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Résumé 
Depuis décembre 2003 Mars Express, une mission de l'Agence Spatiale Européenne, 
est en orbite autour de notre voisine Mars, la planète rouge. En plus de six autres ins-
truments, la mission embarque MARSIS, un radar de basse fréquence conçu spécia-
lement. Le Mars Advanced Radar for Subsurface and Ionospheric Sounding (radar 
martien avancé pour sonder la sous-surface et l’ionosphère) est autant capable de re-
garder au-dessous de la surface de la planète que de sonder son ionosphère. Mainte-
nant, pour la première fois depuis qu’il a commencé à opérer en juin 2005 un en-
semble de données du sondage ionosphérique a été mis à disposition du public par le 
principal investigator de l'instrument et a été mis en ligne en juin 2008 sur le site des 
Archives de Science Planétaires de l'ESA.  
Pour préparer et soutenir l'analyse par des groupes de recherche partout dans le monde 
de ce nouvel ensemble prometteur de données, le but de ce travail de Master était de 
rechercher des méthodes pour l'analyse et de développer un logiciel d'analyse et de 
visualisation. 
Ce rapport introduit le concept de sondage ionosphérique expliquant en particulier 
comment l'instrument MARSIS fonctionne. Un aperçu du volume, de la structure et 
du contenu de l'ensemble de données accessibles est présenté. La simulation des don-
nées pour des modèles d'ionosphère est discutée en détail et il est montré comment 
certaines caractéristiques dans les données peuvent être interprétées avec l'aide de 
telles simulations. Deux méthodes pour obtenir la structure ionosphérique des don-
nées sous la forme de profils de densité électroniques sont étudiées et leur implanta-
tion, les avantages et les restrictions sont soulignés. 
Finalement, le nouveau logiciel d'analyse et de visualisation est présenté. Ses caracté-
ristiques clé et ses fonctions sont expliquées. 

Abstract 
Since December 2003 Mars Express, a spacecraft of the European Space Agency, 
orbits our red neighbour planet Mars. Besides six other instruments it has on board 
MARSIS, an especially designed low frequency radar instrument. The Mars Ad-
vanced Radar for Subsurface and Ionospheric Sounding is capable of looking beneath 
the planet’s surface as well as of probing its ionosphere. Since it started operating in 
June 2005 now for the first time an ionospheric sounding dataset has been released by 
the principal investigator of the instrument and was published in June 2008 on ESA’s 
Planetary Science Archive.  
To prepare and support the analysis of this promising new dataset by research groups 
all over the world it was the aim of this work to investigate the methods of analysis 
and to develop a visualization and analysis software tool.  
This report gives an introduction to the concept of ionospheric sounding explaining in 
particular how the MARSIS instrument operates. An overview of volume, structure 
and contents of the released dataset is presented. The simulation of the data for iono-
sphere models is discussed in detail and it is shown how certain features in the data 
can be interpreted with the help of such simulations. Two methods to obtain the iono-
spheric structure from the data in form of electron density profiles are studied and 
their implementation, advantages and limitations are pointed out. 
Finally the new visualization and analysis software is introduced. Its key features and 
functions are explained. 
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1 Introduction 
In the context of understanding the physics and chemistry of planetary atmospheres 
and ionospheres, the study of the Martian ionosphere has been an interesting research 
topic for the past 40 years. Unfortunately there have not been many orbiter or lander 
missions to our red neighbour planet which included ionospheric research in their 
mission objectives. For example the only two ion composition profiles ever directly 
measured came from the Viking 1 and 2 landers in 1976. A major reason for this is 
the fact that missions to Mars have been and still are difficult and challenging for the 
space agencies in the world which is shown by the high number of failed missions in 
the past.  
Mars Express, the European mission to Mars embarks for the first time a radar in-
strument, the Mars Advanced Radar for Subsurface and Ionospheric Sounding 
(MARSIS), which is capable of (and partially dedicated to) the investigation of the 
Martian ionosphere. It was initially designed to find water ice under the surface of the 
red planet which is still its primary mission objective. But a few minor design changes 
allowed adding the secondary mission objective i.e. the observation of the Martian 
ionosphere by active ionospheric sounding (AIS). With this special operation mode 
the structure of the topside ionosphere of Mars in terms of electron density profiles 
can be examined. 
In the beginning of June 2008 the first MARSIS AIS data set was released for public 
access on ESA’s Planetary Science Archive (PSA) and can be studied now by re-
search groups all around the world. The goal of this thesis work was to prepare the 
analysis of this very promising new data set, especially by  

• understanding the sounding process of the instrument  
• creating a software tool for the visualization and processing of the new dataset  
• becoming familiar with the interpretation of the data. 

Section 2 gives an introduction to the ionosphere of Mars, to ionospheric sounding in 
general and to ionospheric sounding with Mars Express in particular. An overview of 
the recently released dataset is given and a few example MARSIS ionograms are pre-
sented to show interesting features which can be found throughout the dataset. 

Section 3 describes the simulation of the ionospheric sounding process and gives a 
deeper insight in the sounding process. Some examples of simulated ionograms are 
presented and the appearance of a local maximum in the ionospheric trace of some 
ionograms is further investigated. 

Section 4 discusses in detail the analysis methods which have been studied and ap-
plied in the course of the work.  

Section 5 presents the visualization and analysis software tool which has been devel-
oped for the currently released AIS data set as well as for future releases of MARSIS 
data. 

Section 6 provides a short summary of the accomplished work and gives an outlook to 
future continuation of this work. 
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2 Ionospheric Sounding 
Active ionospheric sounding is a method of probing the ionosphere with radio waves 
in order to get information about its structure, i.e. the variation of the electron density 
with altitude. Since the development of the first RADAR systems the method of iono-
spheric sounding has been used to study the ionosphere and to monitor its continu-
ously changing state which is influenced by the solar wind. On Earth it is widely used 
from the ground but also from space to extract the bottom and topside electron density 
profiles. With the MARSIS low frequency radar instrument it is now possible for the 
first time in history to study the ionosphere of Mars with the same technique and gain 
knowledge about the interaction of the solar wind with the Martian ionosphere. This is 
particularly interesting since Mars does not have a core magnetic field which plays an 
important role of the solar wind interaction with Earth’s ionosphere.  
The following subsection gives a short introduction to the Martian ionosphere. Further 
subsections describe the working principle of ionospheric sounding and give a brief 
overview of the Mars Express spacecraft with the MARSIS radar instrument and its 
active ionospheric sounding operation mode. A few samples from the data are shown 
as well together with an explanation of the most interesting features. 

