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Abstract For the first time at Mars the statistical distribution of (1-D) electric field wave power in the
magnetosphere is presented, along with the distribution of magnetic field wave power, as observed by
the Mars Atmosphere and Volatile EvolutioN spacecraft from the first 14.5 months of the mission. Wave
power in several different frequency bands was investigated, and the strongest wave powers were observed
at the lowest frequencies. The presented statistical studies suggest that the full thermalization of ions
within the magnetosheath does not appear to occur, as has been predicted by previous studies. Manual
inspection of 140 periapsis passes on the dayside shows that Poynting fluxes (at 2–16 Hz) between ∼10−11

and 10−8 Wm−2 reach the upper ionosphere for all 140 cases. Wave power is not observed in the ionosphere
for integrated electron densities greater than 1010.8 cm−2, corresponding to typical depths of 100–200 km.
The observations presented support previous suggestions that energy from the Mars-solar wind interaction
can propagate into the upper ionosphere and may provide an ionospheric heating source. Upstream of the
shock, the orientation of the solar wind interplanetary magnetic field was shown to significantly affect the
statistical distribution of wave power, based on whether the spacecraft was likely magnetically connected
to the shock or not—something that is predicted but has not been quantitatively shown at Mars before.
In flight performance and caveats of the Langmuir Probe and Waves electric field power spectra are
also discussed.

1. Introduction

The lack of a significant intrinsic magnetic field at Mars and the subsequent interaction of the solar wind with
the Martian ionosphere [Acuna et al., 1998] leads to an induced magnetosphere at the planet [e.g., Bertucci
et al., 2011]. The Martian bow shock typically lies at a planetocentric distance of ∼1.6 Martian radii [e.g., Slavin
et al., 1991; Vignes et al., 2000; Trotignon et al., 2006]—much closer than, for example, the typical terrestrial bow
shock location that lies at ∼14.6 Earth radii [e.g., Fairfield, 1971] as a result of the Earth’s large intrinsic dipole
magnetic field. The much smaller scale of the magnetosphere and lack of a global dipole field, for unmag-
netized bodies, lead to different physical mechanisms dispersing the upstream solar wind kinetic energy
and subsequent facilitation of energy transfer from the solar wind down to the upper atmosphere and iono-
sphere of the planet [e.g., Mazelle et al., 2004]. Plasma waves within the magnetosphere are one such energy
transfer mechanism.

The first measurements of plasma waves at Mars were made by the Phobos 2 spacecraft [Grard et al., 1989];
the Plasma Wave System observed several plasma boundaries and regions including the bow shock, mag-
netosheath, and a boundary termed the “planetopause” (defined as a magnetic enhancement separating
shocked solar wind plasma from the colder, heavier planetary plasma). These boundaries and regions were
observed to vary in position over multiple orbits. Within the so-called planetopause, the Plasma Wave System
identified bursts of waves interpreted as whistler wave modes. The planetopause has since been confirmed
to be the same boundary as the more commonly known magnetic pileup boundary (MPB) [Trotignon et al.,
1996, 2006].

Wave activity in the region of the bow shock was reported by Sagdeev et al. [1990]. They proposed that
high-frequency waves excited at the shock front were due to currents flowing along this front which were
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subsequently convected downstream to inside of the magnetosheath by the solar wind. Cold Martian
ionospheric ions diffusing through the planetopause to the magnetosheath were thought to generate
lower-frequency waves observed close to the bow shock.

Waves at the local proton cyclotron frequency have been observed upstream of Mars by several studies. To
our knowledge, Russell et al. [1990] were the first to report these observations, suggesting that the cause of
these waves was the pickup of newly formed protons from the ionization of the Martian hydrogen corona. The
waves reported by Russell et al. [1990] were rare in occurrence, lasting only for short durations (tens of minutes)
and consisted of relatively low amplitude (∼0.15 nT) waves in the magnetic field observations. Observations
of waves at the local proton cyclotron frequency upstream of Mars were observed by the Mars Global Surveyor
(MGS) mission for much longer durations of time and at larger wave amplitudes [Brain et al., 2002]. Bertucci
et al. [2013] found correlations between the occurrence of waves upstream at the local proton cyclotron fre-
quency measured by the MGS spacecraft and modeled densities of the hydrogen corona at Mars, further
supporting the proposition that ionization of the Martian hydrogen corona drives upstream proton cyclotron
waves. More recently, Romanelli et al. [2016] have reached the same conclusion using Mars Atmosphere and
Volatile EvolutioN (MAVEN) data with a similar, but more elaborate, data analysis methodology that used an
up-to-date model for the hydrogen exospheric densities. Indeed, it is now commonly accepted that the ion-
ization of the neutral Martian corona upstream of the shock (that consists primarily of H), and the subsequent
ion-ion resonant instabilities that arise between the newly ionized protons and flowing solar wind, leads to
the generation of waves observed at almost the local proton cyclotron frequency [e.g., Gary, 1991; Delva et al.,
2011]. The relative motion between the spacecraft and the solar wind causes a Doppler shift within the space-
craft frame of measurement, and thus, these waves may appear at frequencies close to, but not exactly at,
the local proton cyclotron frequency in the spacecraft frame. The most efficient wave generation occurs if ion
gyration is resonant with a wave in the plasma—the gyrating ion subsequently sees a constant electric field
and can quickly gain significant energy [Delva et al., 2011].

Empirical locations of the Martian bow shock have been calculated based on observations by the Mariner 4,
MARS 2, MARS 3, MARS 5, and Phobos 2 spacecraft [Slavin et al., 1991]. The altitude of the Martian bow shock
was not observed to vary with solar cycle, in contrast to what is observed at Venus. This was attributed to
Venus’s weak but significant intrinsic magnetic field. Similar analysis has been carried out by other authors
[e.g., Vignes et al., 2000; Trotignon et al., 2006] who used data from the Phobos 2 and MGS missions to improve
the previous empirical location models of the bow shock and MPB.

Low-frequency (LF) waves have been observed at Mars by various authors analyzing magnetic field data from
the MGS spacecraft. Brain et al. [2002] observed waves upstream of the bow shock close to the local proton
cyclotron frequency whose amplitudes (occurrence) tended to decrease (increase) with increasing distance
from the bow shock. They also observed whistler waves propagating upstream of the bow shock when MGS
was magnetically connected to the shock front. Bertucci et al. [2004] observed LF waves on either side of
the MPB. Waves upstream of the MPB were found to be mirror mode waves, while those downstream were
large-amplitude fast magnetosonic waves. Espley et al. [2004] observed LF compressional waves in the day-
side sheath with frequencies many times less than the local proton frequency. These LF waves were much
more varied in type on the nightside and were typically transverse to the field with frequencies closer to the
local proton cyclotron frequency.

