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Title: Exploring the ionosphere of Mars 
 
Short title: Exploring the ionosphere of Mars 
 
Summary of proposal: 
 
We will  use two newly-available datasets, each with unique strengths, to explore the ionosphere 
of Mars. The first dataset is the collection of ionospheric electron density profiles acquired by the 
Mariner 9 radio occultation experiment in 1971-2. We have rediscovered these on archived 
microfilm and are in the process of converting them to usable digital fil es. These profiles extend 
to 400 km, much higher than the corresponding MGS profiles, enabling studies of the high 
altitude ionosphere, and cover a massive dust storm, enabling studies of lower-upper atmosphere 
coupling. The second dataset contains ionospheric electron densities from MARSIS on Mars 
Express, both local densities at the spacecraft (275-1200 km) and remotely-sensed densities at 
lower altitudes (120-275 km). These data cross the ionopause (typicall y 400 km, but highly 
variable) and their rapid sampling cadence reveals horizontal and temporal gradients in 
unprecedented detail . Nevertheless, several unusual features, particularly at the 275 km transition 
between the two data types, demonstrate a clear need for a careful comparison of MARSIS 
electron densities against those measured by the well -characterized technique of radio 
occultations. 
 
We shall first make the Mariner 9 ionospheric dataset publicly available (Task A: Archiving the 
Mariner 9 electron density profiles). Next, we shall  study this dataset bearing in mind the 
many discoveries made at Mars since the Mariner 9 instrument team last analyzed it (Task B: 
Scientific interpretation of the Mariner 9 electron density profiles). Finally, we shall 
compare several synthesized representations of ionospheric electron densities that have been 
published by the MARSIS team to Mariner 9 and MGS radio occultation electron density 
profiles (Task C: Comparison of MARSIS and radio occultation ionospheric 
measurements).  
 
$W�WKH�FRQFOXVLRQ�RI�WKLV�SURMHFW��ZH�H[SHFW�WR�KDYH�GHSRVLWHG�D�YDOXDEOH�GDWDVHW�LQWR�1$6$¶V�

permanent archives, ensuring its availability to future generations, to have used it to study 
features of the ionosphere of Mars that are not accessible to current datasets, such as the topside 
ionosphere and the response to a massive dust storm, and to have compared two types of 
MARSIS electron density measurements against independent radio occultation measurements, 
including profiles that span the transition region between MARSIS data types. 
 
Summary of personnel and effort: 
Name Role Institution Funded Effort 

per year 
Unfunded 
Effort per year 

Paul Withers PI Boston Univ. 0.04 As needed 
Katy Fallows Graduate 

Student 
Boston Univ. 0.75 N/A 

Dave Morgan Collaborator Univ. Iowa N/A As needed 
Dave Hinson Collaborator SETI Institute N/A As needed 
Steve Joy Collaborator UCLA N/A As needed 
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1 ± Introduction to the ionosphere of Mars 
 
³The Mars thermosphere (~100-200 km) is an intermediate atmospheric region strongly 
impacted by coupling below with the lower atmosphere (via gravity waves, planetary waves and 
tides, dust storms) and coupling above with the exosphere and ultimately the Sun (via solar soft 
X-ray, EUV, UV and near IR fluxes, and solar wind particles) (see Bougher, 1995; Bougher et 
al., 2002, 2009��«�Embedded within the thermosphere is the ionosphere, a weakly ionized and 
cold plasma (Fig 1)´��%RXJKHU�HW�DO����������Plasma densities are controlled solely by 
photochemical processes (CO2 + photon -> CO2

+ + e, CO2
+ + O -> O2

+ + CO, O2
+ + e -> O + O) 

below about 170-200 km, where photochemical time constants are shorter than those of plasma 
transport by advection and related processes (e.g. Barth et al., 1992; Fox, 2004). ³The primary 
charged particles that make up the Mars ionosphere (e.g., O2

+, CO2
+,O+, CO+, NO+) are formed 

by (1) solar EUV fluxes and subsequent photo-electrons that ionize local neutral thermospheric 
species (e.g., CO2, N2, CO, O, etc.), (2) precipitating particles (e.g., suprathermal electrons) that 
ionize these same neutral species (especially on the nightside), and (3) subsequent ion-neutral 
photochemical reactions (e.g., Fox, 2004, 2009; Fox and Yeager, 2006). Since Mars has a 
negligible intrinsic magnetic field, the variable solar wind (including its particles and 
interplanetary magnetic field) interacts with the Mars near-space environment (including the 
thermosphere, ionosphere, and exosphere), resulting in ionization, neutral heating, pickup ion 
escape, ion outflow, hot species escape, and ion sputtering (see Chassefière and Leblanc, 2004�´�
(Bougher et al., 2011). 

 

Fig 1. Schematic illustration of 
the ionosphere of Mars, which 
is predominantly O2

+. The 
topside ionosphere lies above 
200 km, where transport 
processes are significant and 
the abundance of O+ is 
relatively large. Below it lies 
the strong M2 layer. Photo-
ionization by solar extreme 
ultraviolet (EUV) photons 
between 10 nm and 90 nm 
produce most dayside plasma 
found in and above the M2 
layer. X-rays shortward of 10 
nm are ultimately responsible 
for most plasma in the lower 
M1 layer, although here most 
ions are produced by impact 
ionization due to energetic 
photoelectrons. Figure 1 of 
Withers et al. (2009). 
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2 ± Outline of proposed investigation 
 
The aim of this proposed investigation is to explore the state of the ionosphere of Mars, with a 
focus on areas that offer the highest probability of making significant new discoveries. We do 
not want to continue existing research projects blindly due to inertia and lack of new ideas. This 
aim leads to the following goals. 
Goal A: To make a long-lost, yet uniquely valuable, dataset accessible to the community. 
Goal B: To review these data in light of discoveries from WRGD\¶V era of Mars exploration. 
Goal C: To validate MARSIS ionospheric data using well-characterized radio occultation 
electron density measurements. 
 