2.1 The Ionosphere of Mars 
The ionosphere is a layer of ionized air 
particles on top of the atmosphere. It is 
created by the solar radiation which ion-
izes the upper atmosphere. The ions and 
free electrons form a plasma which is 
kept in a dynamic equilibrium by several 
neutralization processes and the con-
stantly ionizing solar radiation.  
While the atmospheric gas molecules are attracted by Earth’s or Mars’ gravity on the 
one hand they are driven away due to thermodynamic diffusion on the other hand, 
resulting in a distribution of the gas over an altitude range of several hundred kilome-
tres. Each molecule species forms its characteristic distribution profile. Numerous 
chemical reactions are responsible for the transformation between different molecule 
and ion species by ionization, neutralization, association and dissociation. The inten-
sity of the solar radiation and with it its ionization power decays exponentially with 
penetration depth into the ionosphere whereas the chemical processes dominate the 
lower part of the ionosphere where the particle density increases.  
The main differences between the Martian and Earth’s ionospheres are the missing 
core magnetic field of Mars and a different ion species composition. The former has 
the effect that the solar wind magnetic field compresses the ionosphere on Mars to a 
much thinner layer than on Earth. In fact Mars has lost already most of its initial at-
mosphere which has been carried away by the solar wind. The latter difference is 
characterized by a much higher concentration of carbon dioxide and a much lower 
concentration of nitrogen in the neutral atmosphere of Mars (see Table 1). This has 
the consequence that other chemical reactions dominate in the Martian ionosphere 
which results in a different layer structure.  
CESR has developed together with ESA an expertise in ionosphere modelling soft-
ware which simulates all the above described processes in order to produce self-
consistent one-dimensional models of the ionosphere. This kind of software has been 
developed for the Earth and was then later adapted to Mars and just recently also to 

Table 1: Composition of the Earth’s and Mars’ 
atmosphere. [NSSDC (19)] 

 Earth Mars 
Nitrogen 78.08 % 2.70 %
Oxygen 20.95 % 0.13 %
Argon 0.93 % 1.60 %

Carbon dioxide 0.04 % 95.32 %
Water vapor ~1  % 0.02 %
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Figure 1: Basic principle of the ionospheric sounding 
process. Top Panel: Altitude profile of plasma fre-
quency. Bottom Panel: Echo delay as a function of 
sounding frequency (Ionogram). 
Credits: Gurnett (11). 

Venus. This modelling expertise is believed to make a major contribution in the inter-
pretation of the Mars Express ionosphere data. This contribution and its importance 
will be shown later in this work (sections 3.2.2 and 4.1.2). 

2.2 The Principle of Ionospheric Sounding 

2.2.1 The Basics of Plasma Physics 
The method of ionospheric sounding is based on plasma physics. The wanted infor-
mation is an electron density profile  of the ionosphere. From a physical point of 
view the ionosphere consists of plasma and we can correlate the electron density  in 
plasma with a so called plasma frequency  by Eqn. [1] yielding  in Hz for   
given in m-3. 

1
2 8.98  [1] 

Where  is the electron charge,  is the dielectric constant and  is the electron 
mass. Therefore we can display the desired electron density profile equally as an alti-
tude profile of plasma frequency . A simplified example of such a profile is 
shown in the top panel of Figure 1 with the plasma frequency in x direction and the 
altitude in y direction. We know also from plasma physics that electromagnetic waves 
of a frequency  can propagate in plasma only if   holds. In a plasma cloud 
with varying electron density (like in the ionosphere) an incident wave would be re-
flected at the point where  or pass through the cloud if the wave frequency is 
higher than the maximum plasma frequency.  

2.2.2 The Sounding Cycle 
Using the above discussed laws the 
method of ionospheric sounding works 
in the following way. A satellite based 
sounder probing the topside of the iono-
sphere sends a radio wave of the fre-
quency  vertically down into the iono-
spheric plasma. The wave propagates 
through layers of increasing density 
while its frequency is greater than the 
plasma frequency of the surrounding 
plasma. When it reaches the layer with 

 the wave is reflected and travels 
back to the sounder which measures the 
delay time between emission and recep-
tion of the echo. This transmit-receive 
cycle is repeated step by step for a range 
of wave frequencies covering the whole 
spectrum between the local plasma fre-
quency at the altitude of the sounder and 
a frequency well above the maximum 
plasma frequency. This way range in-
formation is obtained for the ionospheric 
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Figure 2: Artists impression of the Mars Express 
spacecraft in its orbit around Mars with the deployed 
long antenna booms of MARSIS. Image by ESA. 

layers with plasma frequencies corresponding to the wave frequencies of the sounding 
signals. Waves of a frequency higher than the maximum plasma frequency or penetra-
tion frequency will be able to pass through (penetrate) the entire ionosphere and are 
reflected by the surface before travelling back through the ionosphere to the receiver. 
The result of a complete frequency sweep is called an ionogram and shows the echo 
delay as a function of frequency. 

2.2.3 Features of an Ionogram 
An example of such an ionogram is displayed in the bottom panel of Figure 1 with the 
sounding wave frequency in x direction and the time delay Δ  of the echo in reverse y 
direction. The figure shows how the ionogram would look like resulting from an iono-
spheric sounding of the  profile displayed in the top panel. The spike at the low-
est frequency corresponds to the excitation of an electrostatic electron plasma oscilla-
tion which occurs when the sounder transmits at the local plasma frequency. Initially 
starting at zero the response delay increases going towards higher frequencies. This 
part of the response trace is called ionospheric echo as the sounding waves were re-
flected in the ionosphere. When the frequency approaches the maximum plasma fre-
quency max  the delay increases dramatically due to the decreasing slope of the 
function . At the frequency just above max  a cusp feature shows the point 
when the signal frequency is high enough to pierce through the ionospheric layer. It is 
a combined result of strong dispersion of the wave in the altitude region of the peak 
and a sudden increase in travelling path due to the bottom side of the ionosphere and 
the layer of neutral atmosphere below. Further increasing the frequency the waves are 
now reflected by the surface of the target planet. The delay Δ  decreases exponen-
tially since the importance of the dispersion effect of the ionospheric layer decreases 
with increasing wave frequency. The delay value which this exponential decrease is 
converging to corresponds to the travelling time for a signal propagating at vacuum 
light speed from the spacecraft to the surface and back. This part of the sounding re-
sponse is called the surface reflection. The origin and shape of the ionospheric trace, 
the cusp and the surface reflection have been further studied with the help of simu-
lated ionograms and are discussed in section 3.2.1 on page 12. 

2.3 Active Ionospheric 
Sounding on Mars with 
MARSIS 

2.3.1 Mars Express  
Mars Express is the first European or-
biter and lander mission to Mars. It was 
launched on 2 June 2003 by a Soyuz-
Fregat from the Baikonur Cosmodrome 
in Kazakhstan and arrived at Mars on 25 
December 2003. On 19 December 2003 
the obiter released the lander module 
Beagle 2 for its descent to the Martian 
surface but unfortunately the lander had 
to be declared as lost after the total loss 
of communication. Mars Express’ eccen-
tric orbit around Mars is inclined by 
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about 86° and has its pericentre at an altitude of around 300 km above the planets sur-
face and its apocentre at 10107 km with an orbital period of about 6.7 hours [Refer-
ences (1), (2)]. Throughout the mission the orbit has been slightly changed a few 
times. In the period between June 2005 and January 2006 the perigee altitude varied 
between 271 km and 286 km. The spacecraft carries seven instruments listed in Table 
2. This work is focused on the data which was collected by the MARSIS instrument. 
Table 2: The instruments onboard the Mars Express spacecraft. Credits: ESA (1 p. 253), (2). 

ASPERA Energetic Neutral Atoms Analyzer 
Interaction of the upper atmosphere with the interplanetary medium and the solar 
wind, near-Mars plasma and neutral gas. 

HRSC High-Resolution Stereo Colour Imager 
High resolution images of the Martian surface with a resolution of up to 2 m per 
pixel. 

MaRS Radio Science Experiment 
Pressure and temperature profiles, surface roughness, gravity anomalies 

MARSIS Subsurface Sounding Radar/Altimeter  
Subsurface structure from 200 m to a few km, distribution of water in the upper 
crust, surface roughness and topography, ionosphere. 

