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[1] In addition to remote radio sounding of the ionosphere of Mars, the MARSIS (Mars
Advanced Radar for Subsurface and Ionospheric Sounding) instrument on the Mars
Express spacecraft is also able to measure the in situ electron density from the excitation
of local electron plasma oscillations. This paper presents an investigation of the electron
density in the upper ionosphere of Mars based on the frequency of these oscillations.
The advantage of this method is that electron densities can be measured at much higher
altitudes than can be determined from remote radio soundings. Using this technique
electron densities from 503 orbits have been analyzed over the period from 4 August 2005
to 31 July 2007 for altitudes ranging from about 275 to 1300 km. Although there is
considerable variability from orbit to orbit, the median electron density at a given solar
zenith angle (SZA) on the dayside of Mars decreases systematically with increasing
altitude with a characteristic plasma scale height varying from about 80 to 145 km.
At a fixed altitude, the electron density remains almost constant for SZAs less than about
80�. For SZAs greater than about 80� the electron density decreases rapidly with
increasing SZA, approaching very low values on the nightside. Simulations performed
using both magnetohydrodynamic and hybrid codes show that the nearly constant density
at a given altitude is caused by the horizontal transport of plasma from the dayside
toward the nightside due to interaction with the solar wind.
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1. Introduction

[2] The Mars Express spacecraft, which was placed in a
highly eccentric orbit around Mars on 25 December 2003
[Chicarro et al., 2004], carries a low-frequency radar called
MARSIS (Mars Advanced Radar for Subsurface and Iono-
spheric Sounding) that is designed to perform radar sound-
ings of the subsurface and the ionosphere of Mars [Picardi
et al., 2004]. Prior to Mars Express, most of the information
about the ionosphere of Mars was obtained from radio
occultation measurements [Kliore et al.,1965; Fjeldbo et
al., 1966; Zhang et al., 1990; Luhmann and Brace, 1991;
Kliore, 1992; Hinson et al., 2001; Patzold et al., 2005]. The
radio occultation technique is based on measurements of the
phase shift of a radio signal from a spacecraft as it is
occulted by the ionosphere of a planet [Schunk and Nagy,
2000]. The resulting variations in the phase shift can be
analyzed to give the vertical distribution of the electron
density in the ionosphere. Mariner 4 provided the first radio
occultation measurements of the ionosphere at Mars [Kliore

et al., 1965]. The first direct measurements of the ions in the
ionosphere of Mars were obtained by the Retarding Poten-
tial Analyzers on Viking 1 and 2 [Hanson et al., 1977].
More recently, MARSIS provided the first measurements of
the electron density in the Martian ionosphere using the
radar sounding technique [Gurnett et al., 2005].
[3] Radar soundings are performed by transmitting a

short pulse of radio waves at a fixed frequency, f, and then
measuring the time delay, Dt, of the echo reflected from the
top side of the ionosphere [Gurnett et al., 2005]. For vertical
incidence on a horizontally stratified ionosphere, reflection
occurs at the height in the ionosphere where the wave
frequency is equal to the electron plasma frequency, which
is given by

fp ¼ 8980
ffiffiffiffiffi
ne

p
; ð1Þ

where fp is the plasma frequency in Hz and ne is the electron
density in cm�3. In order to obtain a vertical profile of the
electron density, the transmission frequency is stepped
through a series of contiguous frequencies in order to give
the time delay, hence range, to the reflection point as a
function of frequency. Well known mathematical techniques
can be used to correct the range for the dispersion caused by
the plasma [Budden, 1961]. Using these techniques the time
delays as a function of frequency can be converted into
electron density as a function of height. One of the
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advantages of the radar sounding method compared to the
radio occultation method is that it provides coverage of
solar zenith angles (SZA) that cannot be obtained from
radio occultations. It also provides much higher horizontal
spatial resolution, thereby allowing the study of small scale
structures in the ionosphere [Gurnett et al., 2005, 2008;
Duru et al., 2006].
[4] In addition to remote radio sounding, electron densi-

ties can also be obtained from MARSIS by measuring the
frequency of local electron plasma oscillations excited by
the radar transmitter. As the transmitter steps in frequency,
strong local electrostatic plasma oscillations, also called
Langmuir waves [Gurnett and Bhattacharjee, 2005], are
excited as the transmitter frequency passes through the local
electron plasma frequency, i.e., when f = fp. From the
frequency of the oscillation the local electron density can
then be calculated using equation (1). The purpose of this
paper is to present a study of the electron density in the
Martian ionosphere based on the excitation of electron
plasma oscillations. As we will show, this technique can
provide measurements at much higher altitudes than is
possible from radio occultation measurements or the MAR-
SIS remote radar soundings.
[5] The MARSIS instrument consists of a 40 m tip-to-tip

electric dipole antenna, a 7 m monopole antenna, a radio
transmitter, a receiver, and a digital signal processing
system. For the normal ionospheric sounding mode used
by MARSIS the transmitter steps through 160 quasi-
logarithmically spaced frequencies (Df/f � 2 %) from
100 kHz to 5.5 MHz. At each step a 91 ms quasi-sinusoidal
pulse is transmitted at a fixed frequency and the intensity of
the resulting echoes are recorded by a digital receiver in 80
equally spaced time delay bins over an interval of 7.31 ms.
The receiver has a bandwidth of 10.9 kHz centered on the
frequency of the transmitted pulse. A complete scan through
all 160 frequencies takes 1.26 s, and the basic sweep cycle
is repeated once every 7.54 s. For a complete description of
the MARSIS instrument see Picardi et al. [2004].
[6] Initially, the Mars Express orbit had a periapsis