We will  concentrate on two newly-available datasets. First, the set of 118 dayside ionospheric 
electron density profiles acquired by the Mariner 9 radio occultation experiment from 1971-2. 
Although this experiment was conducted decades ago, its only easily accessible data products are 
published figures in journal articles. It is next-to-impossible to scientifically analyze such data. 
However, we have recently acquired images of archived printed data tables from the public 
archives of the National Space Science Data Center (NSSDC, 2011). We are partway through the 
tedious process of converting these images into usable ASCII tables. This old dataset is worthy 
of present-day study, despite the 5600 similar profiles acquired from 1998 to 2005 by Mars 
Global Surveyor (MGS), because the Mariner 9 profiles extend to considerably higher altitudes 
and span the rise and fall  of one of the largest dust storms of the spacecraft era.  

 

Fig 2. Electron density profiles 
from the first seven orbits of 
Mariner 9 plotted using data 
extracted from NSSDC microfilm. 
Each profile is offset by one 
decade from its predecessor. The 
agreement with published figures, 
such as Fig. 7 of Zhang et al. 
(1990) is reassuringly accurate, 
although we have not yet 
converted radius to altitude. A 
rough conversion for comparison 
purposes is to subtract the mean 
equatorial radius of 3400 km. 

Second, the tens of thousands of ionograms and associated topside ionospheric electron density 
profiles obtained by the MARSIS topside radar sounder on Mars Express (MEX). This 
measurement technique has not operated beyond Earth orbit before and all  papers published to 
date using this dataset have been led by MARSIS team members. Its ionograms have recently 
become publicly available (MARSIS, 2011) and the broader community is beginning to work 
with them. However, 0$56,6¶V�PHDVXUHPHQW�WHFKQLTXH�has several unique features that affect 
the qualit y and characteristics of its data products. There are several indications in published 
papers that the MARSIS electron densities are not completely accurate (Fig. 3 and Section 6). As 
such, it is important to test the accuracy of its data products by comparing to those provided by a 
robust and well -understood measurement technique, namely radio occultations. To date, such 
validation has not been performed comprehensively. So doing will  serve two purposes, 
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benchmarking the accuracy of this important dataset for the benefit of all  MARSIS users and 
supporting the initial surveys of archived ionograms by new MARSIS users. 

  
Fig 3. Local and remotely sensed electron densities 
measured by MARSIS show very different scale 
heights and moderately different electron densities at 
275 km. Models (Fig. 4) do not predict the abrupt 
FKDQJH�LQ�VFDOH�KHLJKW�DW�WKH�LQVWUXPHQW¶V�WUDQVLWLRQ�

altitude. Figure 13 of Duru et al. (2008). 

Fig 4. Simulated ion densities for low 
solar activity (lines) and Viking 1 data 
(symbols). The scale height at 275 km 
barely changes. Boundary condition on 
velocities is 105 cm s-1 shown as 1(5). 
Fig. 9b of Fox and Hac (2010) 

This set of Goals has inspired a matching set of Tasks. We shall first make the Mariner 9 
ionospheric dataset publicly available (Task A: Archiving the Mariner 9 electron density 
profiles). Next, we shall study this dataset bearing in mind the many discoveries made at Mars 
since the Mariner 9 instrument team last analyzed it (Task B: Scientific interpretation of the 
Mariner 9 electron density profiles). Finally, we shall compare several synthesized 
representations of ionospheric electron densities that have been published by the MARSIS team 
to Mariner 9 and MGS radio occultation electron density profiles (Task C: Comparison of 
MARSIS and radio occultation ionospheric measurements). The Mariner 9 profiles enable 
comparisons at relatively high altitudes and the MGS profiles provide an abundance of data. 
 
The intellectual glue linking our Goals together and linking these disparate datasets together is 
the notion of exploring under-studied aspects of the ionosphere of Mars using newly available 
data. That is, we do not focus solely on the main ionospheric layers at 130 km and below. 
 
3 ± Status of current research on the ionosphere of Mars 
 
Many groups are currently active in research concerning the ionosphere of Mars. The major 
themes that cross-cut these studies are: the exploration of new measurements, the application of 
numerical models, the interaction of the ionosphere with the neutral atmosphere and space 
environment, and the effects of magnetic fields. 
 
'RQ�*XUQHWW¶V�JURXS�DW�WKH�8QLYHUVLW\�RI�,RZD, which leads the ionospheric component of the 
MARSIS instrument, is conducting highly-productive discovery-mode investigations of 
MARSIS ionograms and derived topside electron density profil es, as well  as in situ 
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measurements of local electron density at the spacecraft from electron plasma oscil lations (Duru 
et al., 2006, 2008; Gurnett, et al., 2005, 2008; Kopf et al., 2008; Morgan et al., 2008; Nemec et 
al., 2010, 2011). They have characterized the high altitude and nightside regions of the 
ionosphere and discovered extensive spatial and temporal variability. The German branch of the 
MARSIS team, led by (UOLQJ�1LHOVHQ��LV�XVLQJ�0$56,6¶V�topside electron density profiles to 
study how the ionosphere responds to changes in the neutral atmosphere, the space environment, 
and the magnetic field (Nielsen et al., 2006, 2007a, b; Zou et al., 2005, 2006, 2010). They have 
characterized increased peak electron densities and scale heights in strongly-magnetized regions. 