OMEGA Visible/IR Mineralogical Mapping Spectrometer 
Mineral mapping at 100 m resolution, specific surface mineral and molecular 
phases, mapping photometric units, atmospheric science. 

PFS Planetary Fourier Spectrometer 
Atmospheric composition and circulation, surface mineralogy, surface-
atmosphere interactions. 

SPICAM UV & IR Atmospheric Spectrometer 
Water, ozone & dust profiles of the atmosphere, chemical composition, airglow. 

2.3.2 The MARSIS instrument 
The Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) is a 
low-frequency radar instrument carried by the Mars Express spacecraft. Its primary 
objective is to map the distribution of water in the upper layer of the Martian crust. 
Additionally three secondary objectives have been defined: probing the subsurface 
geology, characterization of the surface and ionospheric sounding. The latter objective 
is subject to this work.  
The instrument effects its measurements through a 40 m dipole antenna which con-
sists of two 20 m booms and an additional 7 m monopole antenna which is used to 
cancel clutter due to oblique echoes. Besides the antenna the instrument consist of 
three electronics boxes containing the transmitter electronics, the receiver electronics 
the digital electronics subsystems. It can emit RF signals in a frequency range be-
tween 0.1 and 5.5 MHz at a maximum radiated power of 15 W. The deployment of 
the three antenna booms was delayed by more than one year due to a risk of damaging 
the spacecraft which was identified after launch. Simulations had shown a certain 
potential of the booms striking the spacecraft during the deployment process. There-
fore it was decided to wait until the primary mission objectives of the other six in-
struments had been achieved. The booms where successfully deployed in June 2005 
and MARSIS began its nominal scientific operation. Since then MARSIS operated 
nominally and observed interesting features hidden under the Martian surface. The 
thickness of water-ice layer has been determined, underground water-ice deposits 
have been detected and buried impact craters have been found. The first subsurface 
and ionospheric sounding datasets have been released by the principal investigators in 
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Figure 3: Orbit of Mars Express around Mars. 
MARSIS records data near the periapsis and trans-
mits the data to earth around the apoapsis when the 
instruments are out of range. Credits: Duru (9) 

the beginning of June 2008 and were made freely available to the public on ESA’s 
planetary science archive. [References (2), (3), (4)] 

2.3.3 The AIS operation mode of MARSIS 
As discussed in section 2.3.2 ionospheric sounding is only the last of three secondary 
objectives of MARSIS. In order to achieve this objective it operates in a specially 
designed mode, the AIS mode. In this mode the instrument transmits a 91.4 μs short 
monochromatic radio pulse and then listens for the echo during 7.3 ms recording 80 
samples of the electric field spectral density at a sampling rate of 91.4 μs. More de-
tails on the timing are shown in Figure 4. To record one complete ionogram this pro-
cedure is repeated for a set of 160 different frequencies taking ~1.2 s in total. In 
nominal operation an ionogram is recorded every 7.54 s. 
The duration of the listening phase (7.3 
ms) corresponds to a maximum apparent 
distance of the reflecting layer of around 
1100 km. With a maximum plasma fre-
quency peak located at an altitude of 
around 150 km in the Martian iono-
sphere this operation mode is only useful 
when the spacecraft is less than 1200 km 
above the surface of Mars. Therefore it 
is used in an orbital sector centred at the 
perigee passage of Mars Express’ ellipti-
cal orbit (see Figure 3). Such a passage 
takes about 35 minutes in which around 
280 ionograms can be recorded. 

Figure 4: Timing details of the MARSIS Active Ionospheric Sounding mode. Credits: D. D. Morgan, MEX 
Data Workshop June 2008 at ESAC, Spain 
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2.3.4 Overview of the AIS Dataset 
The first MARSIS AIS Dataset was released on 6 June 2008 through ESA’s Planetary 
Science Archive (PSA) (5). It can be accessed through the ESA RSSD website (6) or 
directly via FTP (7). The PSA website offers to access the data via the Dataset 
Browser Interface or alternatively via the Classical User Interface. The Dataset 
Browser Interface allows browsing the files from within your web browser using an 
FTP like protocol and single files can be located and retrieved easily. For batch 
download of a greater data volume it is recommendable to use the Classical User In-
terface which is a Java application that allows selecting the desired data files and 
downloading the selection in one single zip archive. 
The data products consist of binary files each containing all received records from the 
AIS operation phase of one orbit. Each record contains 80 samples of the received 
electric field spectral density resulting from one transmitted pulse together with time 
references, pulse frequency, operation mode, instrument status and other relevant in-
formation. The exact format is described in the specification file (8). The pulse fre-
quency increases in small steps for 160 subsequent records which form one ionogram. 
All records belonging to one ionogram contain the same spacecraft event time. Al-
though the number of ionograms contained in one file varies to some extent the ma-
jority of the data products contain 286 ionograms which corresponds to nominal op-
eration as described in the preceding subsection.  
The currently available dataset includes data products from 438 orbits. They were 
recorded between 22 June 2005 and 3 January 2006 corresponding to the orbit num-
bers between 1844 and 2539 (although not in every orbit AIS data has been recorded). 
The data files are named FRM_AIS_RDR_XXXX.DAT and for each data file there 
exists a label file called FRM_AIS_RDR_XXXX.LBL where XXXX would be replaced 
by the orbit number. The label files contain product information like number of re-
cords, recording start and ending times, data quality and version numbers.  
All the geometrical information concerning the sounding events including the coordi-
nates of the spacecraft’s location above Mars, its altitude and solar angle conditions 
are contained in one single file GEO_MARS.TAB  for all data files. 
In the main directory for the MARSIS AIS data on the PSA the data and label files are 
organised in the DATA subfolder while the geometry file can be found in the INDEX 
subfolder. Besides the data many other useful extras are available on the server in 
further subdirectories. Among these are browse images for all data files and iono-
grams, an example C-program which can read the binary file format. The DOCU-
MENT folder contains documentation about the instrument, its AIS mode and data 
analysis methods like the extraction of electron density profiles and other features 
which have been discovered in the data.  

2.3.5 Examples of MARSIS Ionograms 
In the following a few examples are shown to introduce some of the special features 
which can be found in the released dataset. Each image shows 80 delay rows and 160 
frequency columns as described in the previous subsections. The pixel colours corre-
spond to the echo intensity as indicated by the logarithmic colour scale.  
Figure 5 shows an ionogram with an exceptional clear cusp feature and a strong sur-
face reflection. Another special feature in Example 1 is the so called “oblique” echo 
which is an unexpected second echo trace and can be found on many of the MARSIS 
ionograms. Although this kind of echo is not yet fully understood its appearance could 
be correlated with the Martian crustal magnetic field by Duru (9). According to Duru 
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the echoes could be oblique reflections from magnetically created bulges in the iono-
sphere which lead to the name “oblique echoes”. Although there is only very little 
noise and other effects in the low frequency part of Example 1 the ionospheric trace 
fades out towards lower frequencies. Therefore the first part which should start at the 
local plasma frequency with zero delay is not visible. Unfortunately this seems to be 
the case throughout the whole dataset where this part of the trace is not buried in noise 
or the echoes of other side effects. 
Example 2 (Figure 5) shows besides an ionospheric trace and a faint oblique echo two 
of those side effects. The vertical lines which appear periodically at different frequen-
cies are so called electron plasma oscillation harmonics. They are harmonics of the 
electro static plasma oscillations which are detected by the MARSIS receiver due to 
specific technical characteristics. These spikes can actually be used to derive the local 
plasma frequency by measuring the spacing between the vertical lines [Duru et al. 
(10)].They appear in most of the ionograms. Another effect is the appearance of hori-
zontal lines equally spaced in delay at frequencies below about 1.4 MHz on the left 
hand side of the ionogram. These so called electron cyclotron echoes [Gurnett et al. 
(11)] can be found in many of the MARSIS ionograms and their time spacing could 
be correlated with the cyclotron frequency of the local crustal magnetic field passed 
by Mars Express. Noticeable in Example 2 is also a missing surface reflection. The 
latter is primarily visible only in ionograms recorded at high solar zenith angles. It is 
believed that the absorption is higher in the denser plasma at smaller SZAs such that 
the surface echo is fully absorbed and 
therefore invisible on most of the low 
SZA ionograms.  
The shape of the ionospheric echo in 
Example 3 (Figure 6) shows an increase 
of the delay towards lower frequencies. 
Knowing that the trace should start at 
zero delay this indicates the existence of 
a local maximum in the delay. The dot-
ted line shows how the invisible part of 
the echo could look like. This phenome-
non has been further investigated in sec-
tion 3.2.3. Similar shapes can be found 
in many of the MARSIS ionograms. 
 

