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Title: Simulations of the effects of extreme solar flares on technological systems at 
Mars 
 
Short title: Extreme solar flares at Mars 
 
Summary of proposal: 
 
We propose to simulate the effects of extreme solar flares and other disturbances on the 
Mars ionosphere in support of the Joint Focus Topic on Extreme Space Weather Events. 
Such flares will increase plasma densities at relatively low altitudes on timescales of 
minutes to hours. Ionospheric total electron content will change, affecting the accuracy of 
GPS-like navigation systems. Radio wave attenuation due to D-region absorption will 
change, affecting communications systems. GPS range error and radio signal attenuation 
will be calculated from a suite of ionospheric simulations. Several different flares will be 
simulated using time-dependent solar irradiances. Solar zenith angle and other model 
inputs will also be varied to explore parameter space. 
 
Summary of personnel and effort: 
 
Name Role Institution Funded Effort 

per year 
Unfunded 
Effort per year 

Dr. Paul Withers PI Boston Univ. 4 months 0 
Grad Student Grad student Boston Univ. 12 months 0 
Dr. Phil 
Chamberlin 

Collaborator Univ. Colorado 0 As needed 

Dr. Marina Galand Collaborator Imperial College, 
London 

0 As needed 

Prof. Michael 
Mendillo 

Collaborator Boston Univ. 0 As needed 
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Simulations of the effects of extreme solar flares on technological systems at Mars 
 

1 - Introduction 
 
We propose to use a Mars ionospheric model with time-dependent solar forcing to 
investigate the effects of solar flares and other lower ionospheric disturbances on radio 
navigation and communications systems at Mars. This proposal is submitted to the Joint 
Focus Topic with Planetary Science: Extreme Space Weather Events in the Solar System.  
 
Solar flares increase plasma densities in the bottomside ionosphere. Propagation of radio 
waves through the ionosphere is affected by this change. Meteors and cosmic rays also 
produce plasma at low altitudes. Increases in total electron content cause ranging errors in 
GPS-like navigation systems. Increases in electron density at low altitudes, where neutral 
number densities and electron-neutral collision frequencies are high, cause radio wave 
attenuation that affects communications (D region absorption). These two effects will be 
numerically simulated in this work to better understand how extreme space weather 
events at Mars affect technological systems. A range of frequencies will be considered. 
 
We believe that the Boston University Mars Ionosphere Model is the first model of a 
planetary ionosphere with time-dependent solar forcing. As such, it is the first model able 
to accurately model the effects of solar flares on another planet’s ionosphere. This 
proposal concentrates on Mars for several reasons: Extensive data are available for model 
validation, the required model already exists, and Mars is a major focus for NASA’s 
human and robotic spaceflight missions. This will be a “first-cut modeling effort that can 
contribute towards initiating future more detailed research in this subject area” (page B.7-
9, ROSES 2007).  

  
Fig 1. Sample Ne(z) profile from Mars Global Surveyor (MGS). 
 
The Mars ionosphere has a lower layer, a main layer, and a topside (Fig 1; Hanson et al., 
1977; Chen et al., 1978). The lower layer has also been called the M1 or E layer and the 
main layer has also been called the M2 or F1 layer (Fox, 2004; Rishbeth and Mendillo, 
2004). The main layer is formed where 10-100 nm EUV photons ionize molecules of 
CO2, the dominant neutral, to produce CO2

+ ions. These rapidly charge exchange with O 
atoms, whose mixing ratio is ~1%, to form O2

+ ions. The O2
+ ions dissociatively 

Topside. Mixture of O+ and O2
+ 

ions, controlled by plasma transport 
 
Main layer. O2

+ ions, controlled by 
photoionization from 10-100 nm 
EUV photons.  
 
Lower layer. O2

+ ions, controlled 
by photoelectron-impact ionization 
after photoionization by 1-10 nm 
X-ray photons. 
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recombine with an electron to form two neutral O atoms. The main layer is controlled by 
local photochemical processes, not plasma transport, and has a Chapman-like shape. The 
lower layer is formed where 1-10 nm X-ray photons are absorbed. As these high-energy 
photons ionize CO2 to produce CO2

+ ions, they eject energetic photoelectrons. These 
make additional CO2

+ ions by “photoelectron-impact ionization” as they thermalize by 
collisions with CO2 molecules. 
 
Observations show that lower layer electron densities densities (Ne) are highly variable 
on timescales of hours due to variability of 1-10 nm solar irradiance (Fig 2). Since the 
relative increase in flux during a solar flare is greater at X-ray wavelengths than at EUV 
wavelengths, the greatest change in the ionosphere during a flare occurs in the lower 
layer. Photoelectron-impact ionization creates ~5-10 ion-electron pairs per photon 
abosrbed in the lower layer, so this process must be represented accurately in the 
ionospheric model (Fox, 2004). The photochemical timescale in the ionosphere is 
proportional to 1/Ne. It is a few minutes at the subsolar main layer and less than an hour 
for Ne>1500 cm-3 (~100-200 km for solar zenith angles smaller than 80o). The effects of 
transport processes on the dayside are minor below ~180 km. 

 
Fig 2. Four MGS profiles showing variability  
in the shape and size of the lower layer for 
similar latitude and local solar time. 
 