 

Fig 5. A MARSIS ionogram. 
0$56,6¶V basic measured 
quantity is strength of its 
reflected radio signal (here 
electric field spectral density) 
as a function of transmitted 
frequency and travel time. The 
apparent range is similar, but 
not identical, to the true range 
due to radio wave dispersion in 
ionospheric plasma. Extensive 
processing is required to obtain 
local electron densities from the 
highlighted electron oscillations 
and remotely sensed electron 
densities from the ionospheric 
echo. Measurements are only 
possible above the ionospheric 
peak. Fig. 2 of Gurnett et al. 
(2008). 

Paul Withers and colleagues on the MEX radio occultation team are using these electron density 
profiles to study the vertical structure of the ionosphere with better sensitivi ty than was possible 
with MGS profiles (Girazian et al., 2011). Rob Lill is and colleagues at Berkeley are using 
ionospheric total electron content data from the MARSIS subsurface mode to characterize how 
the ionosphere responds to solar disturbances, such as solar energetic particle events and flares 
(Lilli s et al., 2010). MARSIS data are much more suited to observing the nightside ionosphere 
than are radio occultation data. The MARSIS team is discovering the ionospheric density and 
variability on the nightside (Gurnett et al., 2008; Nemec et al., 2010) and the Berkeley group is 
simulating the nightside ionosphere produced by precipitating electrons (Filli ngim et al., 2010). 
 
Jane Fox is comparing data to predictions from her highly sophisticated ionospheric model (Fig. 
4) in order to identify the physical processes responsible for the observed vertical structure and 
infer the chemical composition of the ionosphere (Fox, 2004, 2009; Fox and Yeager, 2006; Fox 
and Hac, 2010). S. A. Haider and colleagues from India are conducting a wide-ranging program 
of comparing data to model predictions (Haider et al., 2008, 2009). Paul Withers and Boston 
University colleagues are using an ionospheric model to simulate the response to solar flares, the 
effects of magnetic fields on plasma motion and densities, and the importance of hydrogen 
species (Withers, 2008; Withers and Mendillo, 2009; Matta et al., 2011). Yingjuan Ma and 
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UCLA/Mi chigan colleagues are extending magnetohydrodynamic (MHD) simulations of the 
space environment at Mars down into the ionosphere (Ma et al., 2004). Several other groups 
simulating the space environment at Mars also touch on the ionosphere, although rarely as a 
focus (e.g., Brain et al., 2010). Steve Bougher is using a neutral atmospheric general circulation 
model to relate ionospheric conditions to the dynamics and chemistry of the neutral atmosphere 
(Bougher et al., 2001, 2002, 2009, 2011; Valeille et al., 2009a, b, 2010). 
 
The MEX ASPERA team is conducting a broad survey of the interaction of the Mars ionosphere 
with the magnetosheath, solar wind, and other aspects of the space environment (e.g., Lundin et 
al., 2004; Barabash and Lundin, 2006; Dubinin et al., 2008). Many researchers are investigating 
how the unique magnetic environment of Mars affects its ionosphere. Norm Ness and Russian 
colleagues found high electron temperatures and densities in strongly magnetized regions (Ness 
et al., 2000; Krymskii et al., 2002, 2003, 2004), as did Nielsen et al. (2007a, b). Paul Withers 
found unusual features in the vertical structure over strongly magnetized regions (Withers et al., 
2005) and Opgenoorth et al. (2010) examined how magnetic fields affect ionospheric 
conductivities and resultant currents and induced electromagnetic fields. 
 
The work proposed here complements these ongoing studies of the interaction of the ionosphere 
with the space environment and the neutral atmosphere. The Mariner 9 profiles encompass a 
major dust storm and extend as high as 400 km, the typical boundary between solar and 
ionospheric plasma, whereas MGS profiles rarely passed 200 km. It also supports the extensive 
range of projects conducted with MARSIS data by benchmarking the performance of MARSIS 
measurements against well -understood radio occultation measurements. Section 11 outlines how 
this work is aligned with NASA and MDAP priorities, including synergies with MAVEN. 
 
The work proposed here is also aligned with broader themes in Mars science. It tackles 
conditions in the exospheric reservoir of planetary plasma from which much escape occurs, 
which relates to the history of martian climate and habitability. It addresses lower-upper 
atmosphere coupling during an historic dust storm, which relates to atmospheric dynamics and 
thermal structure. This work can also be considered in a framework of comparative studies of 
planetary ionospheres and their interactions with their surrounding space environments. 
 
4 ± Mariner 9 radio occultation observations of the ionosphere of Mars 
 
Mariner 9, the first spacecraft to orbit another planet, conducted radio occultation measurements 
of the atmosphere and ionosphere of Mars in 1971 and 1972. These discovered the immense 
topographic range of the planet, the strong response of the atmosphere and its embedded 
ionosphere to suspended dust, and the day-to-day stability of the ionosphere. Mariner 9 acquired 
several hundred radio occultation measurements. However, only about 118 viable ionospheric 
electron density profiles were obtained. This is because all  egress opportunities relied on the 
stability of the onboard radio oscil lator, which was sufficient to detect the strong neutral signal, 
but not the weak ionospheric signal, whereas ingress opportunities could use a two-way 
technique stabilized by an Earth-based oscil lator. Also, nightside occultations rarely produced 
robust electron density profiles due to low nightside densities. 
 