More recently, LF waves upstream of Mars observed by MAVEN were analyzed by Ruhunusiri et al. [2015]. They
found that Alfvén waves were dominant upstream and in the magnetosheath, with fast waves observed fre-
quently near the bow shock and MPB. The occurrences of these Alfvén and fast waves varied with upstream
solar wind dynamic pressure.

The relatively short mission lifetimes of the early Mariner, MARS, and Phobos missions, the lack of a plasma
wave instrument or magnetometer on the Mars EXpress (MEX) spacecraft, and the Sun synchronous orbit
of MGS mean that previous observations of waves and plasma boundaries within the Martian magneto-
sphere have been limited in number, spatial, and temporal coverage. MAVEN is the first spacecraft to visit
Mars carrying both a magnetometer and electric field instrument and to be in an orbit such that the entire
magnetosphere will eventually be sampled.

The goal of this paper is to provide an overview of the MAVEN electric and magnetic data sets and to discuss
these data sets (that span several plasma regions and boundaries) in light of the previous literature. We thus
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present here statistical maps of the magnetic and electric field wave power, taken over the first ∼14.5 months
of the MAVEN mission, throughout the Martian magnetosphere. The remainder of this paper is as follows:
the data used in this analysis are described in section 2, including caveats of the Langmuir Probe and Waves
(LPW) electric field power spectral data set. Section 3 outlines the analysis method. Statistical maps of electric
and magnetic field wave power are presented in section 4. Results are presented from a smaller statistical
study demonstrating that wave power (assumed to propagate downward from the sheath) reaches the upper
ionosphere of Mars. A third statistical study demonstrates that the distribution of wave power within the
Martian magnetosphere is strongly influenced by the upstream solar wind interplanetary magnetic field (IMF)
orientation, something that has been predicted but never before presented in a statistical study of in situ data
at Mars. A discussion of these results follows in section 5 before conclusions are presented in section 6.

2. Data

The MAVEN spacecraft reached Mars in September 2014 and achieved its final science orbit shortly there-
after [Jakosky et al., 2015]. Periapsis is typically at 150 km and apoapsis reaches approximately 6500 km in
altitude. The elliptical nature of the orbit and subsequent precession about the planet means that MAVEN is
able to sample the solar wind on a regular basis, obtaining upstream conditions that drive the downstream
magnetosphere and ionosphere. Of interest to this study are data from the Langmuir Probe and Waves (LPW)
[Andersson et al., 2015], Magnetometer (MAG) [Connerney et al., 2015], and Solar Wind Ion Analyzer (SWIA)
[Halekas et al., 2015] instruments.

LPW consists of two ∼7 m booms separated by an angular distance of ∼110∘. The instrument alternates
between operating as a Langmuir probe measuring current voltage (I–V) characteristics and operating as an
electric field instrument measuring waves. The designed operation cycle consists of four subcycles that are
performed the same way regardless of measurement cadence. The four subcycles for the nominal mission are
as follows: I–V measurement on boom 1, “passive” (PAS) wave measurement, I–V measurement on boom 2,
and “active” (ACT) wave measurement. The difference between the PAS and ACT wave measurements is that
prior to the ACT measurement a weak white noise broadcast (sounding) is performed, designed to stimulate
waves at the local plasma frequency. Section 2.1 outlines in more detail these differences. Electric field power
spectra (and I–V characteristics) are measured at cadences between 2 and 128 s depending on the instru-
ment mode of operation. MAG is a fluxgate magnetometer that measures the vector magnetic field at a rate
of 32 Hz. SWIA is an electrostatic top hat analyzer that measures ion fluxes from 25 eV up to 25 keV with a
field of view spanning 360∘ × 90∘. The upstream solar wind parameters used in this study were derived from
SWIA using moments that are calculated onboard, at a cadence of 4 s. A detailed description of this method
is given in Halekas et al. [2016].

LPW electric field wave spectra are available for the first∼14.5 months of the MAVEN mission, from 10 October
2014 to 9 December 2015. Due to a change in instrument operation, wave spectra are not available on a
regular basis after these dates. The bulk of the Martian ionosphere is typically observed below 600 km, and
as such only data above 600 km were analyzed in the statistical studies outlined in sections 3.1 and 3.3 of
this study. Taking into account this altitude range, the LPW data set consists of 3,308,714 spectra (1,415,620
active and 1,893,094 passive). MAVEN orbit coverage was such that the spacecraft sampled the upstream
solar wind for approximately 8.5 months of this data set, between roughly December 2014 to mid-March
2015 and June to November 2015. Analysis utilizing upstream solar wind drivers is subsequently limited to
these time ranges, resulting in a total of 2,051,270 spectra (920,612 active and 1,130,658 passive) available for
analysis. Before detailing the specifics of our analysis we first discuss the general properties of the LPW wave
spectra and outline important caveats when analyzing this data set. A discussion of the caveats of the LPW
I–V characteristics is currently under preparation, for submission to his journal.

2.1. Description and Caveats of the LPW Wave Spectra Data Set
The LPW electric field wave spectra are produced by measuring the potential difference as a time series
between the two LPW booms, the ends of which are separated by a distance of 12.68 m. The instrument mea-
sures the electric field the same way in both the PAS and the ACT subcycles. Both subcycles produce a low
time resolution, 64 point-per-subcycle electric field DC time series data product that is sent to ground. The full
resolution time series data are analyzed via an on board fast Fourier transform (FFT) which is applied to three
different frequency ranges: low (LFlpw, 0.25 Hz–496 Hz), medium (MFlpw, 16 Hz–3.2× 104 Hz), and high (HFlpw,
1 kHz–2 MHz) frequencies. The subscript lpw denotes that these ranges apply to the LPW level 2 spectra
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Figure 1. Highlighted caveats of the LPW wave spectra that are discussed in the text. (a and b) The ACT and PAS wave
spectra. (c) The local electron density derived from the LPW wave sounding measurements in black and the Langmuir
probe in red. (d) The percentage difference between these quantities. (e) The spacecraft altitude. The lines L1 and L2
mark densities of 1 × 103 cm−3a and 2 × 104 cm−3, respectively. The four vertical black lines mark where the Langmuir
probe-derived densities in Figure 1c cross these values.

as opposed to the frequency ranges used for the study presented in section 3 of this paper. The resulting
power spectra (known as survey data) are sent to ground, but the high-resolution time series data for the three
frequency ranges are not sent to ground on a regular basis due to telemetry restrictions. This high-resolution
time series data can be sent to ground via a burst system. When activated, the burst system selects the highest
amplitude data from a fixed length time window. Subsequently, burst data sent to ground span small periods
of time. Burst data are only available during the PAS subcycle. As mentioned, the main difference between
the PAS and ACT subcycles is that for the ACT subcycle, low power white noise is broadcast just prior to cap-
turing the electric field measurement. This white noise is broadcast to increase the probability of measuring
the Langmuir (plasma) line and thereby obtain an absolute plasma density measurement. Typically, multiple
FFTs from the same subcycle are averaged during onboard processing when capturing the PAS MFlpw and
HFlpw spectra, and the number of FFTs averaged can be changed. For the ACT subcycle only the first FFT after
the white noise broadcast is recorded. This difference between ACT and PAS onboard processing can lead to
slight differences between spectra captured at neighboring points in time. This is particularly true at high alti-
tudes when the cadence of level 2 spectra can be up to 128 s. An example can be seen just to the left of circle
2 in Figures 1a and 1b at approximately 103 Hz.