This proposal describes ionospheric observations  
during solar flares (Section 2), ionospheric effects 
on navigation and communications systems  
(Sections 3-4), model and preliminary work (Sections 5-6), tasks (Section 7), and our 
work plan (Sections 8-11). 
 
2 - Mars Ionospheric Observations During Solar Flares 
 
MARSIS (Fig 3; f = 0.1-5.4 MHz) is a topside radar sounder on ESA’s Mars Express 
spacecraft, which has orbited Mars since 2003. MARSIS often fails to receive a return 
signal from the Mars surface for periods of days (Morgan et al., 2006; Espley et al., 
2007). This has been attributed to absorption of radio waves by ionized plasma far below 
the main ionospheric layer. The Mars Global Surveyor (MGS) Radio Science (RS) 
occultation experiment measured 5600 Ne(z) profiles from 1998 to 2006. At least 10 

Our basic research plan is: 
• Conduct Mars ionospheric simulations 
for a range of neutral atmosphere, time-
dependent solar irradiances, and solar 
zenith angles. 
• Calculate radio signal attenuation and 
GPS range error from these simulations 
for a range of frequencies and orbiter 
zenith angles. 
• Investigate trends in the results 
• Study the effects of meteors, <1 nm X-
rays, and cosmic rays, which cause low 
altitude ionization, on radio signal 
attenuation and GPS range error. 
• Conduct sensitivity studies to 
determined the robustness of the results.  
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profiles show unusually high Ne in the lower layer at the same time as solar flares were 
observed from Earth. Two of these have been published (Fig 4; Mendillo et al., 2006). 

 

 

 

Fig 4. (top) MGS Ne(z) profiles that show 
increased bottomside Ne during solar flares. 
(bottom) ∆Ne/Ne versus altitude. 
 
Six Ne(z) profiles were observed at two hour 
intervals on 15 April 2001. Latitude, solar 
zenith angle, and local solar time were similar 
for all six profiles. The first five profiles were 
very similar, but Ne below 120 km were 
enhanced in the sixth profile. ∆Ne/Ne 
increases as altitude decreases, which is 
consistent with the hardening of the solar 
spectrum during flares (Fox and Yeager, 
2006). 
 
Solar X-ray observations on 15 April 2001 
show that photons from the peak of an X14.4 
flare reached Mars only 20 minutes before the 
MGS observation was made (Fig 5). The 
Earth-Sun-Mars angle was only ~26o, so both 
Earth and Mars were exposed to the flare. A 
similar event occurred on 26 April 2001, 
when an MGS observation occurred just as 
photons from the peak of an M7.8 flare 
reached Mars. 

Fig 3. Seven minutes of MARSIS topside radar 
sounder data at constant solar zenith angle from 
15 Sep 2005. Peak Ne increased from 1.8 x 105 
cm-3 to 2.4 x 105 cm-3 during an X1.1 solar flare 
(Gurnett et al., 2005; Nielsen et al., 2006).  

Fig 5. Solar X-ray flux at Earth. 
GOES XS (solid line, 0.05-0.3 
nm) and XL (dashed line, 0.1-0.8 
nm) data. Times of MGS Ne(z) 
are arrowed. 



 

WITHERS - NASA LWS TR&T 2007 - PAGE 6 OF 33 

Solar flares have a rise timescale ~minutes and a decay timescale ~hours. The neutral 
atmospheric responds slowly to increased heating, so ionospheric effects have ceased by 
the time the neutral atmosphere changes significantly. A model of the ionospheric 
response to solar flares may use the same neutral atmosphere throughout the simulation.  
 
3 - GPS Range Errors 
 
If radio wave travel time is used to measure the distance between a receiving station (e.g. 
Mars rover) and a transmitting station (e.g. Mars-orbiting GPS-like satellite), then the 
measured distance is affected by the presence of the ionosphere between the receiver and 
the transmitter. Radio waves passing through an ionosphere travel slower than the speed 
of light and the one-way range error (∆D) introduced by the ionosphere is given by: 

2403.0
f

TECD LOS=∆          (1) 

where ∆D is in metres, TECLOS, the line-of-sight total electron content, is in units of 1016 
electrons m-2, and f, frequency, is in GHz (Mendillo et al., 2004). TECLOS is given by: 

∫= dsNeTECLOS          (2) 
where the integral is performed along the ray path. TECLOS is related to the vertical total 
electron content, TEC, by the zenith angle of the orbiting transmitter, OZA: 

( )OZATECTEC LOS sec=         (3) 
Orbiters in a Mars-based GPS network are likely to be fewer in number than at Earth and 
likely to perform multiple roles. Existing Mars orbiters use a 400 MHz UHF signal to 
communicate with landers. This is smaller than terrestrial GPS’s ~1.5 GHz frequencies, 
but could be adapted to a GPS role. NASA may also consider other frequencies. 
 

 
Fig 6. ∆D as a function of frequency and TECLOS (from Mendillo et al. 2004). 400 MHz 
UHF and GPS L1, L2 frequencies are marked. 
 