EXPLORING THE IONOSPHERE OF MARS 

WITHERS ± MDAP 2011 ± PAGE 8 OF 30 

The Mariner 9 electron density profiles have been published graphicall y in Kliore et al., (1972, 
1973), Zhang et al. (1990), and Kliore (1992). They were archived as microfilmed data tables 
and images at the National Space Science Data Center (NSSDC, 2011). However, they have 
never been made readily available in digital format. Hence they have slumbered during the 
renaissance of Mars studies initiated by Mars Global Surveyor over a decade ago. Despite the 
resurgence of interest in the ionosphere and space environment stimulated by the MGS radio 
occultation, electron reflectometer, and magnetometer datasets and the MEX radio occultation, 
MARSIS, and ASPERA datasets, most of which are widely available as high-level digital 
datasets, the Mariner 9 electron density profiles have not been resurrected by any group. 
 

  

 

Fig. 6 (left) A typical MGS electron density profile 
with SZA 83o. Note its limited vertical extent by 
comparison to the Mariner 9 profiles (Fig 2). 

Fig. 7 (right). Ionospheric peak altitude versus SZA. Mariner 9 data near SZA 50o were 20-30 
km higher than normal due to a tremendous dust storm. Fig. 3 of Hantsch and Bauer (1990). 
Relative to the MGS dataset, which contains the only electron density profiles for Mars that are 
readily available to the public today, the Mariner 9 dataset has some unique characteristics: 
 1. High vertical extent. The Mariner 9 profiles universall y exceed 300 km (Fig. 2), with 
many approaching 400 km, which is the typical boundary between ionospheric and solar wind 
plasma (sometimes called the ionopause or photoelectron boundary, Mitchell  et al., 2001), 
whereas MGS profiles rarely exceed 200 km. The 400 km circular orbit of MGS meant that the 
pre-occultation baseline, an important part of the data processing, was always affected by plasma 
in the 200-400 km range. 
 2. Measurements during a tremendous dust storm��0DULQHU��¶V�ILUVW�LPDJHV�IURP�RUELW�
showed nothing but dust and the Tharsis volcanic peaks. An unsurpassed dust storm was raging. 
The ionospheric peak was 20-30 km higher during this storm than normal (Hantsch and Bauer, 
1990), indicating immense expansion of the lower atmosphere due to suspended dust (Fig. 7). 
 3. Global coverage. The Mariner 9 profiles are globally distributed, whereas almost all  of the 
5600 MGS profiles are north of 60oN. The only ones that are not are 220 profiles between 70oS 
and 64oS. This permits exploration of the ionosphere within the tropical neutral atmosphere and 
above a range of crustal magnetization conditions. 
 4. Solar zenith angle (SZA) coverage. SZA, or how high the Sun is in the sky, is the major 
factor controlling ionospheric conditions on Mars. All M GS profiles have SZAs of 71 degrees or 
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more, conditions in which the Sun is very low on the horizon. By contrast, the Mariner 9 profiles 
sample SZAs as low as 47 degrees, closer to the subsolar point, causing higher electron densities. 
 
The Mariner 9 radio occultation electron density profiles represent unique and valuable 
observations of the ionosphere of Mars that have not been superseded by the MGS radio 
occultation dataset or the MARSIS ionograms. As described in more detail in Section 7, we have 
DFTXLUHG�FRSLHV�RI�WKH�166'&¶V�PLFURILOPHG�0Driner 9 data and are partway through converting 
them into digital fil es that are readily usable (Fig. 2). 
 
5 ± MARSIS observations of the ionosphere of Mars 
 
The MARSIS topside radar sounder on Mars Express functions by transmitting electromagnetic 
energy at radio wave frequencies and recording the received power as a function of travel time 
and transmitted frequency. This is typicall y displayed as an ionogram (Fig 5). Radio waves are 
reflected when they encounter a region where the plasma frequency equals the radio wave 
frequency. Since the plasma frequency in Hz equals 9000 times the square root of the electron 
density in cm-3 (Gurnett et al., 2008), the time taken for a radio wave of a particular frequency to 
reflect from the ionosphere and return to the spacecraft determines the altit ude at which the 
corresponding electron density occurs. That is the simple explanation; many subtleties associated 
with the propagation of electromagnetic waves introduce complexities into the data processing.  
 
MARSIS provides three ionospheric measurements. First, a column-integrated total electron 
content from its subsurface mode (Lilli s et al., 2010), which we will  not discuss further. Second, 
an in situ measurement of local electron density at the spacecraft derived from electron plasma 
oscillations (Figs. 3 and 8 and Duru et al., 2008). Third, a remotely-sensed vertical profile of 
electron density from the spacecraft to the altitude of maximum electron density (Figs. 3 and 9 
and Morgan et al., 2008). That is, a profile of topside electron density only. 

 

Fig 8. Lower quartile, median, 
and upper quartile local 
electron densities from MARSIS 
as a function of SZA and 
altitude. The dayside scale 
height increases with SZA. In 
Task C, we will digitally extract 
data from this figure for 
comparison against radio 
occultation observations. Large 
variability is apparent. Figure 
8 of Duru et al. (2008). 