altitude of 275 km, an apoapsis altitude of about 11,000 km
and a period of about 6.75 h [Chicarro et al., 2004].
Because of gravitational and other perturbations these
orbital parameters have changed somewhat during the
course of the mission. Because the orbit is highly eccentric
and the radar range is limited to not much more than a
thousand kilometers, radar measurements can only be
obtained in the region around periapsis. A typical iono-
spheric sounding pass starts at an inbound altitude of about
1300 km, extends through periapsis at an altitude of about
275 km, and ends at an outbound altitude of about 1300 km.
The data analyzed in this paper cover the period from 4
August 2005, to 31 July 2007. During this period data from
503 full or nearly full periapsis passes were investigated.
Although most of the ionospheric sounding passes are
centered on periapsis and last around 40 min, some are
restricted by subsurface sounding requirements to short 5 to
10 min inbound or outbound segments at very high alti-
tudes, mostly on the nightside. Figure 1 shows the altitude
and solar zenith angle coverage of all the data analyzed. It
should be noted that there are some regions that are sparsely
covered, and other regions with overlapping data from
markedly different time intervals, in some cases more than

a year apart. Because of the limited duration of the data, it
was not possible to cover a full solar cycle in this study. The
data were obtained in a time period with moderate to low
solar activity. As more data are obtained in the extended
mission, it may be possible to study solar cycle effects.

2. Identification of the Local Electron Plasma
Frequency

[7] As discussed earlier, in the ionospheric sounding
mode, the sounder transmitter excites electrostatic oscilla-
tions in the surrounding plasma as the sounding frequency
is stepped through the local electron plasma frequency.
Since the electron plasma oscillations are usually very
intense, with antenna voltages much greater than the pre-
amplifier power supply voltage, the received waveforms are
often severely clipped. The resulting distortion then intro-
duces harmonics at multiples of the basic oscillation fre-
quency. To analyze the received signals the data are usually
displayed in the form of an ionogram, which is a three-
dimensional color-coded plot of the received intensity as a
function of frequency, f, on the horizontal axis, and delay
time, Dt, on the vertical axis. An example of a MARSIS
ionogram is shown in Figure 2. The first vertical line at the
very left of the ionogram is caused by the excitation of
electron plasma oscillations and is at the local electron
plasma frequency, fp. The other equally spaced vertical
lines at higher frequencies are the harmonics generated by
distortion in the preamplifier. If the plasma frequency is
below the lower limit of the frequency of the receiver, i.e.,
less than 100 kHz, which often happens at high altitudes,
the fundamental of the electron plasma frequency cannot be
observed. However, the electron densities can still be
determined by measuring the spacing of the harmonics
[Gurnett et al., 2005, 2008]. This unanticipated conse-
quence of the preamplifier distortion allows measurements
of electron densities as low as 20 cm�3 at very high
altitudes, well below the densities that can be obtained from
the remote radar soundings. To determine the electron
plasma frequency from an ionogram, an electronic ruler
with an adjustable frequency spacing is used. To measure
the plasma frequency the evenly spaced tick marks on the
ruler are brought to the centers of the corresponding
harmonic lines in the ionogram. The short vertical black
lines at the top the ionogram in Figure 2 are the tick marks
after they have been adjusted to coincide with the harmonic
lines. Our experience is that the electron plasma frequency
can be measured with an accuracy of about ±1%, which
corresponds to an accuracy for measuring the electron
density of about ±2%.
[8] When calculating the plasma frequency we assume

that the oscillation frequency is at exactly the electron
plasma frequency, thereby ignoring thermal effects, as in
cold plasma theory. The possible importance of thermal
effects can be analyzed by using the Bohm-Gross dispersion
relation, which gives the oscillation frequency including
thermal corrections [Gurnett and Bhattacharjee, 2005]. The
Bohm-Gross dispersion relation is given by

w2 ¼ w2
pe 1þ 3l2

Dek
2

� �
; ð2Þ
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where lDe is the Debye length, k = 2p/l is the wave
number, and l is the wavelength. The thermal correction is
given by the second term on the right-hand side of the above
equation. To see that this term is generally small we must

compare the wavelength of the plasma oscillations to the
Debye length. For a dipole antenna, like the one used on
MARSIS, the dominant wavelength excited, l, is approxi-
mately the tip-to-tip length of the antenna, which is L = 40 m.

Figure 1. Coverage of MARSIS data as a function of altitude and solar zenith angle. Sampling density
is quite uneven. In some regions different passes overlap, whereas, in some other regions there are no data
at all. The inhomogeneities are believed to add to the irregularities in the results.

Figure 2. An example of an ionogram, which is a three-dimensional plot of received intensity as a
function of time delay and frequency. The first vertical line around 0.1 MHz is the local electron plasma
frequency, fp, and the other equally spaced vertical lines are the harmonics of the local electron plasma
frequency. The short black lines superimposed on the green vertical lines are the tick marks of the
electronic ruler. The spacing between these tick marks can be adjusted to match the spacing between the
harmonics, which in turn gives the local electron plasma frequency.
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The Debye length is given by lDe = 6.9 (Te/ne)
1/2 cm, where

Te is the temperature in degrees Kelvin and ne is the electron
number density in cm�3 [Gurnett and Bhattacharjee, 2005].
To estimate the largest Debye length that is likely to be
encountered in the Martian ionosphere, Te is taken to be
5000 K, which is an upper limit on electron temperature in
the Martian ionosphere [Nagy et al., 2004], and ne is taken
to be 10 cm�3, a lower limit on the electron density that can
be measured by our technique. For these parameters, the
maximum Debye length is lDe = 1.5 m. The thermal
correction in equation (2) is then 3(l2De k

