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[1] Under photochemical equilibrium condition, electron
density near peak varies as the square root of total peak
ionization rate. Thus by averaging the longitudinal variation
of latter, the mean primary and secondary peak electron
densities in upper ionosphere of Mars using measured
mass densities at LST 16 hrs are estimated to be �8.56 �
104 cm�3 and �1.81 � 104 cm�3. On comparison with
mean electron densities at LST 3–4 hrs for observational
period Dec. 24–31, 1998, at same solar zenith angle, it is
found that the estimated primary peak electron density at
LST 16 hrs is more by a factor of �1.06. With this analogy,
the estimated secondary peak electron density should be
�3.76 � 104 cm�3 instead of �1.81 � 104 cm�3. Thus, in
order to obtain the estimated secondary peak electron
density of �3.76 � 104 cm�3, soft X-ray flux should
be increased by a factor of �4.31. Citation: Seth, S. P.,

U. B. Jayanthi, and S. A. Haider (2006), Estimation of peak

electron density in upper ionosphere of Mars at high latitude

(50�–70�N) using MGS ACC data, Geophys. Res. Lett., 33,

L19204, doi:10.1029/2006GL027064.

1. Introduction

[2] Mars Global Surveyor (MGS) was launched in No-
vember 1996 and reached Mars in September 1997. The
orbit of MGS was altered using the technique of aerobrak-
ing. In this technique, the atmosphere of the planet is used
instead of fuel to obtain the desired orbit. Aerobraking on
MGS took place in two phases, 1 and 2, separated by a
hiatus containing the Science Phasing Orbits [Albee et al.,
2001]. The orbit of MGS during aerobraking was near-polar
and highly elliptical, with an inclination of about 93�.

1.1. Accelerometer Instrument

[3] The Accelerometer Experiment (ACC) onboard MGS
measured many mass density profiles in the upper atmo-
sphere of Mars during aerobraking at many latitudes, longi-
tudes, altitudes, local solar time (LST) and seasons [Withers
et al., 2003]. Aerobraking took place in two phases, 1 and 2.
Phase 1 included the orbits from # P1-P201 from mid
September 1997, to late March 1998, while Phase 2 included
the orbits from # P574-P1283 from mid September 1998, to
early February 1999. The maximum altitude at which the
accelerometer measured thermospheric density as set by the
sensitivity of the instrument was 160 km. The minimum

altitude at which it measured the thermospheric density was
that of periapsis, which is rarely outside 100–120 km. A
given altitude level was crossed twice on each aerobraking
pass, one descending towards periapsis and another ascend-
ing after the periapsis, both at different sets of latitude and
longitude. These two measurements at same altitude and
same orbit are distinguished by referring them as ‘‘inbound’’
and ‘‘outbound’’ legs of an aerobraking pass.
[4] The MGS accelerometer data have been used for

studies of global features and dynamical properties of neutral
atmosphere [Keating et al., 1998; Tolson et al., 1999;
Bougher et al., 2001, 2004; Withers, 2006; Withers et al.,
2003]. The analysis of these aerobraking data sets confirms a
strong coupling of the lower and upper atmosphere of Mars
[Bougher et al., 2006, and references therein]. Here, in this
paper, we use the accelerometer data of 57 orbits (#P0588 –
P0648) between latitude ranges (50�–70�N) from Septem-
ber 30, 1998 to October 24, 1998, under spring equinox and
medium solar activity conditions (average F10.7 � 120)
during phase 2 of the aerobraking. During these orbits, the
Martian heliocentric longitude Ls is from 34�–45�, solar
zenith angle (SZA) is from 56�–66� and local solar time
(LST) is 16 hrs.