The local electron density measurement has not been validated against independent electron 
density measurements at spacecraft altitudes. Indeed, the instrument was neither designed nor 
expected to make these local plasma measurements. Although Duru et al. (2008) summarize 
some of the technical details associated with these measurements, the fruitful exploitation of 
these fascinating measurements has not been accompanied by a comprehensive, high-fidelit y, 
end-to-end simulation of instrument performance.  
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The derivation of remotely sensed vertical profiles of topside electron density relies on several 
assumptions. First, the electron density at the spacecraft altitude (275-1200 km) is as measured 
from local electron plasma oscil lations. Second, the electron density between the spacecraft and 
the altitude of the first ionospheric reflection (~200-300 km) varies exponentiall y with altitude. 
Third, the electron density increases monotonically with increasing altitude. The structure of the 
real ionosphere is clearly more complicated than a uniform exponential decrease between ~200-
300 km and as high as 1200 km. Changes in this assumption can cause the derived altitude of the 
main ionospheric peak to change by 10 km and the derived neutral scale height (related to the 
width of the peak) to change by 8 km (Gurnett et al., 2008). The third assumption is also not 
perfectly true. MARSIS itself has detected topside layering strong enough to produce local 
maxima in electron density (Kopf et al., 2008). The acquisition of MARSIS electron density 
SURILOHV�LV�IXUWKHU�FRPSOLFDWHG�E\�WKH�LQVWUXPHQW¶V�UHODWLYHO\�coarse temporal resolution of 91 
microseconds (80 equal bins in full range of 7.31 mill iseconds). Radio waves travel 27 km in this 
interval, meaning that all  the received energy in a particular time window was reflected from a 
UHJLRQ����NP�GHHS��7KXV�WKH�³DSSDUHQW�UDQJH´��UHODWHG��EXW�QRW�LGHQWLFDO��WR the actual range) 
from the spacecraft to the altitude at which the ionospheric electron density equals a given value 
has a formal uncertainty of +/- 7 km ± about one neutral scale height.  

 

Fig 9. Summary representation of MARSIS 
electron densities. Electron density is 
normalized against peak electron density and 
altitude is expressed in units of neutral scale 
height above the peak altitude. The upper 
pair of black dashed lines shows upper and 
lower quartiles for local electron densities. 
The lower pair are similar, but for remotely 
sensed electron densities. Medians are shown 
by the obscured solid black lines, which do 
not join smoothly at the 275 km transition. 
The solid blue line shows the empirical 
model of Nemec et al. (2010), who also 
provide expressions for predicting the scale 

height, peak electron density, and peak altitude, which are function of SZA. The red and green 
dashed lines continue the high and low altitude limits of the blue line, respectively. Figure 2 of 
Nemec et al. (2010). 
No MARSIS electron densities are archived at the Planetary Data System (PDS). Instead, raw 
ionograms (Fig. 5) are the highest level data product archived (MARSIS, 2011). Hence we began 
our first studies of MARSIS data by examining published findings. Duru et al. (2008) reported 
local electron density as a function of altitude (275-1200 km) for solar zenith angles between 0 
and 150o. Nemec et al. (2011) reported an empirical model of electron density as a function of 
altitude, SZA, and solar flux that extends from the ionospheric peak around 120 km to 
approximately 400 km. This is based upon both local and remotely sensed data and consists of 
low and high functional forms joined by a transitional region. These data contain some unusual 
features (Section 6) that prompted us to focus on understanding the basic characteristics of 
MARSIS observations before jumping into the raw MARSIS ionograms, attempting to obtain 
electron densities from them, and scientificall y interpreting the results. 
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These data will  be utili zed in Tasks B and C of this proposed work and we anticipate that they 
will  also be used by other investigators.  
 
The NSSDC holds microfilm copies of tabulated electron densities and radial distances for many 
Mariner 9 radio occultations. They are labeled by occultation number and date. A plot of electron 
density against radius is also provided. Ancil lary information, including occultation number, 
latitude, longitude, and solar zenith angle, for these occultations is reported in Kliore et al. (1972, 
1973). Radial distances can be converted into altitudes using the MOLA areoid and reported 
latitude and longitude. Conventions on the definiti on of position on Mars have evolved obscurely 
from mission to mission; we will  initiall y assume that reported positions are consistent with 
MOLA areocentric coordinates. We have obtained digital images of all  118 ingress dayside 
profiles from the NSSDC and commenced a low-intensity effort to convert them into ASCII 
tables. During summer 2011, undergraduate Nick Ferreri converted about half the profiles into 
ASCII tables and verif ied consistency of the extracted values against the archived plot and 
published versions of the electron density profile. 
 
The Objectives of Task A are: 
Obj. A.1 To complete the conversion of the images of data tables into usable ASCII tables 
Obj. A.2 To perform qualit y control inspections of the resultant ASCII tables 
Obj. A.3 To document the generation of these data products, format them in accordance 
with PDS standards, and archive them at the PDS. 
 
These Objectives will  be met by completion of the following Investigations: 
Inv. A.1 Continuation of ongoing conversion process until  completion (Obj. A.1) 
Inv. A.2 Ingestion of ancil lary information from Kliore et al. (1972, 1973) and 
determination of altitude scale using MOLA areoid; verif y data by re-doing simple studies of 
peak altitude, peak magnitude, and topside scale height (Bauer and Hantsch, 1989; Hantsch and 
Bauer, 1990; Zhang et al., 1990), such as dependences on SZA and solar flux (Obj. A.2) 
Inv. A.3 Deposition of data products on personal website to ensure rapid public access; 
documentation of data processing; application of tried and tested tools to format data products 
and supporting materials into PDS-compliant data volume; delivery to PDS (Obj. A.3) 
 
The uncertainty in these electron density measurements will be estimated as the reported electron 
density at the upper boundary of the archived profile. We will  compare this to the scatter in the 
electron densities from the highest altitude regions to ensure it is reasonable. 
 