2) = 0.176, which
corresponds to a frequency shift of about 8.4%. This
frequency shift is less than the frequency resolution of the
receiver at low frequencies, which is Df/f � 10% for a
density of 10 cm�3. At higher densities and lower
temperatures, where the Debye length is even smaller, the
thermal correction is completely negligible.
[9] From inspection of the MARSIS ionograms, we have

found that in some regions, especially at high altitudes,
plasma oscillations (or their harmonics) often cannot be
detected. The transition into and out of such regions is often
very abrupt. There are three reasons why plasma oscillations
might not be detected. The first is that the electron density is
so low that the fundamental oscillation frequency and the
resulting harmonics are below the 100 kHz low frequency
limit of the receiver. Since harmonic numbers greater than
about 10 are typically very weak, this limitation places a
lower limit of about 10 kHz on the electron plasma frequency
that can produce detectable harmonics. From equation (1)
this limit is seen to correspond to an electron density of only
about 1 cm�3. However, for such low densities the harmonic
spacing is less than the frequency resolution of the instru-
ment, 10.9 kHz, so that even if the harmonics are present,
they cannot be resolved. Our experience in analyzing the
MARSIS ionograms is that the harmonic spacing must be at
least 30 kHz before the harmonics can be reliably identified.
This spacing corresponds to a minimum detectable electron
density of about 10 cm�3.
[10] The second reason that plasma oscillations (or their

harmonics) might not be detected is that the spacecraft is in
a region with a very large plasma flow velocity. If the
plasma flow velocity is very large, the highly localized
wave packet excited by the sounder is swept away from
the spacecraft before the receiver can respond. To produce
a response in the receiver the wave packet must remain in
the vicinity of the spacecraft for a minimum of about
Dt(min) = 0.25 ms, which is the minimum time delay that
can be resolved (see the time delay scale on the ionogram in
Figure 2). Since the scale size of the wave packet excited by
the sounder is approximately L = 40 m, as a rough estimate
we can say that plasma oscillations (or their harmonics)
cannot be detected if the plasma flow velocity is greater
than about L/Dt(min) = 160 km/s. Since the solar wind
velocity is typically about 400 km/s it follows that plasma
oscillations are not expected to be detected in the solar
wind, or in any region where flow velocities exceed
approximately 160 km/s.
[11] The third reason that plasma oscillations might not

be detected is that the spacecraft is in a region of plasma
temperature so high that the plasma oscillations are extin-
guished by strong Landau damping. Strong Landau
damping occurs when the Debye length is comparable to

or greater than the wavelength of the plasma oscillations,
i.e., when klDe > 1 [see Gurnett and Bhattacharjee, 2005].
Using l = 40 m as the characteristic wavelength of the
plasma oscillations leads to the following constraint on the
electron temperature, Te < 8,521 ne, where Te is in degrees
Kelvin and ne is in cm�3. Since the strongest Landau
damping is expected to occur at low electron densities
(where lDe is large), to estimate the lowest temperature
at which Landau damping might be important we use
ne = 10 cm�3, which is the lowest electron density for
which we can expect to detect plasma oscillations. The
corresponding temperature is approximately 80,000�K.
This temperature is much greater than the temperatures
expected in the Martian ionosphere, so Landau damping is
not expected to be an important factor in the ionosphere.
However, in the solar wind the electron temperature is
typically about 100, 000�K at the orbit of Mars, so Landau
damping is a strong factor in the solar wind, and evenmore so
in the shocked solar wind downstream of the bow shock,
where the temperature is even higher. From the above
analyses it is apparent that plasma oscillations are not
expected to be observed in the solar wind, or in any region
where (1) the electron density is less than about 10 cm�3, (2)
the flow velocity is greater than about 160 km/s, or (3) the
temperature is greater than about 8,521 ne degrees K. On the
basis of this analysis, we believe that the abrupt disappear-
ance of plasma oscillations (or their harmonics) that is often
observed at high altitudes is due to the entry of the spacecraft
into the hot, tenuous, rapidly flowing solar wind plasma
downstream of the bow shock.

3. Investigation of Individual Orbits

[12] Before proceeding with a detailed statistical anal-
ysis of the data, it is useful to examine the electron
density variations observed during some representative
passes. A spectrogram of the electric field spectral density
(in V2 m2 Hz�1) of the received radar echoes as a function of
frequency and universal time (UT) is shown in Figure 3 for a
36-min periapsis pass on the dayside of Mars. During this
pass the ionospheric sounding data starts at an inbound
altitude of 1170 km and a SZA of 84.57�, extends down to
a periapsis altitude of 277 km at a SZA of 22�, and ends at an
outbound altitude of 1142 km and a SZA of 39.43�. The dark
yellow-orange line labeled fp, in the middle of the spectro-
gram, is due to the excitation of electron plasma oscillations
at the local electron plasma frequency. The second, less
bright, yellow-orange line labeled 2fp is at the first harmonic
of the local electron plasma frequency. The higher harmonics
are not well resolved on this spectrogram type of display
which averages the intensities over the entire 0–7.31 ms
range of the received time delays. The plasma frequency and
the corresponding electron density both reach their largest
values in the middle of the spectrogram, near periapsis.
[13] In order to analyze variations in the electron density