Figure 6: Example 3 with local maximum in the iono-
spheric echo delay. 
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Example 2: Electron plasma oscillations and electron 
cyclotron echoes appear in most of the ionograms. 

Figure 5:  
Example 1: The so called oblique echoes appear in 
some of the ionograms. 
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3 Simulation of Ionograms 
As part of this work a software tool for the numerical simulation of ionograms for 
ionospheres of any given shape has been developed in MATLAB. The simulation 
allows studying and understanding better the shapes and features in ionograms which 
result from different models of electron density profiles. This section explains the 
algorithm which has been used and gives an overview of the obtained results. 

3.1 Simulation Method 
The input of the simulation is an ionosphere model in the form of a set of  electron 
density-altitude pairs denoted as , , 1. . . The pairs are assumed to be 
sorted by altitude  in ascending order. Further inputs are the altitude of the spacecraft 

 and a set of  frequencies , 1. .  at which the input model should be 
probed. The desired output is the round trip time Δ  of the signal for all the probing 
frequencies such that we get as the result  pairs of , Δ . The altitude at which 
the -th signal is reflected shall be denoted as refl. 

Δ
2 refl  [2] 

Neglecting the dispersion of the ionosphere the round trip time is given by Eqn. [2] 
where the group velocity of the emitted wave  equals the speed of light in vacuum 

. In reality however the dispersion cannot be neglected since electromagnetic 
waves are considerably slowed down in plasma depending on different physical pa-
rameters. The group velocity of waves propagating in plasma is a function of wave 
frequency, electron density, magnetic field  and the inclination of  relative to the 
propagation direction of the wave. Here the well known expression (Eqn. [3]) for the 
group velocity of a pulse in non-magnetized plasma has been used considering that 
Mars does not generate a core magnetic field and neglecting its crustal magnetic field.  

1 ⁄  
[3] 

Since the plasma frequency is a function of altitude which is given by the input model 
by applying Eqn. [1] (p. 4) to all  we can transform Eqn. [2] into the following 
integral (11). 

Δ
2

1 ⁄refl

 [4] 

If we assume  to behave like Eqn. [5]1, where  is the so called scale height and 
 the altitude of the maximum plasma frequency, we can analytically integrate Eqn. 

[4] yielding Eqn. [6]. 

 
[5] 

                                                 
1 The linear relation   has been tested as well but the difference in the results has 
been neglectably small. 
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2

1refl

4
tanh 1

refl

 [6] 

In the case of  being a discrete set of  data pairs ,  Eqn. [4] can be trans-
formed into a sum of integrals between two consecutive data pairs. Assuming that 
Eqn. [5] holds between such two data pairs one can write: 

 
[7] 

Where  is the local scale height between  and . It is the only unknown in the 
above equation and can therefore be calculated from the model data. 

2ln 2ln  [8] 

The following total discretisation can then be obtained by applying Eqn. [6] to all 
integrals in the sum, replacing the integration limits by the consecutive altitudes , 

 and eliminating the exponential function with the help of Eqn. [7]. 

Δ
4

tanh 1 tanh 1
top

bottom

 [9] 

In order to have bottom refl and top  two extra data pairs are inserted at ade-
quate positions by logarithmic interpolation if necessary. An additional constant term 
of 2 /  needs to be added in cases when max  to take into account the 
additional propagation path in the neutral atmosphere (between the lowest altitude of 
the ionospheric model and the surface). 
The simulation algorithm has been implemented based on Eqn. [9] and intensively 
tested. A number of different models have been investigated using this simulation.  

3.2 Simulation Results 
To facilitate studying the results of the simulation routine a complementary software 
tool has been developed. It shows the input model and the corresponding output iono-
gram in a stacked display of the two graphs with aligned frequency scales similar to 
Figure 1 (see Figure 7 top left panel). It also allows interactively creating graphs 
showing the position of a transmitted pulse as a function of time and the group veloc-
ity as a function of altitude (see Figure 7 panels A to D).  

3.2.1 Result for a Chapman Function 
Let us first have a look at an ionosphere model based on a Chapman function. The 
Chapman function is now known to be accurate only in the lower part (around the 
main peak) of the ionosphere where the chemistry dominates the production of the 
ions. But it allows producing quite representative models without complex simulation 
of physical and chemical processes.  
The top left panel of Figure 7 shows the Chapman ionosphere model together with the 
simulated ionogram below. The parameters have been chosen similar to realistic Mar-
tian conditions with a maximum plasma frequency of 2.43 MHz at 154 km. The 
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Figure 7: Top left: Simple ionosphere model based on a Chapman function with its corresponding simulated 
ionogram below. Panels A, B, C and D: The instantaneous wave pulse altitude as a function of time and the 
group velocity as a function of altitude are shown for different frequencies as indicated by the arrows in the 
model. 
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sounder was assumed to be at an altitude of 500 km above the surface. The ionogram 
shows the basic features which already have been discussed in section 2.2.3 (except 
the spike due to electron plasma oscillations which are not part of the simulation). The 
panels A, B, C and D in Figure 7 show the time dependence of the signal propagation 
and the local group velocity for four different pulses with sounding frequencies indi-
cated by the four arrows in the top left panel. The travel time graphs (on the left side 
in each panel) display the instantaneous pulse altitude as a function of time where the 
altitude is shown along the y-axis in km and the time along the x-axis in ms. The 
group velocity graphs (on the right side in each panel) display the group velocity as a 
function of altitude with the altitude shown along the y-axis in km and the velocity 
along the x-axis in ms-1. The four cases are discussed in the following: 

A) 1.0054 MHz, Δ 2.0 ms 
The group velocity graph shows downwards from the top at first a slow and 
later rapid decrease of the group velocity reaching zero at the reflection point 
at an altitude of about 290 km. The effect of deceleration is visible also in the 
travel time graph as the curve is rounded off at the reflection altitude. 
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B) 2.4247 MHz, Δ 3.5 ms 
The group velocity graph has a similar shape but it is stretched to a lower a re-
flection point. Pulse B is less influenced by the dispersion at higher altitudes 
than pulse A since the influence of the plasma is the more important, the 
closer  to  (in agreement with Eqn. [7]). The travel time graph shows a 
flatter round off near the reflection point which results in an increased delay at 
this altitude range. This can be addressed to the small gradient /  close to 
the maximum since the wave has to travel through a relatively thick layer with 

 close to . 