What is the worst-case range error during a large solar flare? This depends on the size of 
the flare, the flare spectrum, and the details of photoelectron-impact ionization processes 

The main layer of the Mars 
ionosphere can be crudely 
approximated as a Chapman 
layer with scale height of 10 km 
and subsolar peak electron 
density (Nm) of 2 x 105 cm-3. 
Since TEC ~ 4 Nm H for a 
Chapman layer, subsolar TEC on 
Mars is ~ 1016 cm-2 or 1 TECU. 
A 400 MHz GPS network with a 
1 TECU ionosphere and 
sec(OZA) ~2 will have a range 
error of ~5 m (Fig 6).  
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in the Mars ionosphere (Section 1). Predicted ∆D depends on how photoelectron-impact 
ionization processes are modelled. Doubling of TEC can be seen in our preliminary work 
(Figure 10b, black dashed line) for an X14.4 flare and it is unlikely that this is the worst 
possible case. sec(OZA) = 2 is also far from the worst case. 
 
Suppose that a theoretical reference ionospheric model is used to correct for the 
ionospheric range error under normal solar conditions so that ∆D is affected only by the 
difference in TEC between the flare-affected ionosphere and the reference ionosphere. 
Changes in ionospheric range error of ~10 m during a large flare for f=400 MHz are 
plausible. ∆D is larger for smaller frequencies. This demonstrates that GPS range errors 
could be large enough to have significant operational impacts. For example, consider 
vehicles driving on steep terrain or through a dust storm. 
 
We shall conduct simulations to study the effects of solar flares and other lower 
ionospheric disturbances on GPS range errors at Mars (Section 7). Relevant frequencies 
are discussed in Task #1 of Section 7. 
 
4 - D Region Absorption 
 
If E is radio wave amplitude and l is distance, then K = dE/(E dl) is the absorption 
coefficient per unit length. In the absence of magnetic fields, K satisfies (Rishbeth and 
Garriott, 1969, Eqn 206): 

( )22
0

2

2 ω
ν

µε +
=

v
Ne

mc
eK        (4) 

where -e is the electron charge, m is the electron mass, c is the speed of light, ε0 is the 
permittivity of free space, Ne is electron number density, ν is the momentum-transfer 
electron-neutral collision frequency, ω=2πf is the radio wave angular frequency, and µ, 
the real part of the refractive index, satisfies (Rishbeth and Garriott, 1969, Eqn 204): 

2
0

2
2 1

ωε
µ

m
eNe

−=         (5) 

ν for electrons and CO2
 is given in Morgan et al. (2006) and Nielsen et al. (2007). The 

received amplitude, Er, is related to the transmitted amplitude, Et, by: 

( )∫−= dlK
Et
Er exp         (6) 

where dl is along the ray path. If the ray path has zenith angle ΟΖΑ, then Eqn 6 becomes: 

( )( ) )sec(exp OZAdzK
Et
Er

∫−=       (7) 

where z is altitude. We label Er/Et as the attenuation factor, A.  
 
ν is two orders of magnitude greater in the martian ionosphere than in the terrestrial 
ionosphere due to the change from N2 to CO2 composition (Nielsen et al., 2007). The 
main layer of the subsolar ionosphere can be crudely approximated as a Chapman layer 
with Nm = 2 x 105 cm-3, H = 10 km, and z0 = 110 km (Hantsch and Bauer, 1990). Fig 7 
shows K(z). A is 0.10 at 5 MHz and 0.98 at 50 MHz for OZA=0o. Solar flares, meteors, 
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solar energetic particles, and cosmic rays can all cause enhanced electron densities below 
the main ionospheric peak. If Ne between 60 km and 70 km is somehow increased to 104 
cm-3, then A is <10-4 at 5 MHz and 0.87 at 50 MHz. The ν / (ν2 + ω2) term in Eqn 7 is 
crucial. At high altitudes, where ω >> ν, large values of Ne do not cause significant 
attenuation. At lower altitudes, where ω ~ ν, even small values of Ne can cause 
significant attenuation. ω = ν at 60 km for f=5 MHz and at 45 km for f=50 MHz.  

 
We shall conduct simulations to study the effects of solar flares and other lower 
ionospheric disturbances on radio wave attenuation at Mars (Section 7). Relevant 
frequencies are discussed in Task #1 of Section 7. 
 
5 - Boston University Mars Ionosphere Model 
 
Boston University has developed a 1-D photochemical model of the Mars ionosphere 
(Martinis et al., 2003; Mendillo et al., 2003; Withers and Mendillo, 2005; Mendillo and 
Withers, 2006; Withers et al., 2007). Time-dependent solar forcing is a relatively recent 
addition to the model; results have been presented at conferences (Withers et al., 2007a, 
2007b). The main model inputs are neutral atmosphere, solar irradiance, absorption and 
ionization cross-sections, reaction rates, and a model for photoelectron-impact ionization.  
 
5.1 - Neutral Atmosphere 
 
The current 1-D model spans 80-400 km with 1 km vertical resolution. Neutral species 
include CO2, O, O2, N2, CO, Ar, NO, H2, H, and He. Number densities of major species 
for two baseline atmospheres (solar maximum and minimum) come from Bougher’s 
Mars Thermospheric General Circulation Model, as published in Fox et al. (1996). 
Number densities of minor species were provided by Andrew Nagy (personal 
communication, 2003). There are insufficent data on the Mars upper atmosphere to 
support a detailed empirical model like MSIS. The neutral atmosphere will be extended 
to lower altitudes as needed using the same chemical compostion as at 80 km and 
temperatures from models/observations. This will ensure that the flux of ionizing photons 
out of the bottom of the model is zero. 
 