1.2. Radio Occultation Instrument

[5] The radio occultation technique can be used to probe
the neutral and plasma structure of the Mars atmosphere.
Radio science (RS) instrument onboard MGS employs an
ultra-stable radio oscillator. The signal from the oscillator to
Earth is refracted by the Martian atmosphere, allowing the
retrieval of neutral temperature profiles (0–50 km) and
electron density profiles (�95–200 km) [Tyler et al.,
2001]. Thus radio occultation technique monitors the char-
acteristics of lower and upper atmospheres of Mars. Hinson
et al. [2001], reviews the occultation technique and
describes the RS measurements conducted in late 1998
during phase 2 of aerobraking. Until now, the MGS RS
experiment team has so far released four data sets namely
EDS1, EDS2, EDS3 and EDS4 to the scientific community
[Bougher et al., 2004]. Bougher et al. [2001] examined the
initial set of RS 32 electron density profiles of EDS1 data
set. The solar zenith angle (SZA) of the observed electron
density profiles during the EDS1 data set is from 78�–81�.
By averaging all SZA and longitude variations of EDS1
data set, the mean primary and secondary peak electron
densities are estimated as �8.1 � 104 cm�3 and �3.55 �
104 cm�3 at mean height of 134.4 km and 112 km
respectively. Table 1 summarizes the RS and ACC data sets
and gives the dates and associated parameters for our
present investigation. Recently, the radio science experi-
ment on the European Mars Express spacecraft observed a
third ionospheric layer at altitude ranges of 65 to 110 km
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with a peak magnitude of � 8 � 103 cm�3 [Patzold et al.,
2005]. The origin of this third layer has been attributed due
to the ablation of meteors and charge exchange of magne-
sium and iron.
[6] This paper has two objectives: (1) Using accelerometer

data of 57 orbits (#P0588 – P0648) between latitude ranges
(50�–70�N) under spring equinox and medium solar activity
conditions (average F10.7 � 120) during phase 2 of the
aerobraking, we calculate the longitudinal distribution of
total peak ionization (Photoionization + Photoelectron
impact ionization) rates and their peak altitude due to
absorption of solar EUV and soft X-ray (1–102.57 nm)
radiation; longitudinal distribution of electron impact ioni-
zation rates due to absorption of soft X-ray (1–9 nm)
radiation only and their peak altitude. These calculations
are carried out at different altitudes and longitudes starting
from 115 km to 220 km and from 0�E to 360�E at the intervals
of 0.1 km and 5� respectively for solar zenith angle 78� using
Analytical Yield Spectrum (AYS) Approach. (2) Under
photochemical equilibrium condition, the electron density
near the peak varies as the square root of the total peak
ionization rate. Thus, by washing out all longitudinal varia-
tions of calculated total peak ionization rates, we estimate the
magnitude of primary and secondary peak electron densities
using the measured mass densities for the observational
period September 30, 1998 to October 24, 1998, between
latitude ranges (50�–70�N) at LST 16 hrs, under spring
equinox and medium solar activity conditions. These esti-
mated mean primary and secondary peak electron densities
are then compared with the mean electron densities obtained
by washing out all longitudinal variations of the 32-electron
density profiles for the latitude (64.7�–67.3�N) at LST 3–
4 hrs in the early morning for the observational period Dec.
24–31, 1998 during solar moderate conditions. It must be
emphasized here, that both the observations and the calcu-
lations are done at same solar zenith angle.

2. Calculation and Input Parameters

[7] The mass density from accelerometer experiment,
between latitude (50�–70�N), for the orbits #P0588 to
#P0648 (57 orbits) from September 30, 1998 to October
24, 1998 during early northern spring is available only from
115 km and up to 160 km. At that time, the Northern
hemisphere of Mars had spring season (Ls = 34�– 45�) with
moderate solar activity. The neutral densities of five main
atmospheric constituents namely CO2, N2, O2, O and CO
are derived from 115 km to 160 km and from 0� E to 360� E
at the interval of 0.1 km and 5� respectively by multiplying
the mixing ratios of these gases with the mass densities. The
mixing ratios are adopted from Bougher et al. [2000] and
Fox [1997] at different altitudes for similar conditions of
MGS phase 2 aerobraking period. Since the accelerometer
experiment measured the mass density up to 160 km, and
for the correct calculations of solar photon attenuation down
to the photochemical regime we need the neutral densities

above 160 km, so above 160 km and up to 220 km the
neutral densities are taken from Bougher et al. [2000].
[8] The branching ratios, photoabsorption and photoion-