C) 2.4355 MHz, Δ 6.0 ms 
Since  is just a bit greater than the maximum plasma frequency pulse C can 
penetrate the ionized layer and is reflected by the surface. The group velocity 
graph shows a decrease almost down to zero at the altitude of the maximum 
plasma density and increases again to full vacuum light speed at lower alti-
tudes. The travel time graph shows a significant delay caused by the plasma 
layer in the vicinity of the electron density peak. This delay is responsible for 
the cusp feature as it reduces quickly towards higher pulse frequency. 

D) 4.8333 MHz, Δ 3.5 ms 
The group velocity profile for this pulse shows the decreasing influence of the 
ionospheric layer at higher frequencies. At a frequency nearly double the 
maximum plasma frequency the group velocity reduces at its minimum only to 
about 85% of the vacuum light speed. The travel time graph does not show 
any noticeable delay caused by the ionospheric layer. 

3.2.2 Results for physical models 
Simulated ionograms have been produced also for different models of the Martian 
ionosphere generated by the self-consistent and one-dimensional ionosphere model-
ling software developed in CESR/LPG/ESA. This was done to compare the obtained 
results between the purely mathematical Chapman model and a physical model. It was 
also intended to produce simulated ionograms which are comparable with the meas-
urement to check how close the simulation comes to reality. 
Figure 8 shows two examples of such ionogram simulations using more realistic iono-
sphere profiles. The ionogram shown in the left panel of Figure 8 was created from a 
model which corresponds to the conditions when one of the first MARSIS ionograms 
was recorded (24 June 2005 04:49:57 UT, orbit 1848 nr. 12). The ionogram in the 
right panel of Figure 8 was obtained from a model generated according to the condi-
tions seen by the Viking 1 lander. 
Comparing these two ionograms with the ionogram for a Chapman ionosphere 
(Figure 7, p. 13) two major differences can be seen:  

• While the delay is monotonously increasing in the ionospheric trace for the 
Chapman model this is not the case for the physical models. The cause of dif-
ferent shapes in this frequency range is further investigated in the next section. 

• Where a smooth transition to the cusp can be seen in the Chapman ionogram a 
rather sudden jump is shown in the ionograms in Figure 8. This can be ad-
dressed to the rather sharp maximum peak in the plasma frequency profile. 
Unlike in the Chapman the transition from a positive to a negative gradient 

⁄  takes place in a very narrow altitude range. 
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The discontinuities in the ionograms at about 2 MHz in the left and at about 1.2 MHz 
and 2 MHz in the right panel of Figure 8 could be identified to result from rather mi-
nor oscillations in the slope of the electron density profiles. This has been confirmed 
by manually editing one of the profiles and eliminating these minor oscillations. The 
simulated ionogram obtained from the edited model did not show the discontinuities. 
Therefore it has been concluded that small variations in the electron density profile 
will produce prominent features in the ionogram. 

3.2.3 Understanding the Local Maximum in Ionograms 
For most of the tested models produced by the modelling software the delay in the 
simulated ionogram shows a local maximum in the ionospheric trace. As discussed in 
section 2.3.5 (p. 8) a similar shape can also be observed in some of the MARSIS io-
nograms. This phenomenon was further studied to gain a better understanding of how 
the shape of the electron density profile influences the shape of the ionogram. The 
effect has also been discussed by Budden (12 pp. 158-160) and examples for Earth 
topside ionograms showing this effect have been published (although in different con-
texts) by Hagg et al. (13) and Webb et al. (14). 
From Eqn. [9] it can be seen that the delay of each ionospheric layer which is crossed 
by the sounding signal is directly proportional to the scale height of that layer. At the 
same time the closer the signal frequency  is to the plasma frequency , the greater 
the delay in that layer. Since the scale height  is a kind of measure for the slope 

⁄  it influences the relation ⁄  with altitude. Therefore the relation between 
 and  in an electron density profile should be characteristic for the shape of the 

resulting ionogram. The following experiment has been performed here as a demon-
stration: A set of models has been created with a varying imposed mathematical rela-
tion between  and  i.e. 
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Figure 8: Electron density profiles generated from an ionosphere model shown together with a simulated 
ionogram. The left profile was generated for conditions according to one of the first ionograms recorded by 
MARSIS. The right profile was generated for conditions as seen by the Viking 1 lander. 
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Where  is the variation parameter and  
is a constant which was adjusted for 
each model such that the plasma fre-
quency values at the top  and at 
the maximum  are common to 
all models. Then the resulting simulated 
ionograms have been compared. Figure 
9 shows such a set of models together 
with their simulated ionograms (the sur-
face reflection part in the displayed io-
nograms is not relevant here). The figure 
shows that the maximum appears only in 
those ionograms with 0. This im-
plies that models with a scale height 
which increases with altitude will show a 
local maximum in the ionogram.  
  

Figure 9: Simulated ionograms for a set of models 
with an imposed relation between scale height and 
plasma frequency. The local maximum appears for 
positive exponents x. 
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4 Analysis of the MARSIS AIS data 
This section gives a brief overview of the analysis methods which have been investi-
gated in the course of this work. 
 A number of scientifically interesting parameters can be extracted from the MARSIS 
AIS data. The most important information to be retrieved from the AIS data is the 
electron density profile which is an important representation of the physical structure 
of the ionosphere giving also a clue of the composition of the neutral atmosphere. Its 
extraction is therefore the main subject of this section. Throughout this work it has 
also been attempted to extract the total electron content (TEC) from the ionograms. 
Therefore a short discussion of this topic has been included here as well. 

4.1 Electron Density Profiles 
An ionogram holds as explained in section 2.2.2 range information of all ionospheric 
layers with an electron density corresponding to the sounding frequencies. The so 
called virtual altitude can be obtained by inverting Eqn. [2] on page 11. But as shown 
in Figure 7 on page 13 the dispersion of each layer contributes to the delay time of a 
sounding pulse. Therefore the true altitude must be derived in a different way taking 
into account the dispersion. Two different ways to achieve this have been investigated 
in this work and will be discussed in the following subsections. One method is called 
ionogram reduction or ionogram inversion. It is a well known method since a few 
decades (12) and has been used with sounding data from ground based and topside 
sounders on Earth and as well for MARSIS AIS data (11). The other method is an 
alternative approach and uses a matching algorithm to adjust an ionosphere model 
such that its simulated ionogram matches with the data. 

4.1.1 Reduction of Ionograms 

4.1.1.1 Principle 
This method was first described by (12) and was applied also by (11). The reduction 
is based on an inversion of the integral equation [4] (p. 11) which is a well known 
mathematical problem and has a formal solution (Abel’s equation) shown in Eqn.[10].  

̃ Δ sin  [10] 

Where sin  with  and sin  

Since Eqn. [10] was initially intended to be used for ground based sounders we have 
to take into account the altitude of the spacecraft.  

̃  

For a given ionogram the delay as a function of frequency can then be integrated re-
sulting in an altitude profile of plasma frequency which is easily transformed to an 
electron density profile by using the inverted Eqn. [1]. 

