in this ionospheric region on ne

2 (Banks
and Kockarts, 1973).
9. TEC determination sensitivity

It is important, for future applications to estimate how
accurate is the TEC derivation. As defined in the previous
sections, our correction method chooses the best SNR as
criteria to compress the signal. To study the sensitivity, we
evaluate the variation of correction within some acceptable
deviation from the best SNR. The difference in SNR
between raw and corrected data is 16–19 dB (19 dB for the
pulse of Fig. 1). Therefore, we evaluate the range
variability of ionospheric parameters for which the signal
power loss is less than 1 dB compared with the best
correction. One decibel is the arbitrary choice justified by
the fact that we believe that our correction is efficient
within 1 dB sensitivity. For instance, to measure the a1
variability, we increase or decrease it until SNR equals best
SNR minus 1 dB.
This variability depends of course on the frequency

bands used in the given observation. As the correction is
inversely proportional to frequency (see Eq. (7)), for lower
band a small change in a1, a2, a3 terms implies a larger
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Fig. 6. Fit using a1, a2, a3 as a function of SZA for orbit 2454. We use to

fit a Chapman model (Fig. 5) and suppose H and n0 is constant overall

solar zenith angle. Solid line corresponds to the best fit (minimum of e)
and dotted-dashed lines are used to evaluate the sensitivity of the fit

parameters n0 and H.
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effect. Therefore a1, a2, and a3 sensitivity is higher for lower
bands.

In Fig. 7 we show the TEC variation distribution for the
1 dB variation of the SNR for bands 3 and 4.

A bi-modal behavior appears between day and night-
time. The day and nighttime mean sensitivity on TEC are,
respectively, about 3.8� 1014 and 1.5� 1014m�2. We can
notice that bands 3–4 correspond to highest possible
frequencies transmitted in the same time and therefore
the associated TEC variation is larger. We show in the
Table 1, the estimation of the TEC variability for each
couple of frequency. This sensitivity study allows to
validate our derived-TEC for future works.
10. Comparison with other TEC result

Many missions, Mariners 4, 6 (Fjeldbo and Eshleman,
1968), Mariner 9 (Kliore et al., 1972), Mars 2, 4, 6 (Vasilev
et al., 1975; Kolosov et al., 1976), Viking 1, 2 (Hanson,
1977; Zhang et al., 1990), Mars Global Surveyor MGS
(Tyler et al., 2001,), MaRS/MEX (Pätzold et al., 2005)
have already recorded electron density profiles which
provides us an estimation of TEC (see Mendillo et al.,
2003 or Fox and Yeager, 2006 for a more complete
summary of these ionospheric measurements). To obtain
the TEC, we just integrate overall the density profiles of
electron of some of published data.
The Mars Global Surveyor Radio Science experiment

provides thousands electron density profiles on a large
period and so for different solar activity (Tyler et al., 2001).
In Fig. 8 we show the TEC measured by us compared

with measurements obtained during other missions. In this
figure measurement from MGS missions (red points) are
from the last season (January 1, 2005–June 9, 2005) that
are the closer date to data of MARSIS ones (November
2005–January 2006 for Fig. 8) and these two sets of data
correspond to periods, where the solar flux is relatively low.
The good agreement between MARSIS and MGS data is
seen. Mariner 9 occultations have been obtained during
moderate solar activity. As expected the TEC values
increase with the solar activity and Mariner 9 values of
TEC are larger than MARSIS ones. The difference
between Mariner 9 and MARSIS is not very pronounced
at about 751 but around 501, Mariner 9 values are higher
with TECs close to 1016m�2 against 0.7� 1016–0.8�
1016m�2 for MARSIS.
The dependence of TEC values with solar flux is also

seen by MARSIS over some period (Safaeinili et al., 2007).
As our data show, MARSIS surface sounding mode is

able to derive the TEC values covering a large SZA range
in short time (one observation sequence is about 30min)
that have not previously been possible. We estimated only
TEC values but have shown that the estimated values can
be used to derive useful descriptive parameters for general
properties of the Martian ionosphere.
11. Conclusion

MARSIS radar echoes are distorted by the Martian
ionosphere. We have developed a robust technique to
correct for these distortions and in the correction process
obtain information about the ionosphere itself. We can
derive information about the ionosphere like the TEC,
and electron profiles higher-order moments,

R
n2
eðhÞdh;R

n3
eðhÞdh every 2 s. We have shown that these results

are in agreement with other data sets. Furthermore,
these moments can be used to derive the n0 and H with
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Fig. 7. Normalized distribution of TEC sensitivities for measurements with bands 3 and 4 simultaneously. Dotted line represents sensitivity distribution

for solar zenith angle above 1051 (complete night) and solid line below 1051.

Table 1

TEC sensitivity that corresponds to a signal power lost of 1 dB compared to the best correction

Combination of

MARSIS band

Sensitivity on nighttime TEC

(1014m�2)

Sensitivity on daytime TEC

(1014m�2)

Number of measurements for

nighttime

Number of measurements for

daytime

3–4 2.2 3.5 11,075 138,803

2–4 2 3 440 1830

1–4 1.7 – 1910 0

2–3 1.5 2.6 109,554 54,786

1–3 1.5 2.5 40,066 240

1–2 1 – 10,832 0

These values correspond to the peak of distribution in the Fig. 7. We also give the number of measurements which shows how are combined the different

frequency band. Here about 370,000 (only with a significant SNR) pulses were analyzed.

Fig. 8. Total electron content as a function of the solar zenith angle. Each dot corresponds of TEC measurements by other instrument and solid lines to

MARSIS TEC measurements in surface sounding mode (see Fig. 4). The altitude ranges can change from a profile to another. For example some profiles

may stop at an altitude of 200 km and some other at 300 km. These differences may affect the result on TEC, however, the error due to that is very small

because the main electron content (between 100 and 150km).

J. Mouginot et al. / Planetary and Space Science 56 (2008) 917–926 925
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typical values has 9.5� 103m and 2� 1011m�3 (Safaeinili
et al., 2007).

Due to the large quantity of the TEC estimates from the
MARSIS subsurface sounding data we are able to carry
out a statistical study of the neutral height scale and peak
electron density and also made it possible to map the
connection between the nighttime TEC and the magnetic
field (in Safaeinili et al., 2007).
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