 

Fig 7. K(z) for f=5 MHz. 
 
The electron gyrofrequency is 
much smaller than the 
transmitted frequency for f > 1 
MHz and B < 100 nT, so martian 
crustal magnetic fields have no 
effect on radio wave attenuation 
(Rishbeth and Garriott, 1969, 
Eqn 206). 
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5.2 - Solar Irradiances 
 
The model has two possible sources of solar irradiances, the well-known Solar2000 
model and the Flare Irradiance Spectral Model (FISM). Both are empirical models based 
on observations from Earth orbit. We discuss the Solar2000 model first. The spectral 
range of the Solar2000 model is 1.86 - 105 nm and there are 39 spectral bins (a mixture 
of regions ~5 nm wide and narrow lines) (Tobiska et al., 2003; Tobiska, 2004). The 
shortest wavelength bins, which will be important in this work, are 1.86-2.95 nm, 3.00-
4.92 nm, and 5.05-10.00 nm. Solar2000 outputs one solar spectrum at Earth each day.  
 
FISM outputs solar irradiance at Earth from 0.5 to 195.5 nm with 1 nm spectral 
resolution and 1 minute temporal resolution (Chamberlin et al., 2004; Chamberlin, 2005; 
Chamberlin et al., 2005a, 2005b; Chamberlin et al., 2007). It is an empirical model that 
uses reference solar spectra and data from Earth-orbiting satellites. 

     
Fig 8. FISM irradiances for 15 April 2001. 
 
We will primarily use FISM solar spectra in this  
work, because they have better temporal and spectral resolution than Solar2000 spectra. 
They will be scaled by 1/R2 to account for the different heliocentric distances of Earth 
and Mars. FISM results are publicly available at ftp://laspftp.colorado.edu/pub/SEE_Data 
/fism/ (Fig 8). Collaborator Chamberlin will ensure that FISM output for the dates of 
interest are online, and provide guidance on their use and interpretation. 
 
5.3 - Cross-Sections 
 
Absorption and ionization cross-sections for reactions like CO2 + hv -> CO2

+ + e should 
come from a standard source (Schunk and Nagy, 2000). This tabulation matches 37 of 
Solar2000’s 39 wavelength bins, but not the 1.86-2.95 nm and 3.00-4.92 nm bins. Cross-
sections for these bins can be calculated using analytic expressions (Verner and 
Yakovlev, 1995; Verner et al., 1996). However, the three shortest wavelength bins in the 
Solar2000 spectra (1.86-2.95 nm, 3.00-4.92 nm, 5.05-10.00 nm) are too broad for our 
purposes. Cross-sections vary significantly with wavelength in the 1-10 nm range (Fig 9 
and Fox (2004, Fig 12)). This wavelength range controls photoionization in the lower 
layer. The underlying physical reason for the abrupt increase in cross-section with 

FISM data sources include: 
(A) GOES, 0.05-0.3 nm and 0.1-0.8 
nm, 1980s-present,  
(B) TIMED SEE, 27-194 nm at 0.4 
nm resolution and nine overlapping 
bands from 0.1-20 nm at ~5 nm 
resolution, 2002-present,  
(C) SOHO SEM, 26-34 nm and 0.1-
50 nm, 1995-present,  
(D) SNOE SXP, 2-7 nm, 6-19 nm, 
and 17-20 nm, 1997-2003, and  
(E) SOLSTICE instrument on UARS 
and SORCE, 120-420 nm at 0.5 nm 
resolution, 1991-present. 
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decreasing wavelength is that photons have sufficient energy to eject electrons from the 
inner electron shells as well as just the outer shell. Cross-sections for molecules are the 
sum of the cross-sections of the constituent atoms at these wavelengths (Fox et al., 2004). 
Almost all photons shorter than 20 nm ionize a neutral when they are absorbed, whereas 
lower-energy photons can be absorbed without ionization.  

 
We require cross-sections with high spectral resolution in the 1-10 nm range, but the 
analytic expressions that can calculate them are invalid for molecules (e.g. CO2) at long 
wavelengths. We solve this problem as follows.  
 
We use the 0.5 nm, 1.5 nm, ..., 9.5 nm FISM irradiances and generate cross-sections for 
these wavelengths using the analytical expressions of Verner and Yakovlev (1995) and 
Verner et al. (1996). These expressions, which rely on molecular cross-sections equaling 
the sum of the constituent atomic cross-sections, are inaccurate at long wavelenths, so 
they cannot be used at all FISM wavelengths. We assign the remaining FISM 
wavelengths to their closest Solar2000 spectral bins and use the usual cross-sections from 
Schunk and Nagy (2000). Thus we have a composite set of 46 wavelengths for the 
spectrum and cross-sections. High spectral resolution is used for 10 short wavelengths, 
where it is needed (Fig 9) and where Verner’s cross-section expressions are valid. 
Standard Solar2000 wavelength bins are used at 36 longer wavelengths to match the 
available cross-sections. FISM wavelengths >105 nm, longward of the last Solar2000 
bin, are neglected because they do not produce ions in the Mars ionosphere. Lyman B 
102.6 nm photons, which ionize O2 in the terrestrial atmosphere, do not produce ions on 
Mars. The model was first developed with time-independent solar forcing from a 39 
wavelength Solar2000 spectrum.  
 