during a pass such as in Figure 3, we scaled the electron
plasma frequency from the harmonics in each ionogram
using the electronic ruler (as in Figure 2), and then used
equation (1) to compute the electron density. The electron
densities are then plotted as a function of time as shown in
Figure 4, which is for the same pass as in Figure 3. The
vertical axis gives the electron density on a logarithmic
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scale and the horizontal axis shows the time in UT and the
corresponding altitude, longitude, latitude, and SZA of the
spacecraft. Prior to 17:48:46 UT no plasma oscillations (or
their harmonics) were detected, suggesting that the space-
craft was in the hot, tenuous shocked solar wind plasma.
Starting at 17:48:46 UT plasma oscillations harmonics
abruptly appeared with a harmonic frequency spacing
corresponding to a density of about 20 cm�3. The plasma
oscillation frequencies then rapidly increased and the
corresponding electron densities increased to more than
1000 cm�3 in a period of less than one minute. After this
initial rapid increase the electron density continued to
gradually increase with some relatively small fluctuations
as the spacecraft descended in altitude, reaching a maximum
of around 8000 cm�3 at periapsis, at about 17:58 UT. As the
spacecraft altitude increased after periapsis, the electron
density slowly decreased to about 1000 cm�3. At
18:06:30 UT the electron density abruptly decreased to
about 20 cm�3 in just one 7.54 s frequency sweep cycle.
After this time no plasma oscillations were observed for the
rest of the pass, suggesting that the spacecraft was again in
the shocked solar wind plasma. The abrupt changes in the
electron density at 17:48:46 UT and 18:06:30 UT and the
transitions to ionosphere-like densities between these times
are consistent with crossings of the ionopause (i.e., the

boundary between the ionospheric and shocked solar wind
plasmas [Schunk and Nagy, 2000]). Although the ionopause
crossings are clearly defined in this pass, in many cases,
such as the next example to be discussed, the ionopause
cannot be easily identified.
[14] Although there are some passes where the electron

density variations are relatively smooth, as in Figure 4, in
most cases the electron density has very large fluctuations
on timescales ranging from a few seconds to many minutes.
The pass shown in Figure 5 is an example that has such
large density fluctuations. In this case electron plasma
oscillations were detected over the entire pass, starting with
a density of about 30–50 cm�3 at high altitudes, increasing
to approximately 9000 cm�3 near periapsis, and then
decreasing to about 20 cm�3 at high altitudes near the end
of the pass. Although there is a change in the slope at about
18:09 UT, there is no clearly defined density discontinuity
that can be clearly identified as an inbound or outbound
crossing of the ionopause. The most remarkable feature of
this pass, and many others, is the very large density
fluctuations that are present during most of the pass. These
fluctuations occur on timescales ranging from the smallest
timescale that can be measured (7.54 s) to several minutes,
and often have fractional density changes, Dne/ne, exceed-
ing a factor of one, sometimes as large as a factor of ten.

Figure 3. A display of the radar echo intensity, versus frequency and universal time (UT)
(a spectrogram) for a 36 min periapsis pass through the dayside ionosphere. The x axis is also labeled
with the altitude, longitude, latitude, and solar zenith angle. The dark yellow-orange line observed at
lower frequencies is of the local electron plasma frequency. The second, less bright, yellow-orange line at
higher frequencies is the first harmonic of the local electron plasma frequency. The plasma frequency as a
function of time is smooth compared to most passes in our data set.
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Almost 90% of all the passes studied are of this nature,
which means that most of the time the spacecraft is going
through regions with highly fluctuating plasma densities.
Usually on such passes it is not possible to clearly identify
inbound and outbound crossings of the ionopause of the
type that are clearly evident in Figure 4.
[15] To investigate whether these large electron density

fluctuations have any relationship to the local magnetic
field, we have compared these electron density measure-
ments with magnetic field magnitude measurements
obtained from electron cyclotron echoes using the technique
described by Gurnett et al. [2005, 2008]. No obvious
correlation has been identified. In particular, we note that
there are regions with highly fluctuating densities for which
the magnetic field magnitude variations are smooth, or vice
versa. Our preliminary conclusion is that the large highly
irregular fluctuations in the electron density are most likely
due to an electrostatic shear-driven instability that develops
at the boundary between the ionosphere and the rapidly
flowing solar wind plasma. The nature and origin of these
fluctuations will be discussed in a future paper.

4. Median Electron Density Versus Altitude

[16] In order to study the variation in the electron density
as a function of altitude and solar zenith angle, plots of the

electron density as a function of altitude have been con-
structed for various SZA ranges. Figure 6 shows a series of
such plots for different SZA ranges. These plots show the
median electron density, and the lower and upper quartiles
(i.e., the 25th and 75th percentile) as a function of altitude.
These plots are based only on the ionograms for which the
electron density is measurable, i.e., no attempt has been
made to correct for the bias introduced by the sparsity of
measurable plasma oscillations at high altitudes. Inspection
of Figure 6 shows that on the dayside, the logarithm of the
electron density decreases with increasing altitude with an
almost constant slope, indicating an exponential depen-
dence up to around 750 km. Above this altitude, the slope
becomes much steeper. On the nightside, the electron
density values are much lower, even at low altitudes, and
the change in the slope at around 750 km is much less
obvious. All SZA ranges show substantial fluctuations in
the median electron density, with variations sometimes as
large as a factor of ten between the 25% and the 75%
contours. The variability appears to decrease with increas-
ing SZA, particularly in the altitude range around 400 to
600 km. At low altitude, below about 500 km, the fractional
fluctuation, Dne/ne, decreases systematically with decreas-
ing altitude, down to only about ±20% at 300 km.
[17] To determine how large a bias is introduced in

Figure 6 by the nondetection of plasma oscillations at high

Figure 4. A plot of electron density versus UT for the pass shown in Figure 3. The measurements were
made by the method explained in Figure 2. No plasma oscillations are observed from the beginning of the
pass at 17:40:51 UT until 17:48:46 UT. The electron density increases as the spacecraft is descending and
decreases as it is ascending in a fairly smooth manner. After 18:06:30 UT, the harmonics again are not
observed. We infer the position of the ionopause at the start and stop times of the measured plasma
frequencies.
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altitudes, we have investigated the occurrence rate of
measurable plasma oscillations as a function of altitude
and SZA. The results of this study are given in Figure 7,
which shows sampled percentage of the ionograms that
show plasma oscillations as a function of altitude and SZA.
Five different SZA ranges are shown, corresponding to the
ranges shown in Figure 6. It is clear from these plots that the
percentage of sampled ionograms with measurable electron
densities decreases rapidly with increasing altitude. On the
dayside, the fraction of the total data with measurable
densities is almost 100% up to 450 km. This fraction then
decreases dramatically with increasing altitude, dropping to
less than 10% in the 0�–30� SZA range at 1300 km, to
35% in the 30�–60� SZA range, and to about 45%, in the
60�–90� SZA range. On the nightside, the percentage with
measurable densities at high altitude is much higher, 60% or
more at 1300 km. We believe this trend is due to the fact that
the shocked solar wind plasma penetrates to much lower
altitudes on the dayside compared to the nightside, where the
solar wind plasma is not expected to be encountered at all,
even at very high altitudes. The approximate boundary
between these two regions is indicated by the dashed line
in Figure 7, which goes through the 50% points for each
SZA range.
[18] It is clear from the above analysis that to obtain