Example wave spectra are shown in Figure 1. LPW wave spectra from ACT and PAS subcycles are shown in
Figures 1a and 1b, respectively. Figure 1c shows the local electron density as determined by the local plasma
line from the electric field waves measurement in black and the Langmuir probe-derived density in red;
Figure 1d shows the percentage difference between these two quantities. “Wn” stands for waves-derived elec-
tron density; “Ne” stands for Langmuir probe-derived density in this panel. The green and blue horizontal lines
in Figure 1c mark densities of 1×103 and 2.3×104 cm−3 (the importance of which is discussed in section 2.1.3).
The vertical black lines mark where the Langmuir probe-derived densities cross these values. Figure 1e shows
the spacecraft altitude in the International Astronomical Union Mars planetocentric (IAU-Mars) frame. The ACT
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and PAS spectra both span a frequency range of just below 1 Hz up to ∼2 MHz but are composed of three
separate, merged spectra spanning smaller-frequency ranges.
2.1.1. Combining the LFlpw, MFlpw, and HFlpw Spectral Ranges
The noise floor for each of the three individual frequency bands (LFlpw, MFlpw, and HFlpw) is frequency depen-
dent. These three bands are combined to produce the level 2 data products shown in Figures 1a and 1b. This
noise floor is present in the form of three horizontal bands at constant frequency, close to∼500 Hz, ∼2000 Hz,
and ∼2 MHz in the final level 2 product, and an example of this discontinuity is highlighted by circle 1 in
Figure 1. The three individual frequency bands partially overlap in frequency space, and the frequency bin
sizes at these regions of overlap are different in size due to the quasi-logarithmic scaling used in frequency
space. As such, no further processing is carried out when the LFlpw, MFlpw, and HFlpw spectra are combined;
they are simply “cut” and joined at empirically determined frequencies to produce the continuous spectrum in
the level 2 data products shown in Figure 1. When electric field waves are present the three separate frequency
bands are well (but not perfectly) calibrated, as shown by circle 2 in Figure 1, where there is no significant
change in wave power across the two frequency bands at ∼500 Hz.
2.1.2. Flagging Low-Quality Spectra
Spectra of low-quality have been removed resulting in “empty” blocks within the final level 2 spectra.
Examples are highlighted by circles 3 and 4 in Figure 1, here shown by black blocks in the spectra. The degra-
dation of spectra can arise for several reasons, and we discuss the most important here. The primary source of
spectra degradation arises from instrument-induced DC electric fields. When wave spectra are captured, the
instrument operates as a “reverse Langmuir probe.” Rather than applying a voltage to one of the probes and
measuring the resultant current collected by that probe, a current is applied to both probes and the resul-
tant voltages on each measured. There is an optimum range of “bias” currents that should be applied to each
probe, whereby voltage is approximately proportional to the natural log of current, and there is a correspond-
ing unique voltage value that can be observed. This region is known as the “ramp” or “electron temperature
fit” region on a Langmuir probe I–V curve [see, e.g., Ergun et al., 2015]. If the applied bias current lies outside of
this optimum range, then voltage is almost constant with respect to current, and there are many nonunique
voltage values that can accompany this bias current value. Due to differences in the LPW probe surface char-
acteristics, these optimum bias currents are slightly different for each probe. If one, or both, of these applied
bias currents lies outside of their optimum ranges, the corresponding measured voltages for both probes can
swing to large values, typically inducing large instrumental DC electric fields that swamp any real ambient
electric fields. The low-density plasma environment at Mars makes this optimum bias current region narrower
than on previously flown Langmuir probes at Earth, for example. The highly variable nature of the Martian
plasma environment throughout a MAVEN orbit further increases the difficultly in applying the optimum bias
currents at all times during one orbit. Subsequently, the blank spectra marked by circles 3 and 4 in Figure 1
can be common, particularly during the early mission when calibration was ongoing. These large instrumen-
tal DC electric fields can be identified within the LPW ancillary data and are used to identify and flag these
low-quality spectral measurements.

Minor attitude control thruster firings typically occur on the outbound segment of each orbit. These events
are recorded within MAVEN ancillary engineering data files which are used to identify thruster firing events
within the LPW wave spectra. Contamination of the LPW waves data from these firings is much less frequent
than contamination due to instrument induced DC fields.

LPW does not record wave spectra when capturing high cadence burst data, but this happens less frequently
than the inducement of instrumental DC electric fields and attitude control thruster firings. The lowest mea-
sured frequency bin for the LPW wave spectra usually contains noise and is typically not useful: the usable
frequency range is subsequently quoted as upward of 2 Hz. Additional noise can also be present below
∼100 Hz as is discussed in section 2.1.5.
2.1.3. Wave Sounding
The operation and onboard processing of the ACT and PAS measurements are identical with the difference
of the weak white noise broadcast prior to the ACT measurements. PAS spectra are typically an average of
multiple FFTs; ACT spectra consist of the single FFT processed immediately after a wave sounding. As stated
above this sounding is an attempt to excite the local plasma line, allowing the local density to be derived
with high accuracy. The instrument upper frequency range of 2 MHz limits the measurable upper density
range to below about 2.3 × 104 cm−3. Circle 5 in Figure 1 demonstrates the plasma line observed in the ACT
spectra. When comparing ACT and PAS spectra, it is clear that the sounding is a success and is an important
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instrument capability. A review of the first wave sounding density measurements observed by LPW and
MAVEN is presented by Andrews et al. [2015], who observed influences from local crustal magnetic fields that
are consistent with previous observations at Mars. For the MAVEN mission the density values derived from the
waves measurements are held as the “gold standard” for all plasma density measuring instruments.

The LPW instrument unintentionally amplifies measured electric field signals for waves that have wavelengths
close to the sensor size. This translates to amplified wave power at high frequencies and is only an issue at
densities above ∼1 × 104 cm−3 when the corresponding plasma frequency is high. The derived plasma den-
sity is a function of frequency and not signal amplitude. Somewhat fortunately, this allows for an accurate
determination of the local plasma line: the enhancement in measured power typically makes it easier to deter-
mine the local plasma line in the wave spectra. This effect occurs for the PAS and ACT subcycles, resulting in
amplified wave power at densities close to and above ∼1 × 104 cm−3. The effect is similar to that observed
on the Polar satellite [Kolesnikova et al., 2001; Kolesnikova and Beghin, 2001]. Within the instrument the signal
amplitude grows to the instrument limit, and distortion/clipping of the signal occurs. This results in aliasing
or “ghost peaks” in the derived FFT wave spectra throughout the full frequency range of the instrument all
the way into the LF range. Examples are highlighted in Figures 1a and 1b by circle 6; note the correspond-
ing large electron densities in Figure 1c. The dominant wave power during these events remains in the local
plasma line and so the local electron density can still be derived to high accuracy.

