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The MARSIS (Mars Advanced Radar for Subsurface and Ionosphere Sounding) instrument on the Mars
Express spacecraft provides both local and remote measurements of electron densities and measure-
ments of magnetic fields in the martian ionosphere. The density measurements show a persistent level
of large fluctuations, sometimes as much as a factor of three or more at high altitudes. Large magnetic
field fluctuations are also observed in the same region. The power spectrums of both the density and
magnetic field fluctuations have slopes on a log–log plot that are consistent with the Kolmogorov spec-
trum for isotropic fluid turbulence. The fractional density fluctuation, Dne/ne, of the turbulence increases
with altitude, and reaches saturation, Dne/ne � 1, at an altitude of about 400 km, near the nominal bound-
ary between the ionosphere and the magnetosheath. The fluctuations are usually so large that a well-
defined ionopause-like boundary between the ionosphere and the solar wind is seldom observed. Of
mechanisms that could be generating this turbulence, we believe that the most likely are (1) solar wind
pressure perturbations, (2) an instability in the magnetosheath plasma, such as the mirror-mode insta-
bility, or (3) the Kelvin–Helmholtz instability driven by velocity shear between the rapidly flowing mag-
netosheath and the ionosphere.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The Mars Express spacecraft, which was placed in orbit around
Mars on 25 December 2003 (Chicarro et al., 2004), carries a low-
frequency radar called MARSIS (Mars Advanced Radar for Subsur-
face and Ionosphere Sounding) that is designed to perform subsur-
face and ionospheric soundings (Picardi et al., 2004). In this paper
we present MARSIS observations of large density and magnetic
field fluctuations in the martian ionosphere, mainly at high alti-
tudes, above about 275 km. Prior to MARSIS the primary method
of obtaining information about the martian ionosphere was from
radio occultation measurements. This technique involves measur-
ing the phase shift of the radio signal from a spacecraft as the
spacecraft passes behind the planet. As the ray path passes through
the ionosphere the plasma causes small deviations in the phase of
the radio signal. With certain simplifying assumptions these phase
deviations can be analyzed to give the vertical profile of the elec-
tron density in the region near closest approach of the ray path
to the planet. The first radio occultation measurements at Mars
ll rights reserved.

urnett).
were obtained from the Mariner 4 spacecraft, which flew by Mars
in 1964 (Fjeldbo et al. 1966). Since then, radio occultation mea-
surements of the martian ionosphere have been obtained from
numerous spacecraft, including Mars 4, 5, and 6, Mariner 9, Vikings
1 and 2, Mars Global Surveyor, Mars Express, and Mars Reconnais-
sance Orbiter. For a discussion of the results from these and other
spacecraft, see Savich and Samovol (1976), Zhang et al. (1990a,b),
Luhmann and Brace (1991), Kliore (1992), Krymskii et al. (2003,
2004), Mendillo et al. (2004), and Pätzold et al. (2005).

The MARSIS ionospheric sounder nicely complements the radio
occultation measurements by providing improved spatial resolu-
tion and the ability to make measurements in regions not accessi-
ble to radio occultation measurements. Together these two
techniques have now provided a good description of the main fea-
tures of the martian ionosphere, including its interaction with the
solar wind and the influence of crustal magnetic fields (Gurnett
et al. 2005; Duru et al. 2006; Nielsen et al. 2006, 2007; Gurnett
et al. 2008; Morgan et al. 2008). One area that has not yet been
adequately explored is the occurrence of large density fluctuations
at high altitudes, above about 300 km, in the region where the so-
lar wind interacts with the ionosphere. At Venus large amplitude
magnetic field fluctuations are generated in the magnetosheath

http://dx.doi.org/10.1016/j.icarus.2009.02.019
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Fig. 1. The top panel shows a representative profile of the electron plasma
frequency, fp, as a function of altitude, z, in the martian ionosphere. The bottom
panel shows a plot of the time delay, Dt, for a radar pulse at a frequency, f, to reflect
and return to the spacecraft. The intense vertical spike labeled ‘‘electron plasma
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downstream of the shock by the mirror-mode instability (Volwerk
et al., 2008). The velocity shear between the solar wind and the
ionosphere is also known to cause large density fluctuations and
turbulent mixing via the Kelvin–Helmholtz instability (Terada
et al. 2002, 2004). The momentum transfer associated with the Kel-
vin–Helmholtz instability is believed to play a key role in the trans-
port and loss of ions from the ionosphere. Similar turbulent
transport effects driven by the Kelvin–Helmholtz instability have
been predicted to occur at Mars (Penz et al. 2004). That such pro-
cesses may be occurring in the upper ionosphere of Mars is sup-
ported by radio occultation measurements that show the
presence of large density fluctuations from about 150 to 200 km,
near the upper altitude limit of the radio occultation technique
(Wang and Nielsen 2002, 2003). Recent local electron density mea-
surements from MARSIS have shown that similar large density
fluctuations are present at even higher altitudes, from about 250
to 800 km (Duru et al. 2008), in the region where the Kelvin–Helm-
holtz and mirror-mode instabilities are expected to occur. The pur-
pose of this paper is to further investigate these large density
fluctuations using both local and remote electron density measure-
ments from MARSIS.
oscillation” is caused by the excitation of electrostatic electron plasma oscillations
at the local electron plasma frequency, fp(local). The cusp in the ionospheric echo
occurs at the maximum plasma frequency in the ionosphere, fp(max). This cusp
separates the ionospheric echo from the surface reflection.
2. Ionospheric radar sounding techniques and limitations