4.1.1.2 Limitations 
The method of ionogram reduction has a number of disadvantages and limitations. 
The necessary input set of frequency-delay pairs have to be extracted from measure-
ment data at least partially manually. An automatic detection of the entire ionospheric 
trace is not possible due to the presence noise especially at low frequencies. Another 
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difficulty is the automatic detection of the maximum plasma frequency in ionograms 
which show a surface reflection. The parts of the trace which cannot be extracted 
automatically have to be carefully selected manually. 
Another important limitation of ionogram reduction is the fact that only ionograms 
which have been recorded in an ionosphere with monotonously increasing electron 
density for decreasing altitude can possibly be inverted to the correct electron density 
profile. The ionograms resulting from an ionospheric structure which is composed of 
two or more layers leading to local maxima and minima in the electron density profile 
cannot be inverted without an error in altitude for all layers below the first one. This 
problem occurs because the output of the reduction integral can only be monotonously 
increasing and can therefore not reproduce any more complex ionospheric structures. 

4.1.1.3 Implementation 
In practice generally one does not have a mathematical expression Δ  for the delay 
as a function of frequency. Instead the shape of this function has to be extracted by 
reading a set of value pairs from an ionogram like in the case of the MARSIS AIS 
data. For such a discrete set of frequency-delay pairs , Δ , 1. .  we can 
transform the integral in Eqn. [10] into the following sum 

Δ Δ  [11] 

with 
 1   

    Δ Δ Δ /2  

 Δ arcsin / arcsin /   

    Δ 0, .  

The most primitive approximation for the integral has been used here: it was replaced 
by the sum of the area of  rectangles which have the width Δ  and the height 
Δ . This numerical integration method has been implemented here due its simplicity 
and the lack of time for the adaptation and verification of a more sophisticated nu-
merical integration method. However this simple approach produces negligible errors 
as long as the frequency steps are small enough. The biggest error is in most cases 
anyway introduced due to a lack of good echoes in the area close to the local plasma 
frequency where the gradient Δ ⁄  is in general great. This algorithm has been 
included for quick ionogram analysis in the MAISDAT software (section 5.1.3). 

4.1.1.4 Results 
Figure 10 shows how the ionogram reduction method is applied to one of the MAR-
SIS ionograms. The red line in the left image indicates the data pairs on which the 
calculation is based. It was partially automatically detected (above 1.5 MHz) but in 
the area which is shown enlarged in the inset the shape had to be traced manually due 
to considerable noise. Note that this part of the trace is in most of the ionograms either 
buried in noise, overlapped by stronger features like cyclotron echoes and plasma 
oscillations or just too faint to be visible. In such cases the error in the resulting true 
altitudes is increased since the first part (low frequency) of the trace affects the calcu-
lation of all data points at higher frequencies.  
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The result of the calculation is displayed on the right in Figure 10. The green line 
shows the virtual altitudes of the points which are marked red in the ionogram. They 
were obtained by assuming the waves travel always with vacuum light speed. The 
blue graph represents the dispersion corrected electron density profile.  

4.1.2 Using an Ionosphere Model 

4.1.2.1 Principle 
In order to avoid the problems due to the limitations of the ionogram reduction de-
scribed above a different approach making use of an ionosphere model has been in-
vestigated. This method uses the simulation of an ionogram from a model combined 
with an iterative numerical fitting algorithm which adapts the initial model until the 
corresponding ionogram matches best with the investigated ionogram from the MAR-
SIS data. The key components of the system are: 

• Model Generator 
o Input:  

 parameters imposed by the time and position of the analysed 
sounding event (solar flux, solar zenith angle, magnetic field) 

 empirical parameters (molecule species distribution of the neu-
tral atmosphere) 

o Output: 
 Electron density profile model of the ionosphere 

• Ionogram Simulator 
o Input: 

 Electron density profile model of the ionosphere 
 Altitude of the sounder instrument  
 Frequency sequence used for the sounding event 

o Output: 
 Simulated ionogram in the form of frequency-delay pairs. 

• Error Function 
o Input: 

 Simulated and measured ionogram 
o Output: 

 Error value 0 in arbitrary units 

Figure 10: Ionogram reduction applied to one of the MARSIS ionograms (left). Inset: Area with consider-
able noise, the echo was traced manually (re line). The spectral density colour levels have been adjusted in 
the inset to point out the otherwise faint ionospheric echo. Right: Result of the reduction showing virtual 
height (green) and true height (blue) of the echo reflection points. 
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Model Simulation MARSIS Data 

Adjust Model 

Repeat until 
Error minimized 

Error = χ2(IS, IM) 

Figure 11: Simplified flowchart showing the principle of an algorithm which can be used to adjust an iono-
sphere model such that it reproduces simulated ionograms matching with measured ionograms. 

• Optimisation Algorithm (Levenberg-Marquardt) 
o Input: 

 The parameter set for the model which has to be optimised 
o Output: 

 Variation in the parameters leading to a lower value of the error 
function. 

The whole procedure executes the following steps: 

A) Chose an ionogram from the data 
B) Generate an initial ionosphere model using solar flux, local illumination con-

ditions and eventually local magnetic field information according to the ge-
ometry information associated with the AIS data. 

C) Generate a simulated ionogram from the initial model taking into account the 
altitude of the sounder at the moment when the data was recorded. 

D) Transform the simulated ionogram into a grid of normalized echo power val-
ues with exactly the same frequency and delay scales as the real MARSIS io-
nogram. 

E) Calculate the error between the simulated and the measured ionogram using a 
suitable error function. 

F) Find the gradient on the error surface in the space of input parameters of the 
ionosphere model code. 

G) Generate a new model from the parameters which have been adjusted along 
the obtained gradient. 

H) Repeat steps C) to G) until the error does not decrease anymore.  

Figure 11 shows the fitting process in a simplified way.  

4.1.2.2 Benefits 
This approach has the advantage that interesting information about the ionosphere and 
the neutral atmosphere can be directly extracted since these parameters of interest are 
varied and used as an input to generate the models which are then compared to the 



 

21 
 

reality by simulation of the ionospheric sounding. The parameters of interest are sim-
ply the input parameters of the final model which has a simulated ionogram matching 
to the measurement. Furthermore the resulting model will also provide an electron 
density profile for the bottom side of the ionosphere and multiple overlapping layers 
in the top part are possible while the ionogram reduction method is not suitable for 
such cases. Methods using a least squares fitting algorithm have been described in the 
past [e.g. Grebowsky (15), Doupnik (16), Titheridge (17)]. The method discussed here 
differs from earlier applied fitting methods by using a realistic physical model to gen-
erate the electron density profile in the fitting process instead of mathematical func-
tions (e.g. Chapman models or polynomial models). Another major difference here is 
that the system is aimed to reduce the necessary human interactions. The automatic 
detection of the ionospheric echo in an ionogram is not trivial and for most earlier 
processing methods it is necessary to manually trace the echo in the ionograms in or-
der to receive a set of data points for the further processing. The above described 
process does not need such a manual interaction and a huge amount of data can be 
processed automatically. 

4.1.2.3 Limitations 
The fitting method uses considerable more calculation time since for each evaluation 
of the error function a relatively big amount of a data has to be processed by a number 
of matrix operations. The error function needs to be evaluated several times by the 
optimization algorithm in order to determine the local gradient in the parameter space 
which is repeated for every iteration. In its final implementation state the fitting algo-
rithm also generates a new ionosphere model from the modified physical parameters 
for every iteration which is a time consuming calculation on its own. Additionally the 
complexity of this system makes it difficult to implement since every component 
needs to be carefully developed and tested. Once fully implemented and operational 
the system might not produce useful results for parts of the data which contain a lot of 
unwanted features like multiple echoes, electron plasma oscillations or electron cyclo-
tron echoes. 