For densities greater than ∼2.3 × 104 cm−3, the plasma line lies above the instrument frequency range. The
effect of signal amplification still occurs, and aliasing and ghost peaks are still present in the derived FFT
wave spectra despite the absence of the real local plasma line. Such high densities are typically only encoun-
tered close to the subsolar point at low altitudes and can be identified based on spacecraft position. If the
corresponding LP-derived electron density is available, this can be used as a further proxy to identify times
when the density approaches ∼2.3 × 104 cm−3. During these time periods, when density approaches or is
greater than ∼2.3× 104 cm−3, the waves derived density should not be used as the density lies outside of the
instrument measurement range.
2.1.4. Effects of the Spacecraft Wake
The LPW instrument is one of the first Langmuir probes to demonstrate an effect produced by the spacecraft
wake as a result of the large dynamic range of different plasma conditions encountered by the MAVEN space-
craft. Langmuir waves have been observed to exist in density cavities [e.g., Ergun et al., 2008; Malaspina, 2010].
The sounding feature of the LPW instrument is designed to excite Langmuir waves, and circle 5 in Figure 1
demonstrates this. As the Debye length of the local ambient plasma shortens, it approaches the character-
istic size of the spacecraft and spacecraft wake. The density in the spacecraft wake is a factor of ∼2 lower
than the ambient plasma, and as a result of the sounding, Langmuir waves accumulate in the spacecraft wake
cavity and have much larger power than the non trapped waves in the ambient plasma. In Figure 1c the
density measured by the LP is compared to that derived from the waves measurements. Below densities of
∼1 × 103 cm−3 and upward of 2 × 104 cm−3, the two methods agree very well, within ∼25%. Between the
horizontal lines L1 and L2, the density derived from the waves measurements is lower by a factor of up to ∼2.
This effect may exist on other missions, but there are key aspects that have allowed the MAVEN mission to
identify this: (1) the spacecraft is flying through a plasma where the Debye length is comparable to the space-
craft size, (2) multiple instruments measure the plasma density allowing density gradients to be compared,
and perhaps most importantly, (3) due to the signal amplification discussed above, the LPW instrument mea-
sures the true density at small Debye lengths. Clear evidence of spacecraft wake effects can be seen from the
anomalous density jump before and after crossing line L2 in Figure 1c. None of the other plasma density mea-
suring instruments on the spacecraft observe such a density jump, indicating that the Langmuir waves before
and after this jump have two different sources with a density difference of ∼2. This is explained by the Lang-
muir waves that are observed between lines L1 and L2 originating from within the spacecraft wake. There are
times when the Langmuir waves originating from the spacecraft wake and ambient plasma appear to coexist.
Most importantly, the waves-derived density provides a baseline for the minimum ambient plasma density.
Between ∼ 1 × 103 and 2 × 104 cm−3, the waves-derived densities may be up to a factor of ∼2 lower than the
true ambient plasma density.
2.1.5. Low-Frequency Noise
The LPW subcycle prior to the waves measurement ends with setting the probe that has just performed an
I–V sweep to the spacecraft potential. When the waves measurement starts, the potential on this sensor then
floats to the ambient plasma potential and this coupling between the sensor and ambient plasma to achieve
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equilibrium takes time. The onboard FFT neglects the first two data measurements to account for this
“equilibrium settling time.” However, under certain plasma conditions this settling time is longer than
expected and as a result a DC signal is present at the start of the electric field time series measurement. When
present, the onboard FFT of this DC signal produces a significant, low-frequency signal in the power spec-
trum. Ground data processing blocks out some such times (as seen by circle three in Figure 1), but the filter is
set modestly such that if single LF spectra are removed, neighboring spectra should be treated with caution.
Plasma conditions in the central Martian magnetotail often exhibit these conditions.

At high densities the ACT subcycle can contain low-frequency instrument noise which has been confirmed
within the LF time series data. The signature within the onboard FFT can manifest itself as near constant power
present below frequencies of ∼100 Hz. This noise varies in strength; an example is highlighted by circle 7 in
Figure 1a. This noise can be identified when comparing ACT and PAS wave spectra.

The cadence between the individual wave spectra in the level 2 data product depends on the operation mode
of the LPW instrument, which varies as a function of MAVEN’s altitude. Typically, higher-resolution data are
available at periapsis, at a cadence of 2 s. At higher altitudes the resolution in time becomes coarser (due to
telemetry restrictions and subsequent changes in instrument mode) and spectra are typically available every
∼128 s above 2000–3000 km, depending on the exact instrument mode being run at the time.

2.2. Example Spectra
An example of the electric and magnetic field power spectra for one MAVEN orbit at Mars is shown in Figure 2.
Figures 2a and 2c show the ACT and PAS electric field power spectra, respectively. Figures 2b and 2d show
the corresponding low time resolution electric field time series data for the ACT and PAS power spectra.
The DC component has not been removed from Figures 2b and 2d. Figure 2e shows the magnetic field
power spectrum, which has been derived using wavelet analysis of the 32 Hz time series magnetic field
data. Lower resolution 1 Hz magnetic field time series data are shown in Figure 2f, which is clearer to inter-
pret than the 32 Hz data, over a full MAVEN orbit. Figure 2g shows the spacecraft altitude in the IAU-Mars
reference frame.

We note here an important detail with regard to the interpretation of electric and magnetic wave data and
the inference of wave particle interactions, which was touched upon in section 1. Both pickup ions, and the
MAVEN spacecraft, when located upstream of the Martian shock, can be assumed to be approximately at rest
with respect to the planet. Waves-generated upstream as a result of ion-ion instabilities are thus detectable in
the spacecraft frame at the local cyclotron frequency of the parent ion. Within the planetary magnetosphere
(i.e., not in the solar wind), pickup ion conditions can be very different to the supersonic upstream case, and
the association between waves detected by the spacecraft, and the local ion gyrofrequencies, may be less
clear. Further, ULF waves have been observed to propagate through collisionless shock fronts, meaning that
proton cyclotron waves-generated upstream of the shock can propagate into the sheath, where the magnetic
field amplitude, and thus gyrofrequency, is different [e.g., Shan et al., 2014]. In the remainder of this paper we
make reference to the local ion gyrofrequencies at times when MAVEN is both upstream of the Martian shock
and downstream of it within the magnetosphere. During all times we assume the simplest situation, i.e., that
to first order, wave generation will occur at the local ion cyclotron frequency in the spacecraft frame. We note,
however, that such an assumption may not be valid at all times.