5.4 - Reaction Rates 
 
Ions may undergo chemical reactions before being lost by neutralization. Rate 
coefficients for reactions like CO2

+ + O -> O2
+ + CO and O2

+ + e -> O + O are taken from 
a standard source (Schunk and Nagy, 2000). Some rate coefficients depend weakly on 
electron temperature (Hansen and Mantas, 1988; Choi et al., 1998). 
 
 
 

Fig 9. Theoretical ionization cross-
sections for C (solid) and O (dashed) 
(Verner and Yakovlev, 1995; Verner 
et al., 1996). The cross-section for 
CO2 is the sum of those for its 
constituent atoms at these 
wavelengths (σCO2 = σC + 2σo). 
Laboratory data for CO2 with the 
appropriate spectral range and 
resolution are not available.  



 

WITHERS - NASA LWS TR&T 2007 - PAGE 11 OF 33 

5.5 - Models of Photoelectron-Impact Ionization 
 
Photoelectron-impact ionization creates ~5-10 ions per photon absorbed in the lower 
layer (Fox et al., 1996; Fox, 2004). This process must be modelled accurately for the 
ionospheric model to realistically respond to a solar flare. It is possible to model the 
energy and trajectory of a photoelectron as it thermalizes by collisions with neutral 
molecules, tracking how many molecules are ionized in these collisions. Photoelectron 
collision models have been used in certain terrestrial ionospheric models (e.g. 
Lummerzheim and Lilensten, 1994; Blelly et al., 1996; and references therein) and in 
some Venus and Mars ionospheric models (e.g. Kim et al., 1989; Fox, 2004). 
 
However, many terrestrial ionospheric models use a simple scaling factor to represent all 
photoelectron-impact ionization processes (e.g. Richards and Torr, 1988; Lilensten et al., 
1989; Titheridge, 1996). The photoelectron efficiency or primary efficiency, R, is the 
ratio of the number of ions produced by photoelectron-impact ionization (Pi

EI, hard to 
model) to the number of ions produced by photoionization (Pi

P, easy to model). If R is 
known, then photoelectron-impact ionization can be modeled as a simple multiplying 
factor and Pi

EI in Eqn 1 (below) can be replaced by R x Pi
P. This simplifies the model 

and, as long as R is chosen correctly, does not impact the model’s accuracy.  
 
There are many models of R for the terrestrial ionosphere (e.g. Rees and Jones, 1973; 
Richards and Torr, 1988; Lilensten et al., 1989; Titheridge, 1996). We shall investigate 
how the following three parameterizations affect the simulated Mars ionospheric electron 
density profile, GPS range error, and D region absorption.  
 
(A) The Rees and Jones (1973) parameterization for Earth is that an ion-electron pair is 
created for every 35 eV difference between the energy of the ionizing photon and the 
neutral species’s ionization potential. The ion-electron pair is produced locally, at the 
same altitude as the photon is absorbed.  
 
(B) Titheridge (1996) used models of electron collisions to determine R as a function of 
wavelength and ion species for Earth. Values in his Table 3 approximately satisfy R=12 
exp(-λ / 7 nm) and do not vary much by species (O+, O2

+, N2
+). 

 
(C) Fox (2004) has developed a Mars ionosphere model that included electron collisions 
and electron-impact ionization. The effective R parameterization can be seen in several 
figures as a function of altitude for different simulations (Fox et al., 1996; Fox and 
Yeager, 2006). Despite its sophistication, this model’s simulations reproduce lower layer 
observations relatively poorly. The solar irradiances used by Fox (2004) may be 
inaccurate at short wavelengths. 
 
Clearly, the study of photoelectron-impact ionization processes on Mars is not as accurate 
as it is on Earth. These uncertainties are not a fatal problem. As requested by the NRA, 
this proposal provides “first-cut modeling efforts that can contribute toward initiating 
future more detailed studies in this subject area.” Collaborator Galand will ensure that 



 

WITHERS - NASA LWS TR&T 2007 - PAGE 12 OF 33 

reasonable R parameterizations are used (Galand et al., 1997, 1999, 2006). Extensive 
Mars Ne(z) data are available as a sanity check for our simulated ionospheric profiles.  
 
5.6 - Model Structure 
 
For completeness, we now discuss the underlying structure of the model.  

( ) ( )DR
i

C
i

C
i

EI
i

P
i

i LLPPP
dt

dN
+−++=       (1) 

This is the continuity equation for ion species I+, as represented by the index i. Ni is the 
number density of I+, t is time, Pi

P is the rate of production of I+ by photoionization, Pi
EI

 is 
the rate of production of I+ by photoelectron-impact ionization, Pi

C is the rate of 
production of  I+ by charge exchange reactions, Li

C is the rate of loss of I+ by charge 
exchange reactions, and Li

DR is the rate of loss of I+ by dissociative recombination 
reactions. Upper case N refers to ion/electron densities, lower case n to neutral densities. 
Four of the five terms on the right-hand side of Eqn 1 are as follows; Pi

EI is replaced by R 
x Pi

P as discussed in Section 5.5.  

eii
DR
i NNL α=         (2) 

Li
DR is the rate of loss of I+ in the reaction I+ + e -> neutral products (e.g. O2

+ + e -> O + 
O), and αi is the relevant rate coefficient. Only molecules can dissociatively recombine. 