4.1.2.4 Implementation Status 
Due to its high complexity and the limited time frame of this thesis work the imple-
mentation of the system could not be completed during this work. Nevertheless some 
of the key components have been implemented in MATLAB and can be used in the 
further development. Since the full AIS dataset has become available only in the last 
quarter of the scheduled working period of this thesis the implemented parts could 
only be tested with one MARSIS ionogram and did not produce the desired results. 
The implementation status of each key component is discussed in detail in the follow-
ing paragraphs. A brief overview is given in Table 3. 
Table 3: Implementation status of the key components necessary for the fitting of an ionosphere model to 
get simulated ionograms matching with the MARSIS AIS data. 

Component Status 
Model Generator Temporarily replaced by simpler mathematical routine, 

physical model yet to be adapted from the existing mars model 
code  

Ionogram Simulator Fully implemented 
Error Function Implemented but yet to be tested and possibly adjusted 
Optimisation Algorithm Implemented but yet to be tested and adjusted 
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Model generator 
To reduce the number of critical components for the initial development the model 
generation part was replaced by a simpler routine which generates models based on a 
mathematical function rather than on a simulation of the physical and chemical proc-
esses which are responsible for the development of the ionosphere. Therefore the fit-
ting parameters in the current implementation are not physical parameters but mathe-
matical parameters defining an electron density profile. These are the maximum 
plasma density, the altitude of the plasma density peak, a fixed number of altitudes 
defining layers of varying scale height and the corresponding scale heights of these 
layers. The top side of the electron profile is built from the plasma density peak up to 
the highest layer using Eqn. [7] (p. 12) while the bottom side is held in a fixed shape 
and only adjusted to match the peak in altitude and electron density. This routine is to 
be replaced later by the physical ionosphere model. 

Ionogram Simulation 
As discussed in section 3 (pp. 11) a simulation of ionograms from ionosphere models 
has been fully implemented (for the simplified case of absent magnetic fields).  

Error Function 
The error function takes two ionograms  and  1. .160 1. .80 as input and 
returns a positive value  which corresponds to the degree of difference between the 
ionograms: the greater , the greater the error; 0 means the two ionograms are 
identical. The following function has been used as error function: 

Δ  

where  

 

is used to normalize the received echo power per frequency to values in 0..1 and the 
makes sure the two ionograms have a comparable value range. Δ  are discrete delay 
values which are defined by the delay resolution of the MARSIS AIS data and are 
used here as a weighting factor. This factor makes sure that errors at higher delay val-
ues have a greater impact to the total error than those at shorter delays. This function 
seemed to work as expected in the few performed tests. 

Optimisation Algorithm 
For the implementation of the optimization algorithm an existing code in CESR has 
been adapted to work with 2-dimensional input parameters as required here. This al-
gorithm is based on the Levenberg-Marquardt method, a method for fitting non-linear 
models to data which is described in Numerical Recipes (18), section 15.5. The 
method basically calculates the gradient of the error function  with respect to the 
fitting parameters and walks step by step along that gradient until a local minimum of 
the error function is found yielding the optimal set of parameters. The few performed 
tests implied that there could be a problem with the adjustment of the step size, the 
choice of variable parameters or the gradient finding routine. 

4.2 Total Electron Content 
The total electron content (TEC) is defined as the total number of electrons contained 
in a column with the cross-section one square meter along a propagation path between 
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two points. It is measured in TEC units (TECU) and 1 TECU  10 m⁄ . In sat-
ellite telemetry and ranging it is a common technique to correct the range deviation 
due to the passing of the signal through the ionosphere between satellite and ground 
station by using the TEC along the propagation path. It has been attempted to deter-
mine the TEC of the Martian ionosphere in order to cross check the TEC value which 
is mentioned in (11). If successful, the method should have been included as an analy-
sis function in the visualisation and analysis software. 

4.2.1 Principle 
The TEC can be determined by measuring the travel time difference for two signals 
with different frequencies  and  along the same propagation path traversing the 
ionosphere. GPS receivers for example measure the time difference Δ  between the 
arrivals of two signals which have been sent by a GPS satellite simultaneously in two 
different frequencies. Due to the dispersion of the ionospheric plasma the two signals 
are affected differently and arrive at different times at the receiver. The TEC can be 
calculated using the following well known equation: 

cΔ
40.3  [12] 

In the process of ionospheric sounding the echo delay is recorded for many different 
frequencies by definition. The signals with a frequency higher than the maximum 
plasma frequency are reflected by the planetary surface and therefore travel virtually 
the same distance since their transmission time differs only by about 10 to 500 ms in 
the case of the MARSIS sounder. Since here we deal with roundtrip times unlike the 
GPS receivers we have to set Δ  in Eqn. [12] to half of the difference of the two echo 
delays. 

Δ  Δ Δ 2⁄  
Therefore the TEC can be calculated from an ionogram which shows a surface reflec-
tion trace by selecting the delay values for two frequencies from the corresponding 
frequency range. 

4.2.2 Result 
Since the delay resolution of the MARSIS ionospheric sounding mode is fixed to  
91.4 µ s a limit to the resolution of the TEC is imposed as well. In Δ  an error of up to 

91.4 2⁄  µ s has to be considered due to the fixed sampling times. Unfortunately 
most of the surface reflection traces which can be found in the MARSIS AIS data are 
extended only over one or two neighbouring delay rows such that the error is in most 
of the cases as big as the resulting TEC value. Nevertheless the values calculated from 
the analysed ionograms had the expected order of magnitude of 10 m  or 
10 cm  (Gurnett et al. claim in (11) to have found a TEC of 3.06 · 10 cm ). It 
can be concluded that extracting the TEC of the Martian ionosphere from the MAR-
SIS AIS data using the above described method has no or only little significance. 
However this parameter can be determined on Mars by other methods as well. For 
example any lander which is capable of receiving signals at different frequencies and 
can resolve the difference of the arrival times could determine the TEC. On the other 
hand the TEC can be derived from a complete (bottom & top) electron density profile 
simply by integration. It could be obtained e.g. using the fitting method described in 
section 4.1.2 (p. 19). 
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5 The Visualization and Analysis Software 
The development of visualization software for the recently released first MARSIS 
AIS dataset was a primary objective of this work. The software is aimed to serve the 
community as an easy to use tool to access and view the data and to offer basic analy-
sis functions. The MARSIS Active Ionospheric Sounding Data Analysis Tool 
(MAISDAT) was developed in MATLAB and has the following key features. 

• Access to the PSA FTP repository 
• Automatic creation of a data index  

o of local files 
o of the FTP repository 

• Automatic extraction of geometry information 
• On-demand download of data files from the FTP repository 
• Overview of the currently loaded data file in form of a Spectrogram 
• Selection and display of  Ionograms from the current data file 
• Assisted reduction of ionograms to electron density profiles 
• Display of the temporal evolution (time series) of the echo delay for a selected 

frequency 
• Graphical User Interface and Command Line Interface 

The current version consists of more than 100 MATLAB source files (*.m) with alto-
gether around 3000 lines of code (blank lines and comments not counted). This sec-
tion gives a brief introduction to the software. A detailed manual will be published in 
a technical note by ESA. 