ization cross sections are taken from other references [e.g.,
Raina and Haider, 1998; Seth, 2003]. The solar flux is
taken from SOLAR 2000 model [Tobiska et al., 2000]
which is an empirical model of the full solar spectrum
drawing ground-based and satellite measurements available
for each day. The flux emitted from a region of the Sun
varies with time and position on the solar disk i.e. solar flux
varies with solar latitude and longitude as well as time. The
corrections in the solar flux are made for the varying
distances of Earth and Mars from the Sun, and for variations
in the Earth-Sun-Mars angle as the planets orbit around the
Sun. With respect to the latter, at Mars the flux from the Sun
is shifted in time from that observed at Earth by an amount
determined by the Earth-Sun-Mars angle, and the rotation
period of the Sun [Withers and Mendillo, 2005; Bruinsma et
al., 2006; Breus et al., 2004]. The Earth-Sun-Mars angle
was �115� on September 30, 1998 and it decreases mono-
tonically to �103� on October 24, 1998. These positions
correspond to timeshifts of 9 and 8 days respectively. Here
we adopt the convention that Earth-Sun-Mars angles are
negative, when the Earth is trailing Mars (i.e., prior to
opposition) and positive when Mars is trailing Earth (i.e.,
after opposition). The solar flux is scaled by 1/R2 where R is
heliocentric distance equal to 1.644 AU, appropriate for
accelerometer experiment for the above mentioned period
during MGS-Phase 2 aerobraking period.
[9] The linear interpolation method is used wherever

accelerometer data of mass density with respect to longitude
is not available at these intervals. The distribution of
photoionization rate at different altitude and longitude is
calculated at solar zenith angle 78�, same as that of the
observation of EDS1 data set, by using formula as given by
Bhardwaj [2003] and Seth et al. [2006]. The variation of
photoionization rate with altitude indicates the presence of
two peaks namely primary and secondary peak. The primary
peak is mostly due to the absorption of solar ultraviolet
radiation between 20 nm and 90 nm, while the photons with
wavelengths shorter than 20 nm are absorbed below this
primary peak. The photoelectron impact ionization rates are
calculated using two dimensional analytical yield spectrum
approach as described in our previous papers [Haider et al.,
2006; Seth et al., 2006, 2002; Haider and Bhardwaj, 2005,
and references therein]. This approach is useful in the lower
thermosphere (� 200 km) where vertical transport of
photoelectron is not allowed. To save the computational
time for the calculation of photoelectron impact ionization
rates, the energy grids of width 2 eV between 0 and 10 eV
and a width of 2.5 eV between 10–1000 eV is chosen.

3. Results and Discussion

[10] Figure 1 represents the distribution of mass density at
reference altitudes of 130, 140, 150 and 160 km versus

Table 1. Parameters of MGS RS/ACC Data Set

Type of
Data Dates Orbit Ls LST SZA (LAT)

RS 24–31 Dec, 1998 (EDS1) 917–963 (32) 74� – 77� 3–4 hrs 78�–81� (64.7�–67.3�N)
ACC 30 Sept–24 Oct, 1998 #P0588 #P0648 (57) 34� – 45� 16 hrs 56�–66� (50�–70� N)
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longitude for the outbound leg of orbits #P0588–P0648
(57 orbits) between latitude ranges (50�–70�N). These
mass densities are measured by MGS accelerometer exper-
iment from September 30, 1998 to October 24, 1998, under
spring equinox and medium solar activity conditions
(average F10.7 � 120) during phase 2 of the aerobraking.
Initially Keating et al. [1998] suggested that this zonal
variation is due to topographically forced stationary waves.
But later it has been shown that this is due to the presence of
thermal tides [Keating et al., 2001; Forbes and Hagan,
2000; Joshi et al., 2000; Wilson, 2002]. Thermal tides are
planetary-scale waves with periods that are harmonics of the
solar day. These include westward propagating, migrating
(sun-synchronous) waves forced in response to solar heating,
and additional nonmigrating waves resulting from the zonal
variations in the thermotidal forcing. Thus, the mass density
measurements indicate the presence of planetary-scale wave
structure and tidal waves in the upper atmosphere of Mars
[Hinson et al., 2001; Wilson, 2002]. These types of waves
arise in response to surface forcing [e.g., Hollingsworth and
Barnes, 1996; Barnes et al., 1996; Nayvelt et al., 1997;
Wilson and Richardson, 2000].
[11] Measurement uncertainties are also shown in Figure 1,