∑=
rjs

siisjr
C
i nNkL

,,
        (3) 

Li
C is the rate of loss of I+ in the reaction I+ + S -> J+ + R, kisjr is the relevant rate 

coefficient, and ns is the number density of neutral species S. 

∑=
srj

rjjris
C

i nNkP
,,

        (4) 

Pi
C is the rate of production of I+ in the reaction J+ + R -> I+ + S and kjris is the relevant 

rate coefficient. 
( ) ( ) ( )∑=

λ

λλσ
,

,, ,
r

rriion
P

i zFznP      (5) 

Pi
P is the rate of production of I+ in the reaction R + hv -> I+ + e, σion,i,r is the relevant 

wavelength-dependent ionization cross-section, and F is the flux (photons cm-2 s-1) at that 
altitude (z) and wavelength (λ). F is given by: 

( ) ( ) ( )( )λτλλ ,exp, 0 zFzF −=       (6) 
F0 is the value of F at the top of the atmosphere and τ is wavelength-dependent optical 
depth, which is given by: 

( ) ( ) ( ) ( )∑ ∫
∞=

=
=

r

z

zz rabsr dzzn
SZA

z
'

' , ''
cos

1, λσλτ    (7) 

SZA is solar zenith angle and σabs,r is the relevant wavelength-dependent absorption 
cross-section. A more accurate calculation of optical depth is used near the terminator. 
 
There are no spatial derivatives, and therefore no boundary conditions, because plasma 
transport is not modeled here. Initial conditions are irrelevant because the model is spun-
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up over several Mars days, which is much longer than the <1 hour dayside photochemical 
timescale at the main and lower layers. 
 
6 - Preliminary Work 

 
 
 
 

 
7 - Tasks 
 
We shall perform numerical simulations of ionospheric structure during solar flares and 
other disturbances and investigate how A and ∆D change during each simulation. A and 
∆D have a simple functional dependence on the zenith angle of the orbiter with respect to 
the lander, OZA. ∆D has a simple functional dependence on radio frequency, but A has a 
complex dependence on radio frequency. 
 
How strong does a flare have to be to have significant effects on technological systems? 
How long do those effects last? What are the effects of cosmic rays and meteors? What 
frequencies are most affected? Are the results significantly different from terrestrial 
experience? If so, why? How reliable are our results? Motivated by these questions, we 
will perform the following tasks.  
 

(b)

(a)

Fig 10b. The red pre-flare simulation 
almost matches the shape of the observed 
lower layer and accurately predicts Ne 
below 95 km. The blue simulation poorly 
matches the shape of the lower layer and 
underpredicts Ne below 95 km. This 
altitude-dependent model for R shown in 
Fig 10a works for one case, but not the 
other. A wavelength-dependent 
expression for R might be successful in 
both cases (Section 5.5), because the 
average wavelength of ionizing photons 
at a given altitude is shorter during the 
flare (blue) than before the flare (red).  

Fig 10a. A simple R(z) was used for this 
demonstration. It is consistent with Fox 
et al. (1996). We have performed three 
simulations for the 15 April 2001 MGS 
RS observations using solar irradiances 
that do not vary with time (Fig 10b). The 
first case (red) uses irradiances before the 
flare, the second (black) uses irradiances 
at the peak of the flare, and the third 
(blue) uses irradiances from the time of 
the MGS observation with a large lower 
layer. Observations are solid lines, 
simulations are dashed lines. Ne in the 
lower layer exceed those in the main 
layer for the “flare peak” simulation, 
which is unusual. 
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Task #1: Current Mars missions use 400 MHz for short-range communications between 
spacecraft and ~5 GHz for communications to Earth. Sections 3 and 4 showed that 
ionospheric effects on ∆D, but not A, can be significant at f>400 MHz. Future Mars 
missions may use smaller frequencies for some navigation/communication needs, as 
aircraft (10s of MHz) and hand-held systems (46 MHz cordless phones) on Earth do 
today. The dependence of A on frequency in the 1 MHz - 10 GHz range will be studied 
using observed Ne(z) profiles and the preliminary simulations (Fig 10b). Results will be 
used to select a small number of frequencies to use in the subsequent Tasks. 
 
Task #2: A and ∆D depend on the model’s neutral atmosphere, parameterization for R, 
time-dependent solar flare spectrum, and the solar zenith angle. In this task we shall 
conduct many simulations to fully cover the available parameter space. Five different 
neutral atmospheres will be used (solar maximum/minimum, winter/summer hemisphere, 
plus one case during a global dust storm). Three parameterizations for R will be used 
(Section 5.5). Four different solar flares will be used, two moderate flares and two large 
flares. They may include flares that had significant effects at Earth, flares that affected 
MGS Ne(z) profiles, or other flares of interest to our Focused Science Team. Seven solar 
zenith angles of 0o, 15o, 30o, 45o, 60o, 75o, and 85o at the time of the flare peak will be 
used. Equatorial latitudes will be used so that SZA does not vary a lot during the flare. 5 
x 3 x 4 x 7 corresponds to 420 simulations.  
 