The orbit is approximately in the dawn-dusk plane, spanning ∼4.5 h with periapsis occurring at just after
14:00 UTC. The inbound section is on the dawn, sunlit, southern hemisphere of Mars. Up until about 13:30 UTC
MAVEN is in the solar wind, as visible by the relatively calm magnetic field in Figure 2f. The magnetic field
strength is a few nanoteslas and shows little variation. This is mirrored in the magnetic field power spectrum
in Figure 2g and the electric field power spectra in Figures 2a and 2c.

At around 13:30 UTC the electric and magnetic field data show disturbed features. The magnetic field power
spectrum shows a brief increase in power of several orders of magnitude across the entire frequency range,
before measuring strong wave power all the way through periapsis. This enhancement in wave power is the
bow shock—the brief burst of wave power prior to the more continuous power measured may be due to
the bow shock moving back across the spacecraft in response to changing upstream solar wind conditions
or foreshock-related phenomena upstream of the shock itself. Based on the spacecraft position, orbit tra-
jectory, and the shock location fits from Vignes et al. [2000], MAVEN crossed the bow shock at an oblique
angle, ∼45∘.
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Figure 2. Example electric and magnetic field wave power spectra for one orbit about Mars. (a and c) The ACT and PAS
electric field power spectra, respectively. (b and d) The time series electric field data from which these spectra were
derived from. (e and f) The magnetic field power spectrum and the corresponding time series magnetic field data,
respectively. (g) The spacecraft altitude in the IAU frame. E power has units of V2 m−2 Hz−1. B power has units of T2 Hz−1.

High-frequency electric and magnetic field wave power is observed by MAVEN as it crosses the bow shock. As
the spacecraft approaches periapsis, wave power at higher frequencies drops off, as can be seen in Figures 2a,
2c, and and 2e. Periapsis occurs just past the dusk terminator in the northern hemisphere. There is very lit-
tle electric field wave power observed in Figures 2a and 2c during periapsis but strong magnetic field wave
power is observed at low frequencies below ∼0.1 Hz, seen in Figure 2e. The magnetic field strength is typi-
cally 20–40 nT throughout periapsis, resulting in local gyrofrequencies of heavier ions (O+ and above) at and
below this frequency range—on the order of <0.05 Hz. The large spacecraft velocity (∼4 km s−1) at periapsis
means that it is not possible to tell whether these low-frequency waves are due to the gyromotion of heavy
ions about the local magnetic field, or an artifact of the spacecraft traveling through the large-scale chang-
ing magnetic field topology. It is most likely a combination of the two—this study utilizes data above 600 km
altitude where the effects of localized crustal magnetic fields and field-aligned currents (at times a large con-
tributor to the large-scale magnetic field topology) are deemed negligible. Measurement uncertainty in the
absolute magnetic field strength is less than 1 nT [Connerney et al., 2015]. The upstream solar wind at Mars is
typically ∼3 nT in strength and so a measurement uncertainty of <33% exists there. This study analyzes wave
power within set frequency ranges (which are described in section 3.1), and such effects should be negligi-
ble here. For the worst-case example (i.e., the error in measured field strength is 1 nT), if the upstream solar
wind has a field strength of 3 ± 1 nT, the corresponding local proton cyclotron frequency is 0.046 ± 0.015 Hz.
This uncertainty lies mostly within one such frequency range analyzed in this study, 0.01–0.05 Hz. Within the
shock and sheath, field strengths are typically at least 10 nT and the measurement uncertainty in magnetic
field strength (<10%) is negligible for this study.

FOWLER ET AL. WAVE POWER AT MARS 8543



Journal of Geophysical Research: Space Physics 10.1002/2016JA023411

Figure 3. Example LPW electric field burst mode time series data. (a, c, and e) The LFlpw, MFlpw, and HFlpw frequency
ranges, respectively. (b, d, and f ) Wavelet FFTs calculated on ground. Burst time series data are not gain corrected, and
thus, signal amplitudes are not consistent across the three frequency ranges. E power has units of V2 m−2 Hz−1.

The outbound segment of the MAVEN trajectory passes across the nightside of the planet in the northern

hemisphere, from dusk to dawn. Between ∼14:30 and 15:30 UTC MAVEN is in the magnetotail—the mag-

netic field power spectrum shows lower amplitude waves across a wide range of frequencies. The “bulge” in

both electric and magnetic field wave power at roughly 15:30 UTC is most likely MAVEN exiting the magne-

tosheath and crossing the bow shock. Once MAVEN is back in the solar wind, the magnetic and electric field

data in Figures 2a, 2c, and 2e quiet down. There is slightly more magnetic wave power after 15:30 UTC than

before 13:00 UTC; analysis of the spacecraft orbit shows that the inbound part (before 13:00 UTC) sampled

the upstream solar wind, while the outbound segment (after 15:30 UTC) sampled the downstream solar wind.

The downstream solar wind is likely disturbed, causing these fluctuations. These fluctuations in Figure 2e are

below 1 Hz and cannot be sampled by LPW, explaining why they are not present in Figures 2a and 2c.
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There are several sporadic “blips” of electric field wave power observed at higher frequencies, between ∼102

and 103 Hz, observed with a slight preference at the bow shock and in the upstream solar wind. The measure-
ment cadence of the MAG time series data prevents confirmation of the existence of these high-frequency
bursts in the magnetic field data.

We note that several of the electric field wave spectra caveats discussed in section 2.1 are observed here; the
stimulated plasma line at frequencies greater than∼104 Hz at periapsis in Figure 2a, vertical black lines denot-
ing flagged data in Figure 2c, and the three horizontal bands in Figures 2a and 2c marking the frequencies at
which the LFlpw, MFlpw, and HFlpw spectra have been merged into a single product.

2.2.1. Example Burst Mode Time Series Data
When operating in waves mode, the LPW instrument is capable of capturing short segments of higher time
resolution, electric field time series data. These high cadence data are known as burst, or archive, data. The
burst data capture is automatic, and the selection algorithm is described in Andersson et al. [2015]. The number
of burst segments that can be sent to ground depends upon telemetry restrictions and thus varies through-
out the MAVEN mission. Burst data are captured within the same three frequency bands as described above,
namely, LFlpw, MFlpw, and HFlpw. Burst data in the LFlpw range consist of 1024 points measured over 1 s; burst
data in the MFlpw range consist of 4096 points measured over ∼0.0625 s. Burst data in the HFlpw range consist
of 4096 points measured over ∼0.000976 s.

The three burst frequency ranges do not always overlap in time. Example burst data from the three frequency
ranges are shown in Figure 3, where for this example, the three frequency ranges do happen to overlap in
time. The LPW level 2 time series data products are shown in Figures 3a, 3c, and 3e, for the LFlpw, MFlpw, and
HFlpw frequency ranges, respectively. Corresponding wavelet FFTs produced on the ground for these panels
are shown in Figures 3b, 3d, and 3f. The burst time series data are not corrected for differences in frequency
gain that are present between the three frequency ranges; thus, the amplitudes of the signals in Figures 3a,
3c, and 3e and the powers derived in the wavelet FFT spectra in Figures 3b, 3d, and 3f are not consistent. The
LPW level 2 survey spectra (Figures 2a and 2c) are gain corrected on board the spacecraft.