unbiased electron density profiles as a function of altitude,
the ionograms with no measurable plasma frequency must
somehow be included in the statistics. To achieve this, we
have recomputed the quartiles including all ionograms, even

those for which no plasma oscillations (or their harmonics)
could be detected. Since a density must be assigned to
ionograms for which no plasma oscillations could be
detected, we have assumed in these cases that the electron
density is less than 10 cm�3. This assumption is justified on
the ground that if no plasma oscillations are detected then
the spacecraft must be in the hot rapidly flowing shocked
solar wind plasma (i.e., with a density less than 10 cm�3, a
velocity greater than 160 km/s, or a temperature greater than
8,521 ne degrees K). As a check on the validity of this
assumption we note that since the average electron density
of the solar wind near Earth is 8.7 cm�3, and that since
the density decreases approximately as 1/R2, where R is the
distance from the Sun [Schunk and Nagy, 2000], then the
average solar wind density near Mars should be only about
3.8 cm�3. For such a low solar wind density the plasma
oscillation frequency would be too low to detect, even for
the shocked solar wind plasma downstream of the bow
shock. For unusually high solar wind densities, when the
electron density is greater than 10 cm�3, the high velocity
and high temperature of the shocked solar wind plasma
should still strongly inhibit the occurrence of electron
plasma oscillations, still supporting our assumption.
[19] The results of our revised statistical analysis are

shown in Figure 8, which is similar to Figure 6, except that
the horizontal axis, now labeled ‘‘electron density corrected
for sampling bias’’, includes ionograms for which no
plasma oscillations could be detected. Unmeasured plasma
densities are assumed to be less than 10 cm�3. As can be

Figure 5. Another plot of electron density versus UT. In this case, as in the majority of passes, the
electron density shows a highly fluctuating profile. Small timescale changes in the electron density are
observed. Many times, the density changes are more than 100% between two consecutive samples,
7.54 s apart.
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seen the statistics are altered considerably, particularly at
high altitude. On the dayside, especially for SZA less than
60�, the median and upper/lower quartile lines terminate at
much lower altitudes than in Figure 6. This difference can

be easily accounted for by comparing with the percentage of
ionograms for which electron plasma oscillations could be
detected, as given in Figure 7. Since the percentage of the
ionograms with measurable densities is very low at high

Figure 6. A panel of the measurable electron density profile as a function of the altitude for five
different SZA ranges. The y axis represents the altitude and the x axis represents the electron density.
Separators are put between different SZA ranges. The black, blue, and red lines are the median, the lower
quartile (25th percentile) and the upper quartile (75th percentile), respectively. Samples in which there are
no measurable plasma oscillations are excluded from the statistics on which these plots are based. This
selection creates a sampling bias. On the dayside, there is an exponential relationship between the average
electron density and the altitude up to 750 km. On the nightside, the high altitude densities are about the
same as these on the dayside, but the low altitude densities are much less than those on the dayside.

Figure 7. Percentage of the ionograms that display harmonics as a function of altitude, for five different
SZA ranges. The measurable sampling percentage increases with increasing SZA and with decreasing
altitude. The difference between measurable sampling percentage at high and low altitudes becomes less
pronounced as solar zenith angle increases. We believe this can be explained with the fact that the
shocked solar wind plasma penetrates to much lower altitudes on the dayside compared to the nightside.
The approximate boundary between the shocked solar wind and the ionosphere is indicated by the dashed
line, which goes through the 50% points for each SZA range.
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altitudes on the dayside, it is impossible to compute
meaningful quartiles at these high altitudes. For instance,
in the 0�–30� SZA range above 1000 km, only 20% of the
data have density measurements, implying that percentiles
above 20% are not meaningful. However, on the nightside,
since the percentage of ionograms with measurable densities
remains reasonably high even at high altitudes, the quartiles
extend up to the highest altitude (1300 km) for which data
were obtained. Note also, that the change in the slope at
about 750 km evident on the dayside in Figure 6, is now
nearly eliminated. Clearly this change in slope was mainly
due to the bias imposed by the low occurrence rate of
measurable plasma oscillations at high altitudes. It is now
apparent that there is an approximate exponential relation-
ship between the total electron density and altitude for all
SZA. The e-folding height for this exponential dependence
varies considerably, from about 80 to 145 km on the dayside
to more than 1000 km on the nightside. If this e-folding
height is assumed to be the plasma scale height, Hp = 2 kT/
mg, the corresponding temperature on the dayside is be-
tween 285 and 520 K, assuming that the ions at these high
altitudes are mainly O+ and that the variations of gravity
with altitude are ignored [Schunk and Nagy, 2000].

5. Median Electron Density Versus Solar Zenith
Angle

[20] To gain a further understanding of the spatial distri-
bution of the electron density at high altitudes, we have

investigated the electron density as a function of the solar
zenith angle in a series of fixed altitude ranges. For
example, Figure 9 shows the median value of the measured
electron density as a function of SZA for the altitude range
from 300 to 350 km. The error bars indicate the 25% and
75% quartiles for each point. Similar plots have been
investigated for 50 km intervals from 250 km to 1300 km.
Figure 9 shows that on the dayside the median electron
density at 300 to 350 km remains almost constant at about
of 2500 cm�3 for SZAs up to about 80�. Beyond about 80�,
near the terminator, the density decreases very rapidly going
into the nightside. For example, at SZA = 110� the density
in this altitude range has decreased from 2500 cm�3 to
about 200 cm�3. The nearly constant electron density on the
dayside and the abrupt decrease starting around the termi-
nator occur at all altitudes up to 550 km. Figure 10 shows
results for altitudes from 900 to 950 km, where the electron
density is much lower, on the order of a few hundred cm�3,
and the decrease in density near the terminator is not as
evident. At high altitudes, the difference between dayside
and nightside density vanishes. Inspection of Figure 8 also
shows that at low altitudes, around 300 km, the fractional
fluctuations tend to be much smaller than at high altitudes.
[21] The vertical error bars in Figures 9 and 10, which

indicate the 25% and 75% quartiles for measured values of
the electron density, show that the electron densities fluc-
tuate a great deal, not only within a given pass, but also
from pass to pass. There can sometimes be a two order of
magnitude difference between the minimum and maximum

Figure 8. Similar to Figure 6, displaying the electron density profile corrected for sampling bias as a
function of altitude for different SZA ranges. Again, the black line, the blue line and the red line show the
median, and the lower and upper quartiles, respectively. In this figure, the sample includes cases where
the plasma density is unmeasurable. This is done by assuming that when the plasma frequency is not
measurable, it is below the lowest measurable electron density, about 10 cm�3. The slope change at
around 750 km is not observed in this plot. The median and the upper and lower quartile lines end at
much lower altitudes than those of Figure 6, because these percentiles are below the measurable limit and
are therefore meaningless.
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densities at a given altitude. The nature of these extreme
variations can be illustrated by using percentage occurrence
plots, such as in Figure 11. This plot gives a color-coded
display of the occurrence rate of events within a given
electron density range, normalized for each bin in SZA, as a
function electron density and SZA. For the altitude range
shown (250–300 km), the occurrence is highest, around

35%, at densities of approximately 5000 cm�3 throughout
the dayside. The highest occurrence rate drops to much
smaller electron densities on the nightside. At SZA = 100�,
the highest occurrence (�35%) is at around 250 cm�3. A
comparison of these occurrence rate plots with the average
electron density versus SZA plots (as shown in Figures 9
and 10) shows that the electron densities with the maximum

Figure 10. Electron density profile as a function of the solar zenith angle at the altitude range between
900 and 950 km. At high altitudes, the electron density becomes very weak even in the dayside. The
dayside densities are quite variable and the difference between the dayside and the nightside vanishes.

Figure 9. Electron density profile as a function of the solar zenith angle at an altitude range between
300 and 350 km. The median electron density is almost constant on the dayside up to 80�, at around
2500 cm�3. As the spacecraft enters the nightside, there is a substantial decrease in the average electron
density. The vertical lines around the data points, which show the lower and upper quartiles at a given
SZA, show that the electron density values can vary on the order of 100%.
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occurrence and the median electron density values are in
good agreement with each other. In most cases, the maxi-
mum occurrence bin is within the 25% and 75% lines given
in Figure 8. On the dayside, a few events occur with
strikingly low electron densities at these low altitudes,
sometimes as low as 100 cm�3, even though the median
electron density is 5000 cm�3.
[22] To investigate the possible relationship between

these density variations and the crustal magnetic field of
Mars, the variations in the southern and northern hemi-
spheres have been compared. The northern hemisphere,
which has very few regions of strong crustal magnetic field,
and the southern hemisphere, where most of the crustal
magnetic field regions are located, have comparable varia-
tion in the electron density. Because the sample interval
covers periods with variations due to seasonal changes,
heliocentric distance of Mars, solar activity, solar wind
pressure, etc., it is likely that any minor control due to the
crustal magnetic field is averaged out. Also, since most of
our measurements are from relatively high altitudes, the
crustal magnetic fields in the vicinity of the spacecraft are
expected to be relatively small and have little influence at
these altitudes. However, other more complicated processes
involving crustal magnetic fields could still be involved. For

example, reconnection with the crustal fields on the dayside
could affect the entire dayside solar wind interaction bound-
ary as the reconnected flux tubes are swept over and
through the upper ionosphere into the wake.

6. Discussion

[23] This study shows that in the altitude range from
about 275 to 1300 km the median electron density in the
Martian ionosphere decreases approximately exponentially
with increasing altitude with a plasma scale height that
varies from about 80 to 140 km on the dayside to over
1000 km on the nightside. In the altitude range around 300
to 350 km the median electron density on the dayside is
nearly constant at about 2500 cm�3 for SZAs up to about
80�. Beyond 80� the density rapidly decreases to 200 cm�3

or less. Large fluctuations from these median values are
almost always observed, particularly at higher altitudes on
the dayside, often with variations of a factor of two, and
sometimes a factor of ten or more. These density fluctua-
tions do not appear to have any obvious correlation to
variations in the local magnetic field magnitude. On the
dayside the fractional amplitude of the density fluctuations
decreases to only about ±20 percent at an altitude of
275 km. Although the expected density discontinuity at
the ionopause is sometimes observed, in most cases the
ionopause cannot be clearly identified due to the very large
density fluctuations that are usually present.
[24] It is apparent that the Martian ionosphere, above