A pre-defined initial analysis plan is necessary to efficiently identify the magnitude of the 
effects, trends, and interesting features.  
• Orbiter zenith angle of 0o will be used to find the A and ∆D at the time of the flare peak 
for each of the 420 simulations. We shall determine whether A and ∆D vary significantly 
with the neutral atmosphere, R parameterization, solar flare, and SZA, then characterize 
any apparent trends in the 420 values of A and ∆D. A small subset of typical simulations 
will be selected based on these results. 
• The dependence of A and ∆D on time will be studied in the subset of typical 
simulations. Do they decay exponentially or in some other way? What is the timescale? 
Once manual inspection of the subset of simulations has led to the formulation of specific 
quantitative questions that can be automated, the entire set of simulations will be studied. 
• We shall quantify how the three different R parameterizations affect the simulated 
electron densities, A, and ∆D. If they cause major differences, then we shall compare 
simulations and observations to identify and improve the best R parameterization. 
• Do values of A and ∆D at the flare peak have a clear dependence on SZA? If so, do 
other properties, such as timescale for changes in A and ∆D or the effects of radio 
frequency, also have clear dependences on SZA? Can these trends be explained in terms 
of basic physical processes? 
 
Task #3: Additional simulations will be performed as sensitivity studies. The magnitude 
of uncertainties in the neutral atmosphere, the cross-sections, R parameterizations, and 
the solar flare spectrum will be estimated. Small changes will be made to these model 
inputs and simulation results will then be analysed to determine how A and ∆D are 
affected by these changes. This will be used to provide an estimate of the uncertainty in 
values of A and ∆D in the other Tasks. 
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Task #4: A plasma layer due to meteors is sporadically observed in the Mars ionosphere 
(Patzold et al., 2005). This layer (peak density 6000 electrons cm-3, thickness 10 km, 
altitude 90 km) will be added to a set of simulated electron density profiles. The effects 
on A and ∆D of this layer will be determined. Layer properties will then be varied, 
consistent with observations and theoretical predictions (Pesnell and Grebowsky, 2000; 
Molina-Cuberos et al., 2003). 
 
Task #5: We shall study whether photons with λ<1 nm have significant effects on A and 
∆D. FISM’s shortest wavelength is 0.5 nm, where σCO2 = 2.3 x 10-20 cm2. At 0.1 nm, 
σCO2 is 130 times smaller and photons penetrate an additional five scale heights or 50 km 
deeper into the atmosphere. Plasma at low altitudes can have large effects on A even if 
plasma densities are low. Effects on ∆D, which is proportional to TEC, will be smaller. 
We shall adapt the ionospheric model to include more short wavelength bins, using cross-
sections from Verner and Yakovlev (1995) and Verner et al., (1996). Solar irradiances 
will be obtained from various solar X-ray observations, such as rocket flights and GOES 
(0.05 - 0.3 nm, 0.1 - 0.8 nm bands) satellites. Composite solar spectra will be constructed 
from multiple data sources, if necessary, and a time-independent solar spectrum will be 
used if, as is likely, short wavelength X-ray irradiances are not available with high time 
resolution. A small number of simulations will be performed at different solar zenith 
angles, but the neutral atmosphere and R parameterization will be fixed. 
 
Task #6: Cosmic rays, which are not included in most Mars ionospheric models, have 
been predicted to produce ions at all altitudes. Electron densities of 100 cm-3 have been 
predicted from 30 to 50 km (Fig 11). We shall form composite electron density profiles 
from the surface to exosphere by adding low altitude electron densities from Fig 11 to our 
simulated high-altitude electron density profiles. The effects of low altitude plasma on A 
and ∆D will then be determined. Additional low altitude Ne(z) predictions for different 
conditions or by other models will also be tested (e.g. Whitten et al., 1971). 
 

 
 
 

Fig 11. Number densities of electrons and 
negative ions in the lower Mars 
ionosphere. Wet case (solid lines) and dry 
case (dashed lines). From Molina-Cuberos 
et al. (2002).  
 
No measurements capable of detecting 
low altitude plasma have been made at 
Mars. However, the failure of MARSIS to 
receive radar signals reflected from the 
Mars surface after major solar energetic 
particle events suggests that low altitude 
plasma does exist (Morgan et al., 2006; 
Espley et al., 2007). 
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Task #7: Although solar flares are often characterized by a single number that 
corresponds to their peak irradiance in the 0.1-0.8 nm band, flares with the same 
classification can have different spectra and time histories. We shall identify ten solar 
flares with the same (or similar) classifications (hea-www.harvard.edu/trace/flare_catalog 
) and use them in ionospheric simulations. We shall determine how the results for A and 
∆D differ between the different flares. 
 
8 - Computational Requirements 
 
Each simulation takes ~1 hour to run. Task #2 is the most computationally intensive, with 
420 simulations. The remaining Tasks will contribute no more than 500 simulations, 
giving a total of <1000 simulations. The only output that must be stored for each 
simulation is Ne(z) at 1 minute resolution for a few hours, which isn’t a storage problem. 
 