which are much smaller than the range in multiple measure-
ments at any longitude. We use a least square fit up to
wave-3 (wave 1, 2, plus 3) harmonic model to characterize

the zonal structure as shown in Figure 1 [Withers et al.,
2003; Krymskii et al., 2003; Bougher et al., 2001]. This
model contains a constant density term, an amplitude and
phase for a sinusoid with one cycle per 360� of longitude,
which is labeled as wave-1 harmonic, and higher harmonics
up to and including wave-3. It has seven free parameters. In
Figure 1, the solid and dotted lines are plotted for model fit
values and 0.95 confidence limit respectively. The zonal
structure with large peaks in density at �100� �140� E,
�220� �260� E and �340� �20� E can be seen. Also it can
be seen from Figure 1 that the zonal structure which is
present between 130 and 160 km, decays with increasing
altitude.
[12] Haider et al. [2002] studied the possible sources of

primary and secondary ionization in the dayside ionosphere
of Mars. They concluded that in the dayside ionosphere of
Mars, the primary peak is produced by photoionization and
photoelectron impact ionization processes due to the
absorption of solar EUV and soft X-ray radiation (1–
102.57 nm) while the secondary peak is controlled by the
electron impact ionization of soft X-ray radiation (1–9 nm).
Thus the longitudinal distribution of total peak ionization

Figure 1. MGS accelerometer data of mass density for
latitude range 50�–70�N from altitudes 130 km and160 km.
Solid line indicates the best fit to data and dotted line
represent 0.95 prediction confidence limits.

Figure 2. The longitudinal variation of total peak ioniza-
tion (Photoionization + Photoelectron impact ionization)
rates of CO2

+ due to absorption of solar EUVand soft X-ray
(1–102.57 nm) radiation and their peak altitude for latitude
range 50�–70�N; the longitudinal variation of electron
impact ionization rates of CO2

+ due to absorption of soft
X-ray (1–9 nm) radiation only and their peak altitude for
latitude range 50�–70�N are shown. Solid line indicates
the best fit to data and dotted line represent 0.95 prediction
confidence limits.
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(Photoionization + Photoelectron impact ionization) rates
of CO2

+ due to absorption of solar EUV and soft X-ray
(1–102.57 nm) radiation and their peak altitude; the longi-
tudinal distribution of electron impact ionization rates of
CO2

+ due to absorption of soft X-ray (1–9 nm) radiation
only and their peak altitude are shown in Figure 2. These
calculations are carried out at different altitudes and longi-
tudes starting from 115 km to 220 km and from 0�E to
360�E at the intervals of 0.1 km and 5� respectively for
solar zenith angle 78� using Analytical Yield Spectrum
(AYS) Approach [Seth, 2003]. The total ionization rates
of other gases like N2

+, O2
+, O+ and CO+ are also calculated,

but they are not shown in the Figure 2. As it is seen from
Figure 2 that total peak ionization (Photoionization +
Photoelectron impact ionization) rates and the peak altitudes
of CO2

+ due to absorption of solar EUV and soft X-ray
(1–102.57 nm) radiation are fitted with a harmonic up to
wave-4 and wave-3 harmonic model which has 9 and 7 free
parameters respectively. Similarly the peak electron impact
ionization rates due to absorption of soft X-ray (1–9 nm)
radiation only and their corresponding peak altitudes are
fitted with a harmonic up to wave-3 harmonic model which
has 7 free parameters shown in Figure 2. The solid and
dotted lines are plotted for model fit values and 0.95
confidence limit respectively.
[13] The zonal structure of peak altitude of total peak