We will  archive the Mariner 9 electron density profiles at the PDS �8&/$¶V�Planetary Plasma 
Interactions, or PPI, Node) using our established tools and procedures. Paul Withers has 
extensive experience working with the PDS. He has generated, formatted, documented, and 
delivered atmospheric data products from the Odyssey, Spirit, Opportunity, and Phoenix 
accelerometer experiments to the Atmospheres Node (Withers and Murphy, 2009; Withers et al., 
2010), and coordinated the delivery of Venera 15/16 ionospheric data to the PPI Node. 
Collaborator Steve Joy, the PDS PPI Node Operations Manager, wil l design the necessary PDS 
metadata. Also, the Mariner 9 data wil l be deposited on Paul :LWKHUV¶V�ZHEVLWH�DW�WKH�WLPH�RI�
delivery to the PDS to ensure its rapid accessibility to users. 
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8 ± Task B: Scientific interpretation of the Mariner 9 electron density profiles 
 
Task B is designed to exploit the Mariner 9 ionospheric dataset in light of the many advances in 
Mars science since 1972. The Mariner 9 investigators did not know the composition or 
temperature of the ionosphere, the magnetic environment at Mars, or the circulation or top-to-
bottom thermal structure of the neutral atmosphere. Realistic attempts to simulate the ionosphere 
had to await the two Viki ng lander entry measurements and resultant computationally-
demanding models tended to focus on reproduction of the two Viking ion composition profiles, 
rather than the many electron density profiles provided by orbital radio occultations.  
 
The Objectives of Task B are: 
Obj. B.1 To characterize the structure of the topside ionosphere 
Obj. B.2 To determine the response of the ionosphere to an unsurpassed dust storm 
Obj. B.3 To delineate the behavior of the ionosphere in different magnetic environments 
Obj. B.4 To search for important features that have not previously been recognized 
 
These Objectives will  be met by completion of the following Investigations: 
Inv. B.1 Determination of the plasma scale height as function of altitude and SZA, with 
identification of any outliers, and comparison to published models (Obj. B.1, B.4) 
Inv. B.2 i. Identifi cation and characterization of abrupt or other changes in the vertical 
gradient of electron density, such as near the 275 km transition between MARSIS data types. 
Small changes are present in some Mariner 9 profi les, such as the third and sixth profiles in Fig. 
2, but large changes are never present. ii. Comparison to published models. (Obj. B.1) 
Inv. B.3 Characterization of any bulges or layering in the topside, such as the layering 
around 200 km reported by Kopf et al. (2008) and the bulge of enhanced density at 160-180 km 
reported by Patzold et al. (2007) and comparison to published models. The models of Shinagawa 
and Cravens (1992) and Fox and Yeager (2006) predict a bulge of enhanced density around 160-
180 km, but for two different reasons and without much supporting discussion. (Obj. B.1, B.4) 
Inv. B.4 Identification of drastic decreases in plasma density at the tops of profiles or of 
atypicall y small electron densities, both of which might indicate the upper boundary of the 
ionosphere and its interface with the space environment. This will be limi ted by the 
observational uncertainties, although the fourth profile in Fig. 2 presents an ³LRQRSDXVH-OLNH´�
feature consistent with significant compression of the topside ionosphere by the solar wind. No 
ionospheric models have published simulations that reproduce the substantial changes in topside 
structure with time at fixed SZA that are shown in this Figure. (Obj B.1, B.4) 
Inv. B.5 i. Calculation of how the altitude, magnitude, and width of the main ionospheric 
peak changed GXULQJ�0DULQHU��¶V�LPPHQVH�dust storm. Hantsch and Bauer (1990) found that the 
ionospheric peak was 20-30 km higher during this storm than normal, but, as expected, found no 
changes in peak magnitude or width. We will  confirm this using MOLA-based altitudes. ii. 
Characterization of the timescales for rise and fall  of the peak altitude and comparison to 
published timescales for other atmospheric changes during a dust storm. iii. Determination of 
neutral number density at a fixed reference altitude and how it changes through the dust storm. 
Since the product of the CO2 cross-section (3 x 10-17 cm2), neutral number density at the peak, 
neutral scale height at the peak, and cos(SZA) equals unity (Withers, 2009), where the scale 
height can be found from the profile shape, the neutral number density at the peak altitude can be 
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found. This can be extrapolated to a reference altitude using the scale height. Just how much did 
thermospheric densities increase during this historic dust storm? (Obj. B.2) 
Inv. B.6 i. Explore whether topside scale heights and peak electron density depend on 
magnetic field strength and inclination, as have been suggested by previous workers (Krymskii et 
al., 2002, 2003, 2004; Nielsen et al. 2007a, b). ii. Test the finding of Withers et al. (2005) that 
some Mariner 9 profiles over strong magnetic fields contain anomalous sharp variations in 
plasma density between 120 and 200 km. (Obj. B.3) 
 
Comparison of observational trends and features to published predictions will  be conducted 
wherever possible in order to relate observables to physical processes. We have a numerical 
model of the ionosphere of Mars that is currently being applied to a range of projects  (Withers 
and Mendillo, 2009; Matta et al., 2011; Mendil lo et al, 2011). If suitable questions arise in the 
course of this Task, we will  use our modeling capabilities to address them to the extent 
permitted by our multiple external sources of modeling funds. Since it is not clear what we will  
find in the course of the multiple Investigations listed above, we do not offer specific modeling 
projects at this point and we do not request direct funding for doing any.  
 