9 - Anticipated Results and Broader Implications 
 
We expect that this effort will lead to the identification of a range of radio frequencies 
that are not affected by worst-case ionospheric conditions and a range of radio 
frequencies that are severely affected by worst-case ionospheric conditions. For those 
frequencies that do experience GPS range error or attenuation, the dependence of A and 
∆D on neutral atmospheric conditions, SZA, flare intensity and duration will be 
quantified. The effects of meteors, <1 nm X-rays, and cosmic rays on A and ∆D will also 
be investigated. Results and trends will be compared to Earth and we shall seek physical 
explanations (e.g. N2 vs. CO2 composition, magnetic fields) for observed similarities or 
differences. Collaborator Mendillo has extensive experience in terrestrial aeronomy. 
 
Space weather, including solar flares, affects GPS and communications on Earth so much 
that the Air Force plans to launch a dedicated satellite (CNOFS) to study their effects 
(LWS TRT SDT, 2003; LWS TRT Town Hall Meeting Report, 2006). This work will be 
a step towards characterizing these effects on Mars. Radio propagation through the Mars 
ionosphere will affect implementation of navigation/communication systems for human 
exploration. The MARSIS topside radar sounder (Section 2) has already demonstrated 
that D-region absorption occurs at Mars and prevents radio wave propagation.  
 
10 - Relevance to NASA Programs and LWS Objectives 
 
This effort addresses NASA Strategic Sub-goals 3B and 3C (Table 1 of the ROSES 
NRA). This effort is directly related to the scientific objectives of the 2011 Mars Scout 
orbiter - escape processes and the upper atmospheric reservoir available for escape.  
 
This effort will provide the first estimates of how space weather events will degrade or 
disable communications and navigation infrastructure at Mars. It is a first step towards 
similar studies for all solar system bodies. It will lead to a better understanding of the 
hazards present as humans explore space, especially Mars. By the end of Year 1, we will 
provide preliminary estimates of the frequencies at which values of A and ∆D have 
significant operational impacts (Task #1) and detailed analyses of how values and time-
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history of A and ∆D depend on flare intensity, neutral atmosphere, SZA, and OZA (Task 
#2). By the end of Year 2, we will have characterized the robustness of our results (Task 
#3) and determined whether <1 nm photons and meteors affect A and ∆D (Tasks #4, #5). 
By the end of Year 3, we will have determined whether plasma produced at 30-50 km by 
cosmic rays affects A and ∆D (Task #6) and determined whether all flares of the same 
class have the same effects on A and ∆D. 
Year 1: Tasks #1, #2  Year 2: Tasks #3, #4, #5  Year 3: Tasks #6, #7 
 
Graduate Student will perform the simulations. Results will be analysed by Withers and 
Graduate Student. More detailed success measures and deliverables for the “Extreme 
Space Weather Events” Focused Science Team will be developed with the LWS Program 
Scientist, Team Coordinator, and other team members once selected team proposals have 
been structured into an integrated research program, as outlined in page B.7-4  of ROSES 
(2007).  
 
Cross-disciplinary proposals are solicited by the proposed LWS Decadal Strategic Plan 
(LWS, 2007). This proposal will stimulate collaboration of planetary scientists and 
experts in terrestrial aeronomy with the heliophysics community. LWS Strategic Goal 1 
concerns accurate modelling of the solar spectrum and its effects on Mars (LWS, 2007). 
LWS Strategic Goal 4 concerns GPS position error and radio blackouts (LWS, 2007). 
 
11 - Personnel 
 
Principal Investigator Paul Withers will serve as leader of this effort. He has worked 
extensively on the Mars neutral atmosphere and ionosphere. Recent projects include a 
study of the relationship between variability in the Sun’s EUV flux due to its 27 day 
rotation and Mars Ne(z), analysis of Mars ionospheric observations during a solar flare, 
and the use and development of this Mars ionospheric model (Withers et al., 2003, 2005, 
2007a, 2007b; Withers and Mendillo, 2006). His funded effort will be 4 months per year. 
Support for this proposal would introduce Withers, a young planetary scientist, to the 
heliophysics community.  
 
The Boston University Astronomy Dept’s PhD program has >40 graduate students. ~8 
students typically arrive each year. 12 months funding per year for a graduate student is 
requested. We expect that a 1st/2nd year graduate student will start work on this project. 
Collaborator Phil Chamberlain (University of Colorado) will ensure that FISM results are 
available for dates of interest. He will also advise on the general topic of <10 nm solar 
irradiance. Collaborator Marina Galand (Imperial College, London) will ensure that we 
use reasonable functions for photoelectron-impact parameterization. She will also advise 
on the physical significance of the parameters. Collaborator Michael Mendillo (Boston 
University) will be Graduate Student’s academic advisor, which will ensure an active role 
for Mendillo. He will also advise on comparative aeronomy, including the terrestrial 
ionosphere and its response to solar flares (Mendillo and Evans, 1974; Mendillo et al., 
1974). As stated in their letters of commitment, the collaborators’ levels of effort will be 
sufficient to fulfill their responsibilities. Collaborators will be invited to Boston for 
several days each year with travel funds supplied by BU’s Center for Space Physics.
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