5.1 Graphical User Interface 
The graphical user interface (GUI) has been created using GUIDE, the MATLAB 
GUI design tool. The GUI offers three types of view for the data: a spectrogram view, 
an ionogram view and a time series view.  

5.1.1 Spectrogram Window  
The spectrogram view is the main window of the MAISDAT GUI. It is used to 
browse through the available data files and select files by orbit number or by date 
from a list. The available files are automatically listed from a local data repository 
folder and, if enabled, also from the PSA FTP repository. When a file from the FTP 
repository is selected it is automatically downloaded to the local data directory. The 
program reads the currently 
selected file and displays all its 
data in form of a spectrogram. 
Such a spectrogram has time 
axis in x-direction and a fre-
quency axis in y-direction. All 
ionograms contained in one 
data file are stacked along 
their delay axis which be-
comes the time axis of the 
spectrogram. The pixels lo-
cated at each time-frequency 
coordinate are coloured ac-
cording to the electric field 
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spectral density of the echo signal. From the spectrogram view one can open an iono-
gram view or a time series view. Corresponding list box elements allow choosing di-
rectly the desired ionogram by universal time or the time series by frequency. It is 
also possible to select graphically either of the views choosing a time or frequency by 
clicking into the spectrogram. A configuration dialog which is accessible from the 
menu of the toolbar allows setting the local data directory or enabling/disabling the 
FTP functionality. 

5.1.2 Ionogram Window 
The ionogram view shows the 
currently selected ionogram 
together with all available 
geometric information i.e. lati-
tude, longitude and altitude of 
the sounder above Mars’ sur-
face along with the solar ze-
nith angle at the time when the 
ionogram was recorded. The 
window has several GUI con-
trols for navigation to other 
ionograms of the same data 
file. There is also a button 
which brings the spectrogram 
window to the front and one which allows opening a time series window. Additionally 
the ionogram window offers a function for the reduction of the ionogram to an elec-
tron density profile using the method discussed in section 4.1.1 (p. 17). The peak de-
tection routine which is used of the ionogram reduction procedure can be applied in-
dependently showing the result of the detection overlaid on the ionogram. A toolbar 
allows saving the ionogram as an image, printing the screen or using the usual zoom 
controls for MATLAB graphs. 

5.1.3 Ionogram Reduction 
The ionogram reduction procedure consists of a guided extraction of the ionospheric 
trace from the ionogram and a calculation routine which converts the virtual heights 
of the echo reflection points for each frequency into true heights. Two steps are im-
portant for the extraction of the ionospheric echo: the identification of the local 
plasma frequency and tracing the shape of the rest of the echo up to the peak fre-
quency.  
The ionogram reduction dialog window 
offers three possibilities to determine the 
local plasma frequency. It can be set 
manually, by selecting the frequency 
directly with the mouse in the ionogram 
or by clicking a series of subsequent 
electron plasma oscillation harmonics 
spikes. The latter option allows very 
accurate determination of the local 
plasma frequency in most of the cases [Duru et al. (10)]. The tracing of the echo’s 
shape can be done either by clicking point by point along the shape on the ionogram 
or, for more convenience, by selecting a set of automatically detected peaks.  
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The currently selected data points are displayed in an overlaid graph on top of the 
ionogram. All selection procedures can be repeated and combined until the result is 
satisfying. When the tracing is complete the calculation can be started and a result 
graph is displayed showing the virtual and true heights as a function of electron den-
sity. The result values used to produce the graph are at the same time stored in MAT-
LAB workspace variables to make them available for individual processing. For de-
tails on the used reduction algorithm see section 4.1.1.3 (p. 18). 

5.1.4 Time Series Window 
The time series view shows an 
image of the temporal evolu-
tion of the echo for one se-
lected frequency. Received 
echoes of that frequency are 
taken out from each ionogram 
in the currently selected data 
file. This view has navigation 
controls similar to the iono-
gram window to change the 
frequency of the time series to 
be displayed. This view is in 
general very similar to the 
ionogram view. It can be used 
for example to find anomalies like oblique echoes in the selected data file. 

5.2 Command Line Interface 
The command line interface is intended to give easy access to the MARSIS dataset 
within the MATLAB workspace to allow individual processing of the data. The same 
functionalities for configuration, data indexing, data selection and automatic FTP 
download can be utilized from the MATLAB command line. The configuration file 
and the index files containing the list of available data with corresponding geometry 
information are in fact shared by the GUI and the command line tools. When a data 
file is selected all its contents are loaded into workspace variables with a names corre-
sponding to the description of the binary file format which can be found on the PSA 
FTP server (8). 
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6 Conclusions 

6.1 Summary 
In the course of this thesis work a basic understanding of the ionospheric sounding 
concept in general and the operation of the MARSIS instrument in particular has been 
achieved. This understanding has been further deepened by studying the simulation of 
the sounding process. For this purpose a simulation program has been developed in 
MATLAB. The simulation of ionograms for a series of ionosphere models, in which 
the shape of the electron density profiles was varied, has revealed the origin of local 
maxima in the ionospheric trace of ionograms.  
To create a reading routine for the MARSIS AIS data products it was necessary to 
become familiar with their binary structure. A software tool for the visualization of 
the AIS data (MAISDAT) has been developed, as well in MATLAB. The tool allows 
quick and easy access to the dataset and an intuitive navigation through the ionogram 
records of the data. In addition it offers a simple way to apply individual processing 
methods to the data in the MATLAB environment. 
Two different methods to analyse the AIS data have been investigated. Both methods 
aimed to reproduce the electron density profile from an ionogram. The ionogram re-
duction method has the advantages of being easy to understand, straight forward in 
implementation and of producing results quickly. On the other hand it needs human 
interaction and is limited to monotonous electron density profiles. This method has 
been implemented and included in the visualization and analysis software.  
Adjusting an ionosphere model such that it produces simulated ionograms matching 
with the data overcomes the flaws of the ionogram reduction. This will allow auto-
mated processing of huge data amounts when fully functional. Unfortunately this 
method shows a very high complexity and could not be finished in the limited time 
frame of this work. Nevertheless several parts of this complex system could be im-
plemented and may serve as a starting point for future development. 

6.2 Future Work 
The method of fitting needs to be tested with more MARSIS ionograms, ideally with 
ones that show very little noise and a clear surface reflection. Therefore it is necessary 
to find such examples in the dataset. By extensive testing with gradually increased 
noise content the optimization algorithm needs to reach a robust level. Once it is 
properly adjusted a routine can be included which generates ionosphere models based 
on physical parameters rather than on mathematical ones. 
To achieve this it could also be helpful to develop filtering methods for the parasitic 
signals of electron cyclotron echoes and plasma oscillation harmonics which often 
overlap the ionospheric trace of interest. As both have periodic character it might be 
possible to make use of Fourier analysis to implement such filters. In any case it 
should be possible to extract information on local plasma frequency and local mag-
netic field strength with the help of Fourier analysis from the AIS data. Such a routine 
could be included in the existing ionogram reduction tool of the MAISDAT software 
to simplify the determination of the local plasma frequency. 
Since it became clear now that magnetic fields are affecting very well the ionospheric 
sounding on Mars it should be considered to include a magnetic model and its effects 
in the simulation of ionograms. This could increase the efficiency of the fitting analy-
sis and maybe allow finding an interpretation for certain features in the ionograms. 
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