ionization (Photoionization + Photoelectron impact ioniza-
tion) rates of CO2

+ due to absorption of solar EUV and soft
X-ray (1–102.57 nm) radiation shows maxima at 100�–
145�E, 220�–280�E and 340�–30�E about a statistical
mean of 142.2 km. Similarly, the zonal structure of peak
altitude of peak electron impact ionization rates due to
absorption of soft X-ray (1–9 nm) radiation only shows
maxima at �119.8 km (�22.4 km lower) and these maxima
are shifted westward by �55�. The calculated longitude
variations in peak altitude of total peak ionization rates
correspond to the measured mass density variations, while
the peak altitude of the peak photoelectron impact ioniza-
tion rate is out of phase with the mass density variations.
[14] Under the photochemical equilibrium condition the

electron density near the peak varies as the square root of
their total peak ionization rate. The mean peak electron
density in the high latitude ionosphere can be estimated as
ne(hm) � sqrt{q(hm)/a}, where q(hm) is the total peak
ionization rate of CO2

+ taken from Figure 2 at mean peak
altitude hm and a = 1.9 � 10�7(300/Te)

0.7 cm3s�1 [Schunk
and Nagy, 2000]. The value of Te is taken as 261�K from
Bougher et al. [2000] at northern summer solstice
(NSLMED) at northern mid latitude region. Thus, by
washing out all longitudinal variations of calculated total
peak ionization rates, the primary and secondary peak
electron densities are estimated to be �8.56 � 104 cm�3

and �1.81 � 104 cm�3 using the measured mass densities at
LST 16 hrs. These estimated peak electron densities are then
compared with mean primary and secondary electron den-
sities of �8.1 � 104 cm�3 and �3.55 � 104 cm�3 obtained
by washing out all longitudinal variations of RS EDS1 data
set at LST 3–4 hrs. The estimated primary peak electron
density at LST 16 hrs is more by a factor of �1.06 than the
observed primary peak electron density at LST 3–4 hrs.
With this analogy, the estimated secondary peak electron
density at LST 16 hrs should be �3.76 � 104 cm�3 instead

of � 1.81 � 104 cm�3. Thus, in order to obtain the
estimated secondary peak electron density of �3.76 �
104 cm�3 at LST 16 hrs, under spring equinox and medium
solar activity conditions (average F10.7 � 120) the soft
X-ray flux should be increased by a factor of � 4.31. This
is in good agreement with the model calculation of Fox
[2004], who found that for low and high solar activity, the
lower peak increases by a factor of �3.0 and � 6.0 from the
standard to enhanced X-ray models.

4. Conclusions

[15] Using the density profiles of the Mars upper atmo-
sphere, measured with the accelerometer of MGS, as shown
in Table 1, the longitudinal distribution of total peak
ionization (Photoionization + Photoelectron impact ioniza-
tion) rates, due to absorption of solar EUV and soft X-ray
(1–102.57 nm) radiation; electron impact ionization rates
due to absorption of soft X-ray (1–9 nm) radiation only and
their corresponding peak altitudes are obtained at high
latitude range (50�–70�N). By washing out all longitudinal
variations of calculated total peak ionization rates, the
magnitudes of primary and secondary peak electron densi-
ties are estimated at same SZA, using the measured mass
densities for the latitude (50�–70�N) at LST 16 hrs. These
estimated mean primary and secondary peak electron den-
sities are then compared with the mean electron densities
obtained from the 32-electron density profiles for the
latitude (64.7�–67.3�N) at LST 3–4 hrs in the early
morning for the observational period Dec. 24–31, 1998
during solar moderate conditions. The estimated primary
peak electron density at LST 16 hrs is more by a factor of
�1.06 than the estimated primary peak electron density at
LST 3–4 hrs. With this analogy, the estimated secondary
peak electron density at LST 16 hrs should be �3.76 x
104 cm�3 instead of �1.81 � 104 cm�3. Thus, in order to
obtain the estimated secondary peak electron density of
�3.76 � 104 cm�3 at LST 16 hrs, under spring equinox and
medium solar activity conditions the soft X-ray flux should
be increased by a factor of � 4.31 which is in good
agreement with the model calculation of Fox [2004], who
found that for low and high solar activity, the lower peak
increases by a factor of �3.0 and � 6.0 from the standard to
enhanced X-ray models. This method of obtaining peak
electron densities from the measured mass densities is going
to be helpful for those future Mars Planetary missions
having no radio science experiment.
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