The continuous signal observed at ∼1 MHz in Figure 3f is instrumental and its source is described in
Andersson et al. [2015]. Closer inspection of the time series data shown in Figure 3e (not shown here due to
space limitations) shows that approximately every other point is offset in amplitude, producing the observed
signal at 1 MHz. The data points are joined by lines in Figure 3e to make the observed wave structure clearer
to the reader.

The burst time series data can be subject to the caveats described in section 2.1, in particular, the
low-frequency noise discussed in section 2.1.5. The examples shown in Figure 3 do not exhibit such noise;
however, when present, it typically contaminates the first ∼100 measurement points of each burst.

3. Analysis Method

This study utilized data from the LPW, MAG, and SWIA instruments on board MAVEN. The LPW wave spectra
are calculated on board the spacecraft via an FFT of high cadence electric field time series data. Magnetic field
power spectra are obtained via a wavelet transform of the full resolution (32 Hz) magnetic field data on the
ground. The LPW spectra are the most constrained in cadence and so magnetic field vector and power spec-
tra measurements were paired to the LPW data set. The closest MAG data in time were paired to each LPW
spectral measurement and were required to lie within 5 s of it. This pairing of data meant that the LPW and
MAG data sets that are compared in this study consisted of even sample numbers. Given the much higher
sampling rate of the MAG instrument (32 Hz), the magnetic field portion of this study could be carried out
with significantly more data, although we note that the sheer volume of this data becomes problematic in
terms of computational analysis time. MAG and SWIA data were used to calculate upstream solar wind param-
eters (which are discussed later) and the solar wind motional electric field direction. The upstream solar wind
parameters were calculated as an average value for each orbit when MAVEN sampled the solar wind. These
parameters were also paired to LPW and MAG spectral measurements and were required to lie within 6 h of
these data. MAVEN’s orbit is approximately 4.5 h long, and we assume that the solar wind does not change
significantly over the course of one orbit. See Halekas et al. [2016] for more information on how upstream solar
wind parameters are calculated from MAVEN data.
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Figure 4. Cartoon diagram of the binning method used to produce statistical maps in this study. (a) The Y-Z plane cut
into four regions—north (N), south (S), dawn, and dusk. (b and c) Data from these regions are used to produce the
maps, looking at different planes. This system is used for both the MSO and MSE frames at Mars. Only data between
−1 RM <1.5 RN are used when creating the statistical map shown in Figure 4a.

In-depth analysis of the physical processes acting within planetary shocks requires knowledge of the shock
region being sampled by the spacecraft at the time of measurement, and, ideally, simultaneous observations
of the upstream solar wind [e.g., Bonifazi et al., 1980]. Several plasma boundaries and regions exist at Mars
(for example, the foreshock, bow shock, magnetosheath, and MPB); descriptions of, and the detailed analysis
required to identify, such boundaries have been well documented [e.g., Gringauz, 1976; Rosenbauer et al.,
1989; Sagdeev et al., 1990; Trotignon et al., 1996; Acuna et al., 1998; Mazelle et al., 2004]. Detailed analysis on
such a large data set is outside the scope of this study, the goal of which is to provide an overview of the
magnetic and electric variations at Mars and to show that such waves are incident on the upper ionosphere.
Thus, we speculate on the regions that are likely observed in the following analysis but cannot confirm these
speculations without more detailed analysis.

3.1. Electric and Magnetic Variations
The first part of this study analyzed power spectra of the 1-D electric field measurements from LPW and the
magnetic field strength measured by MAG. Statistical maps were generated from the data set as a function
of MAVEN position, in the Motional Solar wind Electric field (MSE), and Mars Solar Orbital (MSO) frames. The
MSE frame is defined to point in the positive E⃗ direction, where E⃗ = −V⃗swxB⃗sw; V⃗sw and B⃗sw are the solar
wind velocity and magnetic field vectors, respectively, in the MSO frame. In Cartesian coordinates, X points
along the planet Sun direction, sunward pointing. Z points in the same direction as E⃗, and Y completes the
right-handed system. Rotation from the MSO to MSE frame assumed that the solar wind velocity lay entirely
in the radial direction outward from the Sun. Aberration due to Mars’s orbital motion about the Sun was not
taken into account, leading to an error in solar wind velocity direction of ∼4∘, which was negligible for this
study. Statistical maps were compiled in the three planes: X-Z, X-Y , and Y-Z. Instead of simply compressing
the third axis within each map, a more accurate binning method was used. The Y-Z map was split into four
sections, based on dividers at 45∘ to the Z = 0 line. The boundaries were labeled north (N), south (S), dawn,
and dusk, as shown in Figure 4a. Subsequent maps in the X-Z and X-Y planes utilized data only from the N
and S, and dawn and dusk sections, respectively, as shown in Figures 4b and 4c. Data in the Y-Z map utilized
data between −1 < X < 1.5 Rmars.

Statistical maps were produced spanning several frequency ranges: ultralow frequency (ULF): 0.01–0.05 Hz;
low frequency (LF): 1–5 Hz for magnetic field, and 2–5 Hz for electric field; medium frequency (MF): 5 Hz, high
frequency (HF): 1 kHz–5 kHz. The MF range is the single frequency bin closest to 5 Hz in the power spectra; the
ULF, LF, and HF ranges typically span ∼4–5 frequency bins in the power spectra. The measurement cadence
of MAG and LPW are such that wave spectra are available for both within the LF and MF ranges. Magnetic field
spectra are available in the ULF range, and electric field spectra are available in the HF range. Justifications for
these frequency ranges are discussed in section 3.4.

