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Abstract
We investigate the effect of ionization due to electron precipitation on
the electron density and total electron content (TEC) in the nightside
ionosphere of Mars.  As input we use recently reported auroral-like
peaked electron spectra that appear to have undergone an acceleration
process.  The nominal electron density in the nightside ionosphere is
very low, so the electron precipitation creates a significant increase in
the TEC.  The regions of significant ionization are localized in space
and correspond to magnetic cusps formed by the interaction of the
Martian crustal sources with the interplanetary magnetic field.  The
most energetic accelerated spectra, hence the largest nightside electron
densities and TECs, appear correlated with solar energetic particle
(SEP) events and may represent a previously unknown SEP effect at
Mars.  The horizontally inhomogeneous regions of ionization distort
radio waves used for orbit-to-surface communication and for precise
positioning calculations on the nightside of Mars which have not
previously been taken into account.



Martian Magnetic Field
• Mars has no global dipole magnetic field
• But does have strong localized crustal fields [Acuña et al., 1998]
• “Cusps”  form in strong field regions where the solar wind has

access to the atmosphere [Krymskii et al., 2002]

Probability of observing
Map of the magnitude of the upward loss cones on the
radial component of B (BR) nightside (“open”  field lines)



Accelerated Electron Spectra
• MGS observes accelerated electrons near magnetic cusps

(from Brain et al. [2006])



Accelerated Electron Spectra

  Open field lines (“cusps”)
MGS orbit

  Closed field lines; contain trapped electrons
Accelerated

  Closed field lines; devoid of electrons electrons
observed



Global Distr ibution and Par ticle Energy Flux

• ~ 13000 peaked spectra (dj/dE > 0) found in MGS dataset
� Several regions of concentration, esp. in cusp at 70o S, 150o E
• Downward energy flux ranges from < 10-4 to > 10-1 ergs cm-2 s-1

• Contours show closed magnetic field regions (fewer events)



Methodology

Purpose: to model changes in the nightside electron density profile
using observed typical (tail) and accelerated electron spectra

To do this we use the Mars Discrete-Ordinate Transport Code
• MDOT is a modification of Lummerzheim and Lilensten [1994]
• MDOT uses discrete-ordinate method to solve multi-stream

electron transport problem

Inputs: •  MTGCM atmosphere [Bougher et al., 1999; 2000]
•  Cross-sections for electron impact on 5 main neutral

atmospheric species (CO2, CO, O2, O, and N2)
•  Incident electron spectrum

Output: •  Ion production rate, P(z) (among other things)

Determine ne(z) from ne = (P/� eff)
½, where � eff ~ 10-8 cm3 s-1



Neutral Atmosphere Profile (MTGCM)
[Bougher et al., 1999, 2000]

     Solar-moderate case
     Latitude: 2.5o N
     Local time: 02 AM
     LS: 270o (perihelion;
     northern winter solstice)

     Extrapolate linearly
     (in logarithm space)
     for altitudes < 100 km

     Extrapolate assuming
     isothermal atmosphere
     for altitudes > 280 km



Two spectra obtained
within two minutes of each
other on 21 April 2001
(see example above)

MGS located near
65o S, 205o E at 400 km
Solar zenith angle �  125o

Downward energy flux
for typical (tail) spectrum:
   0.6x10-3 ergs cm-2 s-1

for accelerated spectrum:
   6.0x10-3 ergs cm-2 s-1

   � Still 40 times less
energetic than most
energetic spectrum

Downgoing electrons
approximately isotropic
from 100 to 1000 eV

Incident Electron Spectra



Ionization Rates for  Typical Spectrum



Ionization Rates for  Accelerated Spectrum



ne
max

(cm-3)
Altitude
of ne

max

(km)

TEC
(TECU)
[1 TECU 
= 1016 m-2]

Accelerated
spectrum
_______________

31300   156   0.19

Typical
spectrum
- - - - - - - - 

9310   166   0.075

Mars 4
profile
- - - - - - - - 

4700   110   0.043

Typical
subsolar
ionosphere*

2x105   125   0.9

      ( * from Mendilllo et al. [2004])

      Mars 4 ne
max and TEC ~ ½ our “ typical”

      Main peak �  modeled secondary peak
      Why? – Observed at similar SZA

Softer incident electron spectrum?
Related to solar wind conditions?
Location: in closed field region?





Effects of Electron Density Enhancements

• ne
max sufficient to block Mars Express MARSIS 1.8 MHZ band:

for f = 1.8 MHz, ne
crit �  4x104 cm-3

• Distortion of radar signals for surface/subsurface observations:
ne

max and TEC are 2 (typical) to 5 (accelerated) times greater than
that used in the analysis of Armand et al. [2003]

• Range errors for GPS-type positioning system at Mars
(see Mendillo et al. [2004])

� R [m] = 0.403 TEC [TECU]/f 2 [GHz]
However, this effect is small (< 1 m) for high (GHz) frequencies

• All previous and current work assumes “ horizontal uniformity”
in ionospheric density �  clearly a poor  assumption given the
patchy distr ibution of accelerated spectra



Summary

• Recently observed accelerated electron spectra [Brain et al.,
2006; Lundin et al., 2006] produce significant and localized
ionization in the nightside Martian ionosphere

• Accelerated spectra increase ne
max by 3 and increase TEC by 2.5

over that produced by typical (tail) spectra

• ne
max and TEC are 2 to 5 times greater than previous estimates

• Nightside ne
max and TEC can reach 20% of subsolar values

• Much more energetic spectra seen during SEPs – correlation?

• The effects of these ionization patches may have consequences
that have not previously been considered for current and future
scientific and exploration missions to Mars



Future Work

• Determine ne(z) produced by full range of observed spectra
(wide range of total energy flux, peak energy, & spectral shape)

• Map out regions of enhanced ionization and ionization gradients

• Further refine electron transport model:
• Include strong magnetic field gradients – are they important?
• Include other atmospheric species (Ar, NO) and chemistry:

– e.g., include CO2
+ �  O2

+ mediated by O (ne is unchanged)
– more rigorous determination of � eff(z); now � eff = constant

• Address discrepancy between model ne(z) and Mars 4 ne profile

• What is the relationship of accelerated electron spectra to SEPs?

• What is the acceleration mechanism?