9 ± Task C: Comparison of MARSIS and radio occultation ionospheric measurements 
 
Task C is designed to evaluate the accuracy and biases of MARSIS electron density 
measurements by comparison to radio occultation measurements. Radio occultation datasets are 
not perfect, but their characteristics and imperfections are well -established and widely-known, 
such as their assumption of spherical symmetry over 200 km scales (Hinson et al., 1999). The 
same cannot yet be said for local and remotely sensed MARSIS electron density measurements, 
Section 6 outlined several arguments why users of published MARSIS results and of archived 
MARSIS raw data products would benefit fr om a thorough validation of MARSIS electron 
density measurements. 
 
The Objectives of Task C are: 
Obj. C.1 To compare MARSIS local measurements of local electron density (275-1200 
km) against radio occultation data 
Obj. C.2 To compare MARSIS remotely sensed electron density measurements (120-275 
km) against radio occultation data 
 
These Objectives will  be met by completion of the following Investigations: 
Inv. C.1 Construction of a 2-D synthesis of Mariner 9 radio occultation electron densities 
from 100 to 400 km and 0 to 90 degrees SZA, adjusting the Mariner 9 peak altitudes inflated by 
a dust storm downwards to nominal values if necessary (Obj. C.1, C.2) 
Inv. C.2 Construction of a 2-D synthesis of MGS radio occultation electron densities from 
100 to 250 km and 0 to 90 degrees SZA (Obj. C.2) 
Inv. C.3 Comparison of the MARSIS local electron densities (275-1200 km) reported by 
Duru et al. (2008) to Mariner 9 electron densities (100-400 km) in the 275-400 km overlap 
region as a function of alti tude and SZA (Obj. C.1) 
Inv. C.4 Comparison of the high altitude component (based on MARSIS local electron 
densities) of the model of Nemec et al. (2011) to Mariner 9 electron densities in the 275-400 km 
overlap region as a function of altitude and SZA (Obj. C.1) 
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Inv. C.5 Comparison of the low alti tude component (based on MARSIS remotely sensed 
electron densities) of the model of Nemec et al. (2011) to Mariner 9 electron densities in the 120-
275 km overlap region as a function of altitude and SZA (Obj. C.2) 
Inv. C.6 Comparison of the low alti tude component (based on MARSIS remotely sensed 
electron densities) of the model of Nemec et al. (2011) to MGS electron densities in the 120-250 
km overlap region as a function of altitude and SZA (Obj. C.2) 
Inv. C.7 Comparison of both types of MARSIS electron densities with Mariner 9 electron 
densities near the transition altitude of 275 km (Obj. C.1, C.2) 
 
The Mariner 9 primary mission (about half the profiles) was affected by a dust storm, but the 
extended mission was not. Ionospheric peak altitudes during this dust storm are 20-30 km higher 
than usual. We will  explore 2 options for dealing with this in Investigation C.1, either ignoring 
the primary mission data, which reduces data quantity, or adjusting them. Since an altitude shift 
is likely to be the only impact of the dust storm on the ionosphere, we can reduce these altitudes 
such that the peak altitude equals 120 km + 10 km ln(sec(SZA)). This SZA-dependence for peak 
altitude is robust and has been reliably characterized by many groups (e.g. Withers, 2009). We 
will  consider uncertainties introduced by this adjustment during our analyses. 
 
Investigation C.7 focuses on the critical transition region between the two MARSIS data types 
at 275 km. Duru et al. (2008) (our Fig. 3) show an abrupt doubling in the plasma scale height 
here, although the empirical model of Nemec et al. (2011) smooths this sharp boundary (Fig. 9). 
They cannot both be accurate. A comparison against Mariner 9 electron density profiles that span 
this region will  reveal which data type is unreliable here and in what manner. 
 
The Mariner 9 uncertainties are discussed in Section 7 and the MGS uncertainties accompany the 
archived electron densities. Duru et al. (2008) provide lower and upper quartiles about their 
derived vertical distributions of electron density. Nemec et al. (2011) provide uncertainties on 
each parameter in their empirical model. We will  use a Monte Carlo approach to calculate the 
uncertainty on electron densities predicted by the complicated functional form of the model of 
Nemec et al. (2011). These uncertainties wil l be considered when we compare datasets. 
 
We do not propose any specific scientific analysis of the MARSIS electron densities. It would be 
premature for us to do so before we understand how reliable they are. Nevertheless, our scientific 
antennae will  be twitching as we study these data. In particular, we will  pay attention to physical 
explanations for changes in the plasma scale height with increasing altitude, making extensive 
use of comparison to published physics-based models of ionospheric vertical structure.  
 
10 ± Anticipated results 
 
At the conclusion of this project, we expect to have GHSRVLWHG�D�YDOXDEOH�GDWDVHW�LQWR�1$6$¶V�
permanent archives, ensuring its availability to future generations, to have used it to study 
features of the ionosphere of Mars that are not accessible to current datasets, such as the topside 
ionosphere and the response to a massive dust storm, and to have compared two types of 
MARSIS electron density measurements against independent radio occultation measurements, 
including profiles that span the transition region between MARSIS data types. 
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MARSIS has already transformed our understanding of the ionosphere of Mars. From isolated, 
discrete ionospheric profiles clustered around the terminator, we now have countless thousands 
at all SZAs, latitudes, and longitudes separated in time by mere seconds. MARSIS can observe 
temporal and horizontal gradients in ionospheric properties inconceivable for radio occultation 
experiments. Yet these revolutionary data possess limi tations, of which their coarse vertical 
resolution and sensitivi ty to assumptions in high altitude plasma density are just the most 
obvious. The involvement of Collaborator Dave Morgan ensures that the MARSIS team will be 
aware of our findings and able to comment on our work as it is in progress. 
 
We plan to produce two peer-reviewed papers during the course of this project, one on a 
scientific survey of the Mariner 9 electron density profiles and one on the comparison of 
MARSIS (local and remotely sensed) and radio occultation (Mariner 9 and MGS) electron 
densities. It is also plausible that aspects of our Mariner 9 results could contribute to publications 
primaril y associated with our other ongoing projects and also that aspects of our MARSIS 
validation findings could be included in publications led by the MARSIS team. 
 
11 ± Relevance to NASA 
 
³The objective of the Mars Data Analysis Program (MDAP) is to enhance the scientific return 
IURP�PLVVLRQV�WR�0DUV�´ We will  do so by making a long-lost dataset with unique strengths 
widely available and by determining the reliability of MARSIS ionospheric data. This proposed 
research is aligned with MEPAG Investigation II .A.1, which emphasizes determination of the 
present state of the upper atmosphere (neutral/plasma) structure and dynamics and quantification 
of the processes that link the Mars lower and upper atmospheres. Escape and climate evolution 
are always part of the rationale for studies of the upper atmosphere and ionosphere of Mars, and 
this proposal is no exception. Ionospheric plasma above the 200 km exobase, which the Mariner 
9 data probe well , is a major reservoir from which escape occurs. The MAVEN mission was 
selected to make extensive measurements of the structure of the ionosphere of Mars for the same 
reasons that justify the work proposed here. Trends and features identifi ed in this work will  help 
develop scientific questions for MAVEN data users to address. 
 
³0'$3�VXSSRUWV�LQYHVWLJDWLRQV�WKDW�XVH�RQO\�SXEOLFO\�DYDLODEOH�DQG�UHOHDVHG�GDWD�´�7KH Mariner 
9 data were deposited at the NSSDC decades ago. The MGS electron density data are archived at 
the PDS. The MARSIS data products to be used in this project are the synthesized 
representations published by Duru et al. (2008) and Nemec et al. (2011). We do not propose to 
use any unreleased MARSIS electron density measurements. Instead, we follow the MDAP 
announcement¶V explicit encouragement of proposers to archive data products with the PDS. 
 
12 ± Personnel 
 
This investigation will be carried out by PI Paul Withers, Boston University students, 
Collaborator Dave Morgan (University of Iowa), Collaborator Dave Hinson (SETI Institute), and 
Collaborator Steve Joy (UCLA). 
 
Paul Withers, Professor in the Astronomy Department of Boston University, will  be responsible 
for the success of this investigation and for compliance with all reporting requirements. He has 
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completed a range of studies on the ionosphere of Mars, including the effects of solar energetic 
particle events, meteoroid influx, crustal fields (both observational and theoretical), solar flares, 
and other solar variations (Withers and Mendillo, 2005; Withers et al., 2005, 2008; Withers, 
2008, 2009, 2011; Mendillo et al., 2006; Opgenoorth et al., 2010; Lilli s et al., 2010). 
 
Boston University graduate student Katy Fallows has worked with Paul Withers on analysis of 
radio occultation electron density profiles at Mars since starting her PhD program in fall  2010 
(Fallows et al., 2011). She is available to work on this project. Undergraduate Nick Ferreri will  
complete processing the Mariner 9 profiles (supported by other funds). 
 
Dave Morgan, MARSIS Project Manager at the University of Iowa, plays a leading role in the 
reduction of MARSIS ionospheric observations and in their scientific interpretation. He has 
authored 19 publications concerning MARSIS observations of the ionosphere and his main 
scientific interests lie in the interaction of the solar wind and space environment with Mars.  
 
Dave Hinson, Principal Investigator at the SETI Institute, led the radio occultation component of 
the MGS radio science instrument and produced the MGS electron density profiles we will  use in 
this project. He has conducted radio occultation studies of every atmosphere in the solar system 
and has participated in the radio occultation experiments of six spacecraft. 
 
Steve Joy, OpHUDWLRQV�0DQDJHU�RI�8&/$¶V�33,�Node of the PDS, handles the ingestion of data 
deliveries to this Node. He worked with Paul Withers during the delicate process of obtaining 
Venera 15 and 16 radio occultation electron density profiles of the ionosphere of Venus from a 
Russian investigator and preparing them for archiving.  
 
13 ± Work plan �³,I�ZH�NQHZ�ZKDW�ZH�ZHUH�GRLQJ��LW�ZRXOG�QRW�EH�FDOOHG�UHVHDUFK´�± Einstein) 
 
This investigation will be carried out by Professor Withers and a Boston University graduate 
student. It wil l also be supported by a network of collaborators. Professor Withers will  be 
responsible for the success of this investigation and for compliance with all reporting 
requirements. He wil l mentor the graduate student and direct their activities. His funded effort is 
0.5 months, but 40% of his time during the 9-month academic year is nominall y available for 
research projects such as this one. Collaborator Morgan will  advise us on the use of MARSIS 
data. Collaborator Hinson will  advise us on the reliability of radio occultation data. Collaborator 
Joy will  manage the archiving of the Mariner 9 profiles. Interactions with Collaborators will 
occur via phone and email  as needed, plus anticipated face-to-face meetings at conferences. 
 
The Tasks will  be completed sequentiall y, with 6 months of graduate student effort devoted to 
Task A, 12 months to Task B, and 9 months to Task C. Approximately equal effort wil l be 
devoted to each Investigation within a Task. The graduate student will lead the preparation of 
both manuscripts and also report results at a conference annuall y, which is essential for their 
professional development and for receiving critical feedback on work in progress. 
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