3.2. Wave Power Observed Within the Upper Ionosphere
The second part of this study analyzed 1 month of data from the dayside ionosphere to investigate whether
wave power (assumed to originate from the sheath) was observed in the upper ionosphere. Such observations
are predicted by Moses et al. [1988] and would support the theory that the shocked solar wind plasma does
not have sufficient space to fully thermalize before encountering the planetary atmosphere and ionosphere
of Mars, enabling direct energy transfer to these regions. A total of 140 inbound periapsis passes, spanning
2015-10-01 to 2015-10-30, was analyzed by hand.
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The analysis included estimates of the Poynting flux using a method similar to, for example, Hartinger et al.
[2013], which was adapted because the LPW instrument only measures one component of the electric field.
The analysis was carried out within the frequency range 2–16 Hz, which is the range that the electric and
magnetic field power spectra overlap. The different measurement cadences of the LPW and MAG instruments
mean that the number, and widths, of frequency bins within the 2–16 Hz range, differ between the two spec-
tra. Thus, each bin within the 2–16 Hz range was normalized (multiplied) by its width in frequency (Hz). Taking
the square root of the subsequent normalized power yields values with units Vm−1 and T, for the electric and
magnetic field, respectively. Thus, these values represent dE and dB, the amplitudes of the variations in the
electric and magnetic field, respectively, as derived by the FFT and wavelet analysis. Because several frequency
bins lie within the 2–16 Hz range, several values of dE and dB exist (one for each bin); the mean Poynting flux
(in units of Wm−2) was calculated using equation (1):

PFmean =
dEmeandBmean

𝜇0
, (1)

where dEmean and dBmean are the mean dE and dB values derived from a particular spectrum and𝜇0 is 4𝜋×10−7

in MKS units. This method assumes that the 1-D electric field wave power is representative of the magnitude
of electric field wave power and that the magnitude of electric and magnetic field wave powers are transverse
and in phase such that an estimate of the Poynting flux can be obtained by multiplying dE and dB. These
estimates are thus upper limits of Poynting flux present in the 2–16 Hz range. For the remainder of this paper,
the term Poynting flux refers to the Poynting flux calculated within the 2–16 Hz range.

An example of one such periapsis from this analysis is shown in Figure 5. Figure 5a shows the electric field
power spectrum between 2 and 100 Hz; Figure 5b shows the magnetic field power spectrum between 0.01
and 16 Hz (the white horizontal line marks 2 Hz, to compare with Figure 5a; the other two white lines
show the local proton and O+ gyrofrequencies); Figure 5c shows an estimate of the Poynting flux; Figure 5d
shows the total electric field wave power summed between 2 and 100 Hz; and Figure 5e shows the iono-
spheric electron density, as derived from wave sounding by the LPW instrument. The spacecraft position
within the MSO frame, and the spacecraft solar zenith angle (SZA), are marked across the bottom of the
figure; the spacecraft travels southward with very little variation in the Y coordinate. The spacecraft samples
the sheath close to the subsolar point and enters the ionosphere as it traverses into the southern hemi-
sphere. Precession of the spacecraft over time is slow enough such that the 140 orbits analyzed here shared a
similar geometry.

For the example shown in Figure 5, the spacecraft encounters the upper ionosphere just prior to 07:52 UTC,
denoted by the left solid vertical line. At times earlier to this, the spacecraft is sampling the sheath, marked by
the large electric and magnetic field wave powers. Wave power is observed well into the upper ionosphere, up
until just before 07:58 UTC, marked by the right solid vertical line. The ionospheric density initially increases
quickly up to a value of a few hundred cm−3 and increases more gradually after 07:53 UTC. Poynting flux and
total electric field power (Figures 5c and 5d) show sharp reductions during the initial, sudden density increase,
followed by more gradual reductions thereafter.

The vertical lines were identified manually; the upper ionosphere (“top boundary,” left line) was defined as
the point at which ionospheric densities were consistently greater than ∼20 cm−3. The extent to which wave
power was observed in the ionosphere (“E field boundary,” right line) was defined as the point at which the
total electric field power (Figure 5d) reached its background value of about 1.5× 10−12 (V/m)2Hz−1. Note that
as in Figure 5a here, bursts of wave power are sometimes observed within the ionosphere; the right-hand line
marked the extent to which wave power was continuously observed from the sheath. The dashed vertical line
marks an example where a burst of wave power is coincident with a decrease in ionospheric density; such
events occur frequently in the ionosphere but are not the subject of this paper.

The line profiles in Figures 5c and 5d are similar in shape, and this arises because there is very little magnetic
wave power above 2 Hz within the ionosphere. Thus, the value of dB for the calculation of Poynting flux is
essentially constant at the background level observed in Figure 5b, and dE is the primary varying compo-
nent in this calculation. This is why the solid right-hand vertical line is marked based upon the total electric
field value, rather than Poynting flux. We none-the-less show the estimated Poynting fluxes here because
they provide an upper estimate of Poynting flux (in the 2–16 Hz range) at the top of the ionosphere, when
magnetic variations are present above 2 Hz. This electrostatic-like behavior above 2 Hz within the ionosphere
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Figure 5. Example inbound periapsis pass from one of the 140 passes analyzed. (a) The electric field power spectrum
between 2 and 100 Hz. (b) The magnetic field power spectrum between 0.01 and 16 Hz; the white horizontal line marks
2 Hz, and the other two white lines mark the proton and O+ gyrofrequencies. (c) An estimate of the Poynting flux, as
derived in section 3.2. (d) The total electric field wave power summed over the 2–100 Hz range. (e) The local electron
density as derived from the LPW wave sounding measurements. The left and right solid vertical lines mark the top of the
ionosphere, and the altitude to which electric field wave power is continuously observed to, respectively. The dashed
vertical line marks an example of where an enhancement in wave power corresponds to a reduction in electron density;
such events were not the focus of this study.

has recently been reported by Fowler et al. [2017]. Wave power is indeed observed to overlap with the upper
ionosphere, and the results of this analysis are presented in section 4.2.

3.3. Solar Wind IMF Orientation
The third part of this study analyzed the distribution of 1-D electric and absolute magnetic field wave power
throughout the Martian magnetosphere as functions of several upstream solar wind parameters. The solar
wind is a primary energy input to the Martian system, and observations of how energy flows through the
magnetosphere under varying upstream conditions can provide information about the dominant physical
processes facilitating this transfer of energy. The statistical nature of this study (as opposed to a case-by-case
study of individual shock crossings) again only allows for broad conclusions to be drawn in these analyses.

The upstream solar wind driver presented here is the solar wind interplanetary magnetic field (IMF) cone
angle, defined as the angle between the solar wind flow and IMF. Several upstream Mach numbers (Alfvénic
Mach number (Va), sonic Mach number (Ms), magnetosonic Mach number (Mms)); proton beta (the ratio of
proton particle pressure to solar wind pressure); and the solar wind density (Nsw) and velocity (Vsw) were also
investigated, but we do not show results from these studies due to space limitations and leave this work for
future publication.

The effects of the IMF cone angle on wave power distribution were investigated by analyzing parallel or
antiparallel IMF conditions, compared to perpendicular IMF conditions. The IMF cone angles of 0∘ and
180∘ correspond to parallel (−Bx) and antiparallel (+Bx) IMF, respectively (relative to the solar wind flow);

FOWLER ET AL. WAVE POWER AT MARS 8548



Journal of Geophysical Research: Space Physics 10.1002/2016JA023411

90∘ is perpendicular IMF. The distribution of IMF cone angles (0∘ to 180∘) was split into four quartiles (Q1–Q4):
Q1 spanned angles 0∘–71∘; Q2 spanned 71∘–89∘; Q3 spanned 89∘–107∘, and Q4 spanned 107∘–180∘. These
values were chosen so that each quartile contained the same number of samples. Quartiles one and four
correspond to −Bx and +Bx IMF, respectively. The middle two quartiles represent approximately perpendic-
ular IMF. Statistical maps of wave power distribution were thus generated for quartiles Q1, Q2 + Q3, and Q4.
The effects of IMF cone angle were determined by dividing statistical maps for the following quartiles: Q1

Q2+Q3

(−Bx) and Q4
Q2+Q3

(+Bx). No IMF orientations were exactly parallel or antiparallel to the solar wind velocity: the

minimum, median, and maximum IMF values were 7∘, 89∘ and 174∘, respectively; 95% of the distribution lay
between 30∘ and 150∘.