To understand the techniques and limitations of MARSIS for
measuring ionospheric density fluctuations it is useful to give a
brief discussion of the operation of the instrument and the inter-
pretation of the data. MARSIS consists of a 40-m tip-to-tip electric
dipole antenna, a transmitter, a receiver, and a digital data process-
ing system (Picardi et al. 2004). In the ionospheric sounding mode,
the MARSIS transmitter is sequentially stepped through 160 quasi-
logarithmically spaced frequencies (Df/f � 2%) from 0.1 to 5.4 MHz.
At each step a 91.4 ls quasi-sinusoidal pulse is transmitted at a
fixed frequency, f, and the intensities of the resulting ionospheric
echoes are recorded as a function of delay time, Dt, in 80 equally
space time bins from 0 to 7.31 ms. A complete scan of all 160 fre-
quencies takes 1.26 s, and the basic sweep cycle is repeated once
every 7.54 s. The acquisition of MARSIS data is strongly controlled
by the spacecraft orbit. Mars Express is in a highly eccentric orbit
with a periapsis altitude of about 275 km, an apoapsis altitude of
about 11,000 km, and a period of 6.75 hr (Chicarro et al. 2004). Be-
cause of signal-to-noise limitations, ionospheric sounding data is
only collected when the spacecraft is near periapsis, where the
range to the ionosphere is relatively small, about a thousand km,
or less. A typical ionospheric sounding pass starts on the inbound
leg at an altitude of about 1200 km, continues through periapsis
at about 275 km, and ends on the outbound leg at an altitude of
about 1200 km. The total duration of an ionospheric sounding pass
is usually about 40 min.

The interpretation of the ionospheric sounder data is illustrated
in Fig. 1. The top panel shows a typical profile of the electron plas-
ma frequency, fp(z), in the ionosphere as a function of altitude, z.
The electron plasma frequency is determined by the electron den-
sity, which is given by fp = 8980

ffiffiffiffiffi
ne
p

Hz, where the electron num-
ber density, ne, is in cm�3 (Gurnett and Bhattacharjee, 2005). Two
types of electron density measurements can be made, remote and
local. The remote measurements rely on the reflection of the trans-
mitted radio wave by the ionosphere. Radio waves cannot propa-
gate at frequencies below the electron plasma frequency, which
is the region indicated by the shading in Fig. 1. For vertical inci-
dence on a horizontally stratified ionosphere, the radio wave emit-
ted by the transmitter is reflected at the altitude where the wave
frequency is equal to the electron plasma frequency, f = fp. By
sequentially advancing the frequency of the transmitter after each
pulse, the time delay, Dt(f), of the resulting echo can be measured
as a function of frequency. The received echo intensities are usually
displayed on a two-dimensional plot of time delay and frequency,
as shown by the sketch in the bottom panel of Fig. 1. This type of
plot is called an ionogram (Gurnett et al. 2005). As the frequency
increases from the left-hand side of the ionogram, ionospheric ech-
oes first occur (at zero time delay) when the frequency reaches the
local plasma frequency, fp(local). As the frequency increases fur-
ther, the time delay gradually increases as the range to the reflec-
tion point increases. A rough estimate of the range to the reflection
point is given by (1/2)cDt, where c is the speed of light. This dis-
tance is called the apparent range. The factor of one-half is in-
cluded because Dt is the round-trip time delay. For accurate
measurements the effect of the plasma on the propagation speed
must be considered. This effect is called dispersion. From basic
principals of wave propagation (Gurnett and Bhattacharjee, 2005)
it can be shown that the propagation speed of the pulse is given by

ðvg ¼ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðfp=f Þ2

q
;

where vg is the group velocity. From this equation it is easy to show
that the round-trip time delay is given by

Dtðf Þ ¼ 2
c

Z zsc

zðfpÞ

dzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðfpðzÞ=f Þ2

q ; ð1Þ

where the integration is carried out from the altitude of the reflec-
tion point, z(fp), to the altitude of the spacecraft, zsc. At the maxi-
mum plasma frequency in the ionosphere, fp(max), a ‘‘cusp” forms
in the echo trace, as shown in Fig. 1. The cusp occurs because the
group velocity of the pulse goes to zero over an increasingly long
path length as the frequency approaches the peak in the plasma fre-
quency profile. As soon as the transmitter frequency exceeds
fp(max) the pulse passes through the ionosphere, where it subse-
quently reflects from the surface of the planet and returns to the
spacecraft. The resulting echo is labeled ‘‘surface reflection” in
Fig. 1.

To compute the electron density profile from the measured time
delay, Dt(f), the integral in Eq. (1) must be inverted to give z(fp), the
altitude of the reflection point as a function of plasma frequency.
The solution of this integral equation, called Abel’s equation, is a
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Fig. 2. The electron cyclotron echoes appear as a series of horizontal equally spaced
spikes in the plot of time delay, Dt, as a function of frequency, f, as shown in the top
panel. The echoes are produced by ambient electrons that are accelerated in the
vicinity of the antenna by the large electric fields during the transmit pulse. As
shown in the bottom diagram, these electrons then orbit in the magnetic field, B,
and produce a voltage pulse on the antenna every time they return to the vicinity of
the antenna.
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classical problem in mathematics (Whittaker and Watson, 1927),
and has a formal solution (Budden, 1961) given by

zðfpÞ ¼
1
p

Z p=2

a0

cDtðfp sinaÞda; ð2Þ

where sin a0 = fp(zsc)/fp. Because the radiated power from the dipole
antenna decreases rapidly at low frequencies, time delay measure-
ments often do not extend down to the local plasma frequency,
fp(local). In such cases, the time delay must be interpolated between
the local plasma frequency at the spacecraft, fp(local), and the low-
est frequency for which an echo can be detected. For a discussion of
the techniques used to do this interpolation, and the errors intro-
duced, see Morgan et al. (2008).

Although remote echoes often do not extend down to the local
electron plasma frequency, it is still usually possible to determine
the electron plasma frequency. As the transmitter frequency passes
through the local electron plasma frequency, strong local electro-
static oscillations are excited in the plasma. These oscillations are
called electron plasma oscillations or Langmuir waves (Gurnett
and Bhattacharjee, 2005), and produce the intense vertical spike la-
beled ‘‘electron plasma oscillation” in the ionogram at the bottom
of Fig. 1. This signal is so strong that even when the electron plas-
ma frequency is below the 0.1 MHz low frequency limit of the re-
ceiver, the local plasma frequency can usually be determined from
harmonics generated by nonlinear distortion in the receiver. The
high order of these harmonics greatly improves the accuracy to
which the fundamental oscillation frequency can be measured.
Usually the oscillation frequency can be measured to an accuracy
of about 1–2% which, if there are no other sources of error, trans-
lates to an overall accuracy for the electron density measurement
of about 2–4%.

Thermal effects can produce errors in the density measure-
ments by causing an upward shift of the oscillation frequency rel-
ative to the plasma frequency. However, in the martian ionosphere
this error is normally very small. It is relatively easy to show that
the fractional shift in the oscillation frequency is given by
Dx=x ¼ ð3=2Þk2k2

D, where k = 2p/k is the wave number, k is the
wavelength, kD = 6.9

ffiffiffiffiffiffiffiffiffiffiffiffi
Te=ne

p
is the Debye length in cm, Te is the

electron temperature in K, and ne is the electron density in cm�3

(Gurnett and Bhattacharjee, 2005). This frequency shift is usually
negligible because the Debye length is normally much smaller than
the wavelength, k � 40 m, of the electrostatic waves excited by the
antenna. For the parameters that exist in the martian ionosphere
(ne � 104–105 cm�3, Te � 2000 K) the Debye length is only a few
tens of centimeters, see Duru et al. (2008). Thermal corrections
can be important in the solar wind, where the plasma is more ten-
uous (ne � 3 cm�3) and hotter (Te �105 K). However, in the solar
wind the electron plasma oscillations usually cannot be detected
because the wave packet is rapidly carried away from the space-
craft by the high flow velocity. The threshold flow velocity, above
which plasma oscillations cannot be detected, is estimated by Duru
et al. (2008) to be about 160 km/s.

Although Mars Express does not have a magnetometer, it turns
out that the local magnetic field strength can also be measured by
MARSIS. The technique used is based on the discovery that a burst
of electrons is accelerated by the high voltage, �500 V, imposed on
the antenna during each cycle of the transmitter waveform (Gur-
nett et al., 2005, 2008). Once accelerated, the electrons orbit in
the local magnetic field and produce a series of voltage pulses on
the antenna. The repetition rate of the pulses is the electron cyclo-
tron frequency, xc = (e/m)B, where e/m is the charge-to-mass ratio
of the electron, and B is the magnetic field strength. A sketch of the
pulses as they appear on an ionogram is shown in Fig. 2, along with
the resulting cyclotron motion of the accelerated electrons. These
pulses are called ‘‘electron cyclotron echoes.” By measuring the
period, Dtc, of the cyclotron echoes the magnetic field strength
can be determined using the equation B = 2p(m/e)(1/Dtc). Since
the echoes are repeated many times, the magnetic field strength
can usually be measured with very good accuracy, typically a few
percent or less. The region over which the magnetic field is sam-
pled is controlled by the radius of the cyclotron orbit, qc, which de-
pends on the magnetic field strength. For a typical antenna voltage
of 500 V and a magnetic field strength of 100 nT, the radius of the
cyclotron orbit is about qc � 1 km.
3. Local density measurements

Since our main focus is on high altitudes where the solar wind
interaction with the ionosphere is expected to occur, we start by
discussing the local electron densities derived from the excitation
of electron plasma oscillations. The electron plasma oscillation
technique provides electron density measurements at much higher
altitudes than can be obtained from remote soundings. The data set
used for the local density measurements is from Duru et al. (2008)
and consists of 503 periapsis passes from August 4, 2005, to July
31, 2007. To illustrate the type of density fluctuations observed
in these data, the top panels of Figs. 3 and 4 show the densities
(black lines) obtained during two dayside periapsis passes, on or-
bits 2198 and 3231. The bottom panels show the corresponding
electron energy spectrums obtained from the ASPERA electron
spectrometer (ELS). For a description of the ASPERA-ELS instru-
ment, see Barabash et al. (2004). As can be seen, very large electron
density fluctuations are present during both passes, particularly on
orbit 2198. The amplitudes of the fluctuations vary from as small
as a few percent, which is near the resolution of the measurements,
to very large values, sometimes as much as a factor of five.

Sometimes isolated well-defined steps occur in the electron
densities that stand out above the general background of fluctua-
tions. Examples of such steps occur at about 04:36 and 04:50 Uni-



Fig. 3. The black line in the top panel shows the local electron density obtained from the frequency of locally excited electron plasma oscillations during a typical dayside pass
through the martian ionosphere. The red line shows the local magnetic field strength determined from electron cyclotron echoes (see Gurnett et al. 2005), and the blue line
shows the crustal magnetic field strength at the spacecraft computed from the model of Cain et al. (2003). The bottom panel shows the corresponding color-coded electron
intensity spectrums from the ASPERA-ELS spectrometer. The Universal Time (UT), altitude (Alt), longitude (Long), latitude (Lat) and solar zenith angle (SZA) of the spacecraft
are shown at the bottom of the plot. Periapsis is near the center of the plot. The little box at the upper left shows the spacecraft trajectory in a coordinate system in which the x
axis is along a line from the center of the planet to the Sun, and q is the perpendicular distance from this line. The inbound and outbound trajectories are almost identical in
this coordinate system. Note that the decreases in the electron density near periapsis are closely correlated with increases in the electron intensities, indicating solar wind
incursions deep into the ionosphere.

Fig. 4. The local electron density, magnetic field strength and low-energy electron intensities for another dayside pass similar to Fig. 3, but about one year later. Again a
persistent level of density and magnetic field fluctuations is observed during the entire pass, very similar to Fig. 3, but of somewhat lower amplitudes. No electron plasma
oscillations were observed before 09:01 UT and after 09:27 UT, most likely because the spacecraft was in the solar wind where they are carried away from the spacecraft
before they can be detected.
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Fig. 5. The power spectrum, Dn2
e=Df , of the local electron density fluctuations

observed during orbits 2198 and 3231 in Figs. 3 and 4 plotted as a function of
frequency, f, on a log–log plot. The scale at the top shows the corresponding
wavelength, k = Vsc/f, assuming that the spacecraft is moving through a completely
static density structure. The straight lines show the Kolmogorov (c = 5/3) inverse
power-law spectrum expected for isotropic three-dimensional turbulence. At the
longest wavelengths (shown by the dashed lines) the spectrums are contaminated
to some extent by the spatial variations induced by the changing altitude of the
spacecraft. Nevertheless, the spectrums are in reasonably good agreement with the
Kolmogorov spectrum.
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versal Time (UT) in Fig. 3, and again at about 09:01 UT in Fig. 4.
These density steps are reminiscent of the abrupt density steps
that occur at the ionopause at Venus (Brace et al. 1983), which is
the boundary between the magnetosheath and the ionosphere.
On the dayside of Mars the ionopause is expected to occur at an
altitude of approximately 400 km (Trotignon et al. 2006; Dubinin
et al. 2006). The ELS spectrums in bottom panels of Figs. 3 and 4
generally do not show comparable density steps, because the ELS
instrument is not able to detect the cold ionospheric component
of the plasma. The variations that do occur in the ELS spectrums
tend to occur at the upper altitude limit of the relatively cold ion-
ospheric plasma. The magnetosheath plasma, which is indicated by
the intense (red) electron energy spectrums from about 101–102

eV, typically does not penetrate inside of the ionopause-like den-
sity steps. Typically, the transition on the magnetosheath side is
not nearly as sharp and well defined as on the ionosphere side.
Note the upward ramp in the electron density and the correspond-
ing decrease in the electron energy before the abrupt step in the
density at 04:36 UT in Fig. 3, and the depression in the low energy
electron intensities in the 3 min interval just before the abrupt
density step at 09:01 UT in Fig. 4. These features indicate that there
is considerable mixing of the solar wind and ionospheric plasmas
in the region immediately outside of these ‘‘ionopause-like” den-
sity steps.

Although ionopause crossings are usually very well defined at
Venus, such well-defined ‘‘ionopause” crossings seldom occur at
Mars. For example, although the inbound pass in Fig. 4 has a very
sharp ‘‘ionopause-like” density step at 09:01 UT, the outbound
pass, which occurs at almost the same altitudes (Alt) and solar ze-
nith angles (SZA), does not have a similar density step. After sur-
veying a large number of passes, our impression is that large
well-defined ‘‘ionopause” crossings, similar to those that occur at
Venus, are rare in the MARSIS data. In contrast, the electron densi-
ties in the region near and below the nominal ionopause altitude
are usually characterized by very large fluctuations. These fluctua-
tions are clearly evident in the top panels of both Figs. 3 and 4. The
density fluctuations are especially large in Fig. 3 and consist of
many irregular density jumps, marked by the vertical dashed lines.
These density jumps are seen to be closely correlated with corre-
sponding out-of phase jumps in the ELS electron intensities. The
general trend is for the ELS electron intensities to decrease when
the local electron density increases, indicating encounters with
the magnetosheath plasma. These variations show that the density
fluctuations are closely correlated with irregular motions of the
magnetosheath boundary, causing what appear to be transient
incursions of the magnetosheath plasma into the ionosphere, often
down to very low altitude, sometimes well below 300 km.

It is interesting to investigate whether the local density fluctu-
ations described above have corresponding magnetic field fluctua-
tions. The red lines in the top panels of Figs. 3 and 4 show the
magnetic field strengths determined using the electron cyclotron
echo technique. For comparison, the blue lines show the crustal
magnetic field strengths (Acuña et al. 1998, 1999; Connerney
et al. 2005) computed at the spacecraft from the multipole mag-
netic field model of Cain et al. (2003). As can be seen, the local
magnetic field measurements generally follow the Cain et al. mod-
el with an offset of about 50 nT for orbit 2198, and about 15 nT for
orbit 3231. These offsets are believed to be due to solar wind in-
duced currents that flow at high altitudes in the dayside iono-
sphere. For a further discussion of these induced currents see
Brain et al. (2003, 2006). The magnetic field of these induced cur-
rents are not included in the Cain et al. model, which is based on
low altitude nightside measurements where the crustal magnetic
fields are the dominant component.

As with the local electron density, the local magnetic field also
has large fluctuations. Similar magnetic fluctuations have been
previously reported by Brain (2007) in the magnetic field data from
Mars Global Surveyor (MGS). Although it sometimes appears that
the magnetic field fluctuations may have some relation to spatial
variations in the underlying crustal magnetic field, as in Fig. 3,
the density and magnetic field fluctuations are commonly ob-
served over the northern hemisphere, which has almost no crustal
magnetic fields. Therefore, although crustal magnetic fields may
play some role in certain cases, the persistent level of large density
and magnetic field fluctuations commonly observed on the dayside
of Mars cannot be solely attributed to crustal magnetic fields. Often
the amplitude of the magnetic field fluctuations is larger when the
density fluctuations are larger (compare Figs. 3 and 4), suggesting
that both have a common cause. Possible explanations are that the
fluctuations are propagating as a magnetohydrodynamic (MHD)
wave, such as the compressional Alfvén wave, or as non-propagat-
ing mirror-mode wave (Tsurutani et al. 1982; Volwerk et al., 2008),
both of which have density and magnetic field fluctuations.
Although the waveforms of the density and magnetic field some-
times show a detailed one-to-one correspondence, usually the cor-
relation between the two waveforms is poor. This suggests that the
fluctuations have a significant shear component, such as the shear
Alfvén wave, which has no density fluctuations. Unfortunately, be-
cause the electron cyclotron echo technique does not give the mag-
netic field direction, our ability to analyze these fluctuations in
terms of various possible MHD modes is quite limited. It is also
possible that more complicated magnetic field structures might
be involved, such as flux ropes, which are commonly observed in
the ionospheres of both Venus and Mars (Russell and Elphic,
1979; Vignes et al., 2004).

Since the electron density and magnetic field fluctuations ap-
pear to have a significant turbulent component, it is of interest to
compute the power spectrums of these fluctuations and compare
them with the expectations of fluid turbulence theory. Power spec-



Fig. 6. The power spectrum, B2/Df, of the local magnetic field fluctuations observed
during orbits 2198 and 3231 in Figs. 3 and 4 plotted as a function of frequency, f, on
a log–log plot similar to Fig. 5. The magnetic field measurements were obtained
from MARSIS using the electron echo technique. Again, at the longest wavelengths
(shown by the dashed lines) the spectrums are contaminated to some extent by the
spatial variations induced by the changing altitude of the spacecraft. However, as in
Fig. 5 the power spectrums are reasonably consistent with the Kolmogorov
spectrum.

Fig. 7. A histogram of the index, c, for the best-fit of the inverse power law (1/f)c to
the local electron density fluctuations observed on 142 passes through the dayside
ionosphere of Mars. Although there is some scatter, the mean (c = 1.46) and the
peak (c = 1.55) of the distribution are consistent with the Kolmogorov (c = 5/3)
spectrum.
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trums of the electron density fluctuations in Figs. 3 and 4 are
shown in Fig. 5. Although the power spectrums, Dn2

e=df , are plotted
as a function of frequency, f, because of the high spacecraft velocity
relative to the ionosphere it is reasonable to assume that the fluc-
tuations are primarily due to the spacecraft motion through essen-
tially static structures. To characterize the scale size of these
structures, at the top of the plot we show the corresponding wave-
length, k = Vsc/f, computed using a spacecraft velocity of
Vsc = 4.3 km/s, which is a typical horizontal velocity near periapsis.
Although the density measurements on the two passes were ob-
tained almost a year apart the spectrums are remarkably similar.
Both spectrums decrease approximately as straight lines on this
log–log plot, which indicates a power-law relationship. Although
the long wavelength component of the spectrums (indicated by
the dashed lines) are affected somewhat by the vertical component
of the spacecraft motion through the ionosphere, the spectrums
are nevertheless remarkably close to the (1/f)5/3 Kolmogorov spec-
trum expected for isotropic three-dimensional fluid turbulence
(Kolmogorov, 1941). Power spectrums of the magnetic field fluctu-
ations, B2/Df, observed during these same two passes are shown in
Fig. 6. The magnetic field spectrums also show a close similarity to
the Kolmogorov spectrum.

To determine if the spectrums of the local density fluctuations are
generally consistent with the Kolmogorov spectrum, we have com-
puted the best root-mean-square fit of an inverse power law, (1/
f)c, to the density spectrums for 142 passes through the dayside ion-
osphere. A histogram of the resulting power law indices is shown in
Fig. 7. Although there is some spread in the distribution, the average,
hci = 1.45, and the peak, cpeak = 1.55, of the distribution are reason-
ably consistent with the c = 5/3 Kolmogorov spectrum.
4. Comparison to remote soundings

Since the local electron density measurements described above
are limited to altitudes above about 275 km, it is of interest to
determine whether comparable electron density fluctuations are
observed in the remote sounding measurements, which are for
much lower altitudes, generally below 275 km. For the remote
sounding measurements we use the data from Morgan et al.
(2008), which consists of ionograms from 375 periapsis passes.
This data set consists of electron density profiles expressed as alti-
tudes z(nei) as a function of the electron density, nei, one for each of
the fixed sounding frequencies, fi. The time resolution of these
measurements is 7.54 s, which yields approximately 300 density
profiles during a given pass. In order to generate a time series com-
parable to the local electron densities, we have interpolated the
electron density profiles to a series of fixed altitudes, and then
plotted the electron density as a function of time at these altitudes.
Examples of such remote sounding measurements are shown in
Figs. 8 and 9, which are for the same passes shown earlier in Figs.
3 and 4. The top panel in each figure gives the local electron den-
sity at the spacecraft, and the next three panels give the electron
densities from the remote sounding measurements at altitudes of
220 km, 200 km, and 180 km. The second panel from the bottom
shows the peak density in the ionosphere (black line) and the alti-
tude of the peak density (red line), and the bottom panel shows the
surface elevation (red line) directly below the spacecraft and the
Cain et al. (2003) magnetic field model (black line) evaluated at
an altitude of 250 km.

As can be seen from Figs. 8 and 9, the electron densities from
the remote soundings show considerable fluctuations at all alti-
tudes, especially for orbit 2198, which has a generally higher level
of both local and remote density fluctuations than for orbit 3231.
Comparisons of the plots at altitudes of 180, 200, and 220 km show
that the density fluctuations are well correlated between adjacent
altitudes. However, comparisons to the local density measure-
ments do not show a good one-to-one correlation. The poor corre-
lation between the local and remote measurements is most likely



Fig. 8. A comparison of the local electron density fluctuations during orbit 2198 in Fig. 3 with the electron densities obtained from remote soundings taken during the same
pass. The top panel shows the local electron density obtained from electron plasma oscillations; the next three panels show the electron densities obtained from remote
soundings at altitudes of 220 km, 200 km, and 180 km, respectively; the next panel shows the peak density in the ionosphere (black line) and the altitude of the peak density
(red line); and the bottom panel shows the elevation (red line) of the surface of Mars computed using the Mars Global Surveyor MOLA surface elevation model and the crustal
magnetic strength (black line) computed at an altitude of 250 km from the Cain et al. (2003) magnetic field model. The density fluctuations from the remote soundings
generally show a good one-to-one correlation for altitude separations on the order of 20 km. However, the correlation decreases with increasing altitude separation beyond
about 20 km. The correlation decreases to the point that no correlation is evident with the local density measurements, which are generally separated from the remote
measurements by altitudes of 100 km or more. The density fluctuations show no obvious correlation with variations in either the surface elevation or the crustal magnetic
field strength.

Fig. 9. A comparison, similar to Fig. 8, of the local electron density fluctuations during orbit 3231 in Fig. 4 with fluctuations in the electron density obtained from remote
soundings taken during the same pass. Large electron density fluctuations can be seen in both the local and remote measurements, but not as large as in Fig. 8. Again, the
density fluctuations from the remote soundings generally show a good one-to-one correlation between adjacent altitudes, but a poor correlation with the local density
measurements at much higher altitudes. The density fluctuations show no obvious correlation with either the surface elevation or the crustal magnetic field strength.
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due to the considerably larger altitude separation between these
measurements, which is generally 100 km, or more. Even in the re-
mote sounding data it is evident that the correlation decreases as
the altitude separation increases (compare the fluctuations at
180 km with the fluctuations at 200 and 220 km). Note also that
the peak electron density in the ionosphere is almost completely
smooth, with no evidence of fluctuations comparable to those
present at 180 km. Nevertheless, there are significant fluctuations
in the altitude of the peak that are generally well correlated with
the density fluctuations at 180 km. This suggests that the density



Fig. 10. The power spectrums, Dn2
e=Df , of the electron density fluctuations at an

altitude of 180 km in Figs. 8 and 9 plotted as a function of frequency, f. The
corresponding wavelength, k = VSC/f, is shown at the top of the plot, assuming that
the sounder is sampling a time-stationary distribution of spatial fluctuations at a
horizontal spacecraft velocity of VSC = 4.3 km/s. Both spectrums agree well with the
Kolmogorov spectrum at low frequencies and long wavelengths, but tend to flatten
somewhat at high frequencies and short wavelengths. The flattening of the
spectrum at high frequencies is believed to be due to small random range errors
introduced by the quantization of the time delay measurements. These errors
introduce a flat background in the spectrum, below which the real density
fluctuations cannot be detected.

Fig. 11. A histogram of the power-law index (comparable to Fig. 7) for the best-fit
inverse power law (1/f)c to the electron density fluctuation spectrums obtained
from 102 remote sounding passes interpolated to an altitude of 180 km The shift
toward values less than the Kolmogorov index is probably caused by quantizing
noise which tends to flatten the spectrum at high frequencies.
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fluctuations near the peak in the ionosphere consist mainly of ver-
tical motions with amplitudes ranging from 5 km to sometimes as
large as 10 to 20 km.

Radio occultation measurements have previously shown that
large density fluctuations are present in the lower levels of the ion-
osphere. Some of these fluctuations are known to be related to sur-
face topography (Wang and Nielsen 2004), and others are known
to be associated with variations in the crustal magnetic field
(Krymskii et al. 2004; Withers and Mendillo, 2005). Although the
bottom panels of Figs. 8 and 9 show that there are significant vari-
ations in both the surface elevation and the crustal magnetic field
during both of these passes, no obvious one-to-one correlation is
evident between these variations and the fluctuations in the iono-
spheric density. Although oblique echoes from isolated small-scale
ionospheric structures have been associated with regions where
the crustal magnetic field is vertical (Gurnett et al. 2005; Duru
et al. 2006; Nielsen et al. 2006), the persistent overall level of den-
sity fluctuations observed in nearly all of the remote sounding data
shows no relationship to the presence or absence of crustal mag-
netic fields immediately below the spacecraft.

Since the local and remote density measurements are obtained
at quite different altitudes, it is interesting to compare the power
spectrums of density fluctuations in the remote measurements
with the power spectrums of the local density measurements.
Fig. 10 shows the power spectrums of the remote electron density
measurements at an altitude of 180 km for the two passes in Figs. 8
and 9. As with the local density spectrums in Fig. 5, the power
spectrums both have slopes on the log–log plot that are in reason-
able agreement with the Kolmogorov spectrum. However, the
agreement is not as good as for the power spectrum of the local
measurements in Fig. 5. In particular, the spectrum from the re-
mote measurements tends to flatten somewhat at high frequencies
and short wavelengths. This flattening of the spectrum is some-
what more noticeable for orbit 3231, which has a lower level of
density fluctuations, than for orbit 2198. The flattening of the spec-
trum at high frequencies is believed to be due to quantization of
the time delay measurements. This quantization sets a root-
mean-square floor on the range resolution of about 5 km, and
introduces a flat background noise level below which real density
fluctuations cannot be detected. Overall, the accuracy of the elec-
tron densities from the remote soundings is not as good as the local
density measurements. For comparison with Fig. 7, a histogram of
the best-fit power-law indices obtained from 102 remote sounding
passes is given in Fig. 11. As can be seen the average power-law in-
dex, hci = 1.23, is somewhat less than c = 5/3 index characteristic of
the Kolmogorov spectrum. This shift is believed to be due to the
flattening of the spectrum caused by the quantizing noise at high
frequencies. The power law index approaches closer to c = 5/3 if
we exclude the high frequency part of the spectrum.
5. Altitude dependence

Comparisons of the density fluctuation spectrums in Fig. 10
with those in Fig. 5 show that the spectrums obtained from the re-
mote density measurements at low altitudes are substantially
more intense than the spectrums obtained from the local measure-
ments at higher altitudes. This would seem to imply that the
source of the fluctuations is at low altitudes. To investigate this
altitude dependence, we have sorted all of the available local den-
sity measurements into 15 km altitude bins and computed the
standard deviation, Dne, of the electron density in each altitude
bin. The standard deviation, which is a measure of the deviation
from the mean, is assumed to be proportional to the average
amplitude of the density fluctuations. The data have also been



Fig. 12. The left-hand panel shows a plot of the standard deviation, Dne, of the electron density as a function of altitude, and the right-hand panel shows the standard
deviation divided by the average density in each altitude bin, Dne/ne, as a function of altitude. The data above 275 km are all from local measurements, and the data below
275 km are all from remote sounding measurements. The dashed lines are interpolations between the two types of measurements.
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sorted into three SZA ranges, 0� 6 SZA 6 30�, 30� 6 SZA 6 60�,
60� 6 SZA 6 90�. The results are shown in Fig. 12. The panel on
the left shows the standard deviation, Dne, in each altitude bin,
and the panel on the right shows the standard deviation in each
altitude bin divided by the mean density in that bin, Dne/ne. The lo-
cal density measurements are marked ‘‘from local plasma oscilla-
tions” and the remote density measurements are marked ‘‘from
remote sounding.”

As can be seen in Fig. 12 the standard deviation, Dne, clearly in-
creases systematically with decreasing altitude. The altitude varia-
tions are remarkably consistent in all three SZA ranges, indicating
very little dependence on solar zenith angle. In contrast, the frac-
tional standard deviation, Dne/ne, decreases with decreasing alti-
tude. The reversal in the slope of these two plots is due to the
fact that the mean electron density increases with decreasing alti-
tude much faster than the standard deviation. The increase in the
standard deviation with decreasing altitude would seem to support
the idea that the fluctuations originate from a source at low alti-
tudes. On the other hand, the increase in the fractional standard
deviation with increasing altitude would seem to support the idea
of a source at high altitude. Unfortunately, we have no direct
experimental way of determining the direction of vertical energy
transport associated with these fluctuations, so the implication
regarding the source location must rely on physical interpretation
which is discussed in the next section.
6. Discussion

We have shown that the upper ionosphere of Mars is dominated
by a persistent level of very large density fluctuations. The density
fluctuations are so large that a clearly defined boundary between
the ionosphere and the solar wind, such as the ionopause at Venus
(Brace et al. 1983), is rarely observed. The power spectrums of both
the density and magnetic field fluctuations are consistent with the
Kolmogorov spectrum expected for isotropic three-dimensional
fluid turbulence. The close similarity of the density and magnetic
field spectrums suggests that the turbulence may consist of com-
pressional Alfvén waves or mirror-mode waves, both of which
are known to have correlated density and magnetic field fluctua-
tions. Although the waveforms of the density and magnetic field
fluctuations occasionally show a one-to-one correlation, in general
the correlation between the two waveforms is poor. The poor cor-
relation suggests that the magnetic field fluctuations may also in-
clude a significant level of shear Alfvén waves, which have
magnetic field fluctuations but no density fluctuations, or some
other more complex magnetic field structures, such as flux ropes.
Unfortunately, since we cannot measure the direction of the mag-
netic field, our ability to analyze the relationship between the den-
sity and magnetic field fluctuations is quite limited. The remote
sounding measurements show that the density fluctuations have
a good two-point correlation if the altitude separation is small,
20 km or less. However, the correlation decreases rapidly with
increasing altitude separation, to the point that no correlation is
obvious between the density fluctuations in the remote and local
density measurements, which are usually separated by altitudes
of 100 km or more. This decline in the correlation with increasing
altitude separation indicates that the characteristic spatial correla-
tion scale of the turbulence is probably not more than 20 to 50 km.
A statistical study of the amplitude of the fluctuations shows that
the standard deviation of the fluctuations, Dne, increases with
decreasing altitude. However, the fractional standard deviation of
the fluctuations, Dne/ne, has the opposite dependence and de-
creases with decreasing altitude.

The primary interpretational questions that arise from this
study have to do with the source of the density fluctuations and
their mode of propagation. Four possible sources have been consid-
ered. These are illustrated in Fig. 13 and can be categorized into
two types: first, upward propagating disturbances originating from
near the planet, and second, downward propagating disturbances
that originate from the solar wind. Sources in the first category
consist of (1) propagating disturbances caused by atmospheric
waves excited by topographical features on Mars (Hinson et al.
2001; Wang and Nielsen 2004), and (2) propagating disturbances
produced by the interaction of the ionosphere with crustal mag-
netic fields (Ness et al. 2000; Krymskii et al. 2003, 2004; Eastwood
et al. 2008). Sources in the second category consist of (1) solar
wind plasma and magnetic field disturbances incident on the day-
side ionosphere (Wang and Nielsen 2003), (2) waves generated by
the mirror-mode instability in the magnetosheath (Volwerk et al.,
2008), and (3) waves originating from the Kelvin–Helmholtz insta-
bility caused by the velocity shear between the rapidly flowing
magnetosheath and the nearly stationary ionosphere (Penz et al.
2004). Although the amplitude of the density fluctuations de-
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Fig. 13. Five possible sources are known for the large density fluctuations observed in the martian ionosphere. At low altitudes possible sources consist of (1) atmospheric
waves driven by wind flowing over surface features such as mountains, and (2) ionospheric waves driven by interactions with crustal magnetic fields. At high altitudes
possible sources consist of (1) waves driven by solar wind plasma and magnetic field disturbances incident on the ionosphere, (2) waves driven by the mirror-mode
instability in the magnetosheath, and (3) waves driven by the Kelvin–Helmholtz instability caused by the velocity shear between the magnetosheath and the ionosphere.
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creases with increasing altitude, suggesting a source near the pla-
net, our studies do not generally support a planetary source as the
origin of the persistent level of fluctuations that is commonly ob-
served. Although there is evidence of a crustal magnetic field
source in isolated cases, the low-altitude remote sounding mea-
surements generally show a statistically poor correlation between
the density fluctuations and either topographical features or crus-
tal magnetic fields. In particular, large density fluctuations are
commonly observed over the northern regions of Mars where the
surface terrain is relatively smooth and the crustal magnetic fields
are generally very small.

If the general level of density fluctuations does not originate
from a low altitude source, then we must consider the solar wind
or magnetosheath as the likely source. Three sources of fluctuation
are known to occur in this region. First, Wang and Nielsen (2002,
2003) have proposed that solar wind plasma and magnetic distur-
bances incident on the dayside ionosphere could produce large
density fluctuations that propagate downward into the ionosphere.
Second, at Earth and Venus it is known that the mirror-mode insta-
bility causes large amplitude density and magnetic field fluctua-
tion to grow in the magnetosheath downstream of the bow
shock (Tsurutani et al., 1982; Volwerk et al., 2008). Third, Penz
et al. (2004), have proposed that velocity shear between the solar
wind and the ionosphere could produce large density fluctuations
in the ionosphere via the Kelvin–Helmholtz instability. Of these
three possibilities, we believe that the most likely source is either
the Kelvin–Helmholtz instability or the mirror-mode instability.
However, we cannot rule out solar wind disturbances as a possible
contributing source. Kopf et al., (2008) have observed transient lay-
ers in the upper ionosphere on the dayside of Mars at solar zenith
angels less than about 60� that could very well be caused by such
solar wind disturbance. Unfortunately, the absence of a suitable
upstream monitor in the solar wind makes it very difficult to eval-
uate solar wind disturbances as a source. The primary evidence
supporting the Kelvin–Helmholtz instability as the source is given
by the altitude dependence of the fractional density fluctuations
shown in Fig. 12. As can be seen, the amplitude of the fractional
density fluctuations increases rapidly with increasing altitude,
from relatively small values of Dne/ne � 0.1 around 160 km, to near
one, Dne/ne � 1, at altitudes of 400 km and above. The very large
values of Dne/ne � 1 at about 400 km indicate that the turbulence
is completely saturated, i.e., the density fluctuations have reached
their largest possible amplitude, i.e., Dne � ne. We believe that it is
significant that the fluctuations reach saturation at an altitude of
about 400 km, which is the nominal altitude expected for the
boundary between the dayside ionosphere and the solar wind
(Trotignon et al. 2006; Dubinin et al. 2006).

Further evidence that the density fluctuations are due to the
Kelvin–Helmholtz instability is given by the density waveforms
in Fig. 3, which tends to show transitions between two density
states that are correlated with solar wind incursions into the iono-
sphere. Such transitions, which are commonly observed in the alti-
tude range around 400 km, strongly suggest that the spacecraft is
passing through an irregular sine wave-like boundary between
the relatively dense ionospheric plasma and the more tenuous
magnetosheath plasma. This is exactly what would be expected
in the region where the Kelvin–Helmholtz instability causes mix-
ing of the two plasmas. Although the above arguments favor the
Kelvin–Helmholtz instability, there are still unresolved problems.
Since the Kelvin–Helmholtz instability is driven by the horizontal
velocity component of the solar wind, the instability is not ex-
pected to be excited in the vicinity of the sub-solar point, where
the horizontal component of the solar wind velocity is small. Since
large density fluctuations are observed near the sub-solar point,
this may indicate that fluctuations in the solar wind pressure or
the mirror-mode instability in the magnetosheath may play the
dominant role in this region.

If the main source of the density fluctuations is near the mag-
netosheath-ionosphere boundary, it remains to be explained why
the standard deviation of the fluctuations increases with decreas-
ing altitude, as shown in the left-hand panel of Fig. 12. A solar
wind/magnetosheath source implies that the energy flow in the
turbulent fluctuations must be directed downwards, so we must
consider the mechanism by which the fluctuations are transmitted.
Although the wave energy may be transported horizontally due to
a horizontal component of the ionospheric motion, for our pur-
poses we concentrate only on the vertical component of the wave
motion. If the energy is propagated downward from the magneto-
sheath region as a compressional Alfvén wave, which seems to be
the most likely mode of propagation, then there are good reasons
to think that amplitude of the fluctuations would increase with
decreasing altitude. The explanation is similar to the increase in
the amplitude of an ocean wave propagating into a shallow sloping
beach. According to the WKB (Wentzel–Kramer–Brillouin) theory
for wave propagation through a slowly varying medium (Budden
1961), if the energy flux is conserved, then the product of the wave
amplitude squared times the downward component of the group
velocity must be constant, i.e., A2vg = constant. This relation im-
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plies that the amplitude should be proportional to the inverse
square root of the group velocity, A � 1/

ffiffiffiffiffi
vg
p

. For an ocean wave
propagating into a shallow beach the group velocity is proportional
to the square root of the depth, vg �

ffiffiffi
h
p

, so as the wave propagates
into the beach the amplitude increases as the depth decreases (Fet-
ter and Walecka, 1980). For a compressional Alfvén wave the group
velocity is given by vg ¼ B0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffil0qm0
p

, where B0 is the zero-order
magnetic field and qm0 is the zero-order mass density (Gurnett
and Bhattacharjee, 2005). This equation, together with the
A2vg = constant condition, implies that the wave amplitude should
vary as ðqm0Þ1=4=B1=2

0 . Because the mass density in the ionosphere,
qm0, increases exponentially with decreasing altitude and varies
much more rapidly than the magnetic field strength B0, the ampli-
tude of a downward propagating Alfvén wave should increase
exponentially with decreasing altitude. Preliminary estimates, tak-
ing into account the scale height of the ionosphere (Morgan et al.,
2008) and the relatively weak altitude dependence of the solar
wind induced magnetic field (Brain, 2007), show that the exponen-
tial amplitude variation implied by the above model has the qual-
itatively correct trend to explain the altitude shown in Fig. 12.
However, the exponential increase is not sufficiently rapid, by
about a factor of two in the logarithmic slope, d(log ne)/dz, to ex-
plain the observed altitude dependence. This discrepancy possibly
indicates that that there may be a significant upward propagating
contribution from a low altitude source, or that some other vertical
energy transport mechanism is involved in downward propaga-
tion. Whether and under what conditions the Kelvin–Helmholtz
instability, the mirror-mode instability, and/or pressure distur-
bances in the solar wind are responsible for the complex density
and magnetic field fluctuations observed in the martian ionosphere
will require further study.
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