300 km, is highly dynamic and is controlled by quite
different physical processes than occur in the lower levels
of the ionosphere. To understand some of these processes,
we have compared our density measurements with two
ionospheric simulation models: (1) a three dimensional
(3D) hybrid (kinetic-fluid) model, and (2) a three dimen-
sional magnetohydrodynamic (MHD) model. In the hybrid
model, a fluid description is used for the electrons and a
fully kinetic description is used for the ions. The particles
and fields in the hybrid model are treated self-consistently,
and the particles are represented by a set of macroparticles
which obey the laws of motion for point particles. For a
detailed description of the hybrid model see Modolo et al.
[2005]. In contrast with the hybrid model, the MHD model
is a four-species, high-radial-resolution simulation, which
uses the ideal MHD equations to describe the motion of the
electrons and ions. For a detailed description of this model,
see Ma et al. [2004].
[25] The results from these two models are compared

with our density measurements in Figure 12. This figure
shows the electron density as a function of SZA for an
altitude range from 400 to 450 km. The open black circles
are the median of the measured local electron density from
the MARSIS data, the green line represents the result of the
MHD model simulations at 425 km, and the red and the
orange lines are from two different hybrid simulations for
the altitude range from 400 to 450 km. The hybrid simu-
lation results shown by the red line (labeled omnidirectional)
give the density profile averaged over all possible directions
of the interplanetary magnetic field (IMF) such that all
possible directions are included with the same probability.
This model assumes that the average density is azimuthally
symmetric around the Mars-Sun line. The hybrid simulation

Figure 11. A color-coded display showing the occur-
rences of the events with given electron density values for
the altitude range between 250 and 300 km. The y axis
shows the electron density and the x axis shows the solar
zenith angle. The percentage occurrence, normalized with
each solar zenith angle bin, is given by the color bar.
Throughout most of the dayside (between 10� and 80�), the
highest occurrence is around 35% at a density of
approximately 5000 cm�3. This value is very close to the
average electron density in the dayside. At very low SZA
values, the highest occurrence is above 50%, at around 3000
cm�3. The highest percentage occurrence electron density
drops to smaller values in the nightside.
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Figure 12. A plot of the electron density versus solar zenith for the altitude range from 400 to 450 km
showing the MARSIS data along with results from hybrid and MHD simulations. The black circles
represent the median electron density values from MARSIS data. The green line shows the densities from
the MHD simulations, and the red and orange lines show densities from two hybrid simulations. For the
red line (labeled omni-directional), all possible directions for the interplanetary magnetic field (IMF) are
averaged, whereas, for the orange line (labeled unidirectional), the densities in the plane of the motional
electric field Econv = �vsw 	 BIMF are given. In all the cases, the electron density is almost constant
throughout the dayside and decreases rapidly on the nightside.

Figure 13. A plot of median electron density with altitude, including the results of ionospheric
sounding, corrected for dispersion, and the local measurements described in this paper. The altitude is on
the y axis and the electron density is on the logarithmic x axis. The black, red, and blue lines represent the
median, 75th percentile, and 25th percentile values of the total local electron density, respectively. The
black circles are the electron density values obtained from sounding. Vertical bars show the 75th and 25th
percentile range in altitude for each density bin for the remote sounding densities. Since sounding covers
an altitude range between 130 and 300 km, there is only a small interval where the two data sets overlap.
The sounding and local electron density data are in good agreement where they overlap. The slope from
local electron density measurements is steeper than that from sounding. We believe that this reflects a
transition from a photo-chemical to a transport dominated physical regime.
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results shown by the orange line (labeled unidirectional)
give the average density profile along the direction of the
motional electric field, given by Econv = �vsw 	 BIMF. Over
long time intervals, the average IMF direction is expected to
coincide with the direction of the Parker spiral [Parker,
1958]. Since the actual IMF direction is expected to
fluctuate around the Parker spiral direction, we expect the
observed density profile to lie somewhere between the
predictions given by the omnidirectional and unidirectional
models (i.e., between the orange and red lines). As can be
seen in Figure 12, there is generally good agreement
between the median densities from our measurements and
the simulations. In particular, the nearly constant electron
density at about 1000 cm�3 on the dayside and the rapid
decrease going into the nightside are seen to be in reason-
able agreement with the observations. However, the unidi-
rectional hybrid and MHD simulations do not agree as well
with the observations in the region around the terminator as
the omni-directional hybrid simulation.
[26] As Mars Express spacecraft plasma observations

[Dubinin et al., 2006] show, and the difference between
the omni-directional and unidirectional hybrid simulation
models illustrate, a large asymmetry is introduced in the
plasma environment due to the influence of the direction of
the interplanetary magnetic field. We believe that the large
spread in the sampled densities, as indicated by the vertical

bars, is largely due to variations in the direction of the
interplanetary magnetic field.
[27] It is also interesting to compare our local electron

density measurements with electron density measurements
obtained from the MARSIS remote radar soundings. Where-
as the density measurements from the local plasma oscil-
lations are confined to the altitude range from 275 to
1300 km, the remote sounding measurements [Gurnett et
al., 2005, 2008;Morgan et al., 2008] are generally for much
lower altitude, between about 130 and 300 km. However,
the two data sets overlap around 300 km, so that a
reasonable comparison can be made. Figure 13 shows a
comparison of the results from the two techniques in the
SZA range between 30� and 60�. The vertical axis shows
the altitude and the horizontal axis shows the electron
density. The red, black and blue lines give the upper
quartile, median, and lower quartile for the local electron
density. The solid black dots give the median electron
density values obtained from the remote radar soundings.
The error bars give the altitude range between quartiles for
each density bin. As can be seen the results from the two
techniques are in very good agreement in the region around
300 km. However, a definite change in slope can be seen
near the transition between the two techniques. This change
in slope between 200 and 300 km, is believed to be due to a
change in the physical processes that control the vertical

Figure 14. Electron density values obtained by ionospheric sounding are compared to the Chapman
model [Chapman, 1931a]. In this plot from [Gurnett et al., 2005], the maximum ionospheric echo
frequency is displayed as a function of the SZA. The maximum plasma frequency, and thus the maximum
electron density in the ionosphere, decreases with increasing SZA. This result is in sharp contrast to
plasma density measurements presented in Figures 9 and 10, where the density is roughly constant over
the dayside for a given altitude. We believe this to be evidence of the transition from a photo-chemical to
a transport-dominated region.
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density profile in the two regions. Below 200 km photo-
chemistry is the dominant process, whereas above 300 km
upward diffusion and horizontal plasma transport become
the dominant process. Below 200 km the Chapman photo-
chemical equilibrium model provides a good first-order
approximation to the density profile [Morgan et al.,
2008]. As the altitude increases, deviations from the Chap-
man model start to occur and more complicated models,
such as the hybrid and MHD simulation models discussed
earlier, must be used to take into account plasma transport.
Above about 600 km there is an obvious further increase in
the slope of the measured electron densities (Figure 6) that
is probably caused by the occasional entry into the shocked
solar wind. As discussed earlier, the reduction in the
occurrence rate of plasma oscillations when the spacecraft
is in the shocked solar wind causes a bias toward larger
densities in this region. We note that this is the same region
where magnetic pile-up effects caused by the solar wind
become important [Trotignon et al., 2006]. According to
Trotignon et al. [2006] the magnetic pile-up boundary is
around 850 km at the subsolar point, increasing to around
1500 km at the terminator and for SZA from 30�–60�, the
magnetic pile-up boundary is expected to be between 800
and 1000 km.
[28] It is also of interest to compare the solar zenith angle

dependences obtained from the two techniques. Figure 14,
from Gurnett et al. [2005], shows a comparison of the
electron densities obtained by ionospheric sounding with
the Chapman photo-chemical equilibrium model [Chapman,

1931a]. The black dots show the maximum electron densi-
ties from radar sounding as a function of SZA in the lower
levels of the ionosphere (from about 130 to 150 km), and
the red line shows the corresponding best fit to the Chapman
model. A very clear trend toward decreasing electron
density with increasing SZA is apparent. This variation is
due to the change in the incidence of the ionizing solar
radiation on the atmosphere. The electron density varies
approximate as cos1/2(SZA), exactly as predicted by
Chapman’s theory. By comparing with Figure 9, which
shows the electron density as a function of SZA at 300 to
350 km, one can see that the SZA dependence in the photo-
chemical region at low altitudes is quite different from the
SZA dependence observed at the higher altitudes investigat-
ed in this study. At high altitude the electron density is
almost independent of SZA up to about 80�, and shows no
tendency to follow the cos1/2(SZA) law characteristic of the
photo-chemical equilibrium region. The reason for this
marked difference is that the Chapman model assumes a
completely static ionosphere [Bougher et al., 2001], whereas
at the higher altitudes where our measurements were
obtained the ionosphere is no longer in static equilibrium.
At these higher altitudes the chemical reaction timescales
become longer than the transport timescales, so transport
becomes the dominant process. Two possible transport
effects occur: (1) diffusion, and (2) convection. Above about
200 km, the mean free path becomes greater than the
atmospheric scale height. Particles can then diffuse upward
away from the region where they are produced. At even
higher altitude, the interaction with the shocked solar wind
flow causes horizontal convection via the shear stresses
imposed on the ionospheric plasma. Plasma simulations
show that the resulting horizontal transport explains the
nearly constant electron density as a function of SZA on
the dayside at an altitude around 300 km and above. At these
altitudes there is a strong antisolar flow away from the
subsolar point that is imposed by the interaction of the solar
wind streaming around the planet. This flow carries plasma
away from the subsolar region toward the terminator, and
causes an increase in average electron density at high SZA
values and high altitudes. The geometry of this flow can be
seen in Figure 15, from Ma et al. [2004], which shows the
flow velocities from an MHD simulation. The white arrows
give the direction of the flow and the magnitude of the
velocity is given by the color. The dash-dot line and the
dashed line represent the mean MPB location and the mean
bow shock, respectively.

7. Conclusion

[29] In this study electron densities from 503 full and
nearly full orbit passes have been analyzed, and median
electron density profiles were computed over an altitude
range from 275 to 1300 km, and a SZA range from 0� to
140�. The results show that the electron density decreases
approximately exponentially with increasing altitude, and
that the characteristic plasma scale height that varies from
about 80 to 145 km on the dayside to more than 1000 km on
the nightside. The electron densities at these altitudes are
found to be almost independent of solar zenith angle on the
dayside, whereas in the photo-chemical equilibrium region

Figure 15. A plot from Ma et al. [2004] showing the
velocities calculated with MHD simulations. The white
arrows show the direction of the velocities, whereas, the
magnitudes of the velocity vectors are shown by the color
bar. The subsolar to antisolar flow can easily be seen in this
plot, illustrating a possible transport mechanism.
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at the lower altitudes the densities decrease systematically
with increasing solar zenith angle, varying approximately as
cos1/2(SZA). Both hybrid and MHD simulations show that
the nearly constant electron density as a function of solar
zenith angle is caused by horizontal transport of plasma
from the subsolar point toward the terminator through
interaction with the solar wind.
[30] Our observations also show that the plasma densities

are highly variable at all altitudes and solar zenith angles
studied. There are relatively few passes with smooth pro-
files. Although abrupt changes in the plasma density have
been observed that can be identified as ionopause crossings,
in most cases the ionopause cannot be clearly identified in
these data due to the very high level of density fluctuations
Although the exact reason for these large fluctuations is not
known, we believe that they could be caused by variations
in the interplanetary magnetic field direction, which cause
asymmetrical variations in the plasma distribution around
Mars, by a shear driven instability due to the interaction
with the solar wind, by patchy reconnection, or by some
combination of these.
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