3.4. Analysis Caveats
Here we discuss the chosen frequency ranges as outlined in section 3.1, using Figure 2 as an example. In the
upstream solar wind, when the magnetic field is typically a few nanoteslas, wave power around 0.05 Hz is close
to the local proton cyclotron frequency. In the magnetosheath, where magnetic field strengths of ∼20 nT are
more common, the local proton cyclotron frequency is closer to∼0.3 Hz. Wave power in the ULF (0.01–0.05 Hz)
range is thus typically associated with heavier ion cyclotron frequencies, although the local proton cyclotron
frequency can occur in this frequency range in the upstream solar wind. We do not choose a lower frequency
range due to the extended window lengths required to capture such low-frequency oscillations; MAVEN’s
apoapsis velocity is ∼1.5 km s−1 and spatial effects, such as passing through plasma boundaries, may start
to significantly affect the observed power spectra under such long window lengths. The LF (1–5 Hz for MAG
and 2–5 Hz for LPW) range was chosen as this is the lowest frequency range at which the LPW instrument
can sample at; this range typically samples above the local proton cyclotron frequency except in cases where
the magnetic field is particularly strong, ∼50 nT. The magnetic field strength can reach values close to this
in the magnetosheath, as seen in Figure 2f. The LF range thus likely samples harmonics of the local proton
cyclotron frequency, although there are several other possible sources of waves that lie within this frequency
range, as discussed in sections 5.1 and 5.2. The MF (5 Hz) range was chosen because electric field wave power
tends to fall off quickly at frequencies greater than this when the spacecraft is in the solar wind. This choice
was arbitrary, and similar analysis could be carried out for frequencies of 4 Hz, 6 Hz, or 4–6 Hz, for exam-
ple. The most intense wave power within the bow shock and magnetosheath tends to peak close to this
frequency as well. These features can be seen in Figures 2a and 2c. The HF (1 kHz–5 kHz) range is at the typ-
ical electron cyclotron frequency with a wave power that is much more sporadic in nature as can be seen
in Figures 2a and 2c.

Finally, we note a possible source of error accompanying this analysis method related to the identification of
“real waves” versus “single events.” As an example, waves in the local magnetic field are typically required to
possess some number of oscillations to be classified as a real wave [e.g., Brain et al., 2002; Espley et al., 2004]. If
MAVEN crosses a plasma boundary that has a spatial scale similar to, say, a 5 Hz wave in the magnetic field, then
this single boundary crossing will appear as wave power in the 5 Hz band of the magnetic field power spectra.
The same argument holds for the electric field power spectra. Given the difficulty associated with reliably
identifying plasma boundaries in an autonomous manner (and indeed the number of plasma boundaries and
regions observed in this study), we do not attempt to correct for this source of error.

4. Statistical Maps and Results

The following statistical maps are shown in the MSE frame. Maps were also produced in the MSO frame, but
we do not show them here due to space limitations. Spatial coverage was significantly improved in the MSE
frame, and the data reveal more definite structures. Various plasma boundaries and regions, for example,
which are discussed below, are more clearly observed in the MSE frame. The overall trends that are described
below are observed in both frames.

4.1. Electric and Magnetic Wave Power
Statistical maps in the MSE frame of electric field wave power for the LF, MF, and HF ranges are shown in
Figure 6. Each row shows a specific frequency range (labeled on each color bar); Figures 6a, 6c, and 6e show
the X-Z frame and Figures 6b, 6d, and 6f show the X-Y frame. We remind the reader that the binning method
used is described in section 3 and Figure 4. Empirical boundaries for the bow shock and MPB as determined by
Vignes et al. [2000] are overplotted as gray lines in the panels. Only bins that contained at least 10 data points
have been used, with most bins typically containing a few thousand data points. The color bars span 3 orders
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Figure 6. Statistical wave power distribution of the 1-D electric field, for
altitudes greater than 600 km, for the LF ((a and b) 2–5 Hz), MF ((c and d)
5 Hz), and HF ((e and f) 1 kH–5 kHz) ranges. The statistical mean is used
in Figures 6e and 6f due to the sporadic occurrence of wave power
within the HF range. The results in Figures 6a and 6b may be due to
low-frequency instrument noise, particularly in the magnetotail region
(see sections 2.1.5 and 5).

of magnitude but start at different val-
ues, so that features can be observed
in each frequency range. The LF range
(Figures 6a and 6b) contains the most
wave power, with the MF (Figures 6c
and 6d) and HF (Figures 6e and 6f)
ranges containing ∼3–4 orders of mag-
nitude less power. We also note that
the HF range shows the statistical mean
wave power as opposed to the statis-
tical median wave power. Inspection
of individual power spectra shows that
wave power in the 1 kHz–5kHz range
is sporadic in nature; when the median
is used to bin the data, a “blank” map
is obtained showing little wave power
and no structure. Using the mean pro-
duces the map shown here; further dis-
cussion of the importance of this is left
for later.

Wave power in the LF and MF ranges
shows spatial structure, with peaks
in wave power along the bow shock
(Figures 6a–6d). Wave power decreases
in the upstream solar wind, although
there is some spill over from the bow
shock into the upstream region—the
upper edge of the bow shock is not
sharp. Symmetric “horns” of enhanced
wave power are observed upstream of
the shock about the Y = 0 and Z = 0
lines, particularly for Figures 6a–6d.
Downstream of the MPB wave power
decreases, again with some overspill
from the sheath. Wave power along
the bow shock peaks at the subsolar
point. The enhanced wave power in
the central magnetotail is likely due to
LF noise (as discussed in section 2.1.5)

and represents the upper limit to wave power there. The HF wave power shown in Figures 6e and 6f shows
the most structure, with the greatest power observed along the bow shock, peaking at the subsolar point.
The upstream edge of the bow shock still shows overspill of wave power into the upstream region, but the
lower boundary of the MPB is much clearer and sharper compared to the LF and MF ranges. In the flanks
of the magnetotail, wave power is generally small but patches of enhancement exist close to planet in the
central tail region. There is no obvious asymmetry in electric field wave power distribution in the Martian
magnetosphere in the MSE frame, for all three of the frequency ranges shown here.

Statistical maps of the absolute magnetic field wave power are shown for the ULF, LF, and MF ranges in Figure 7.
These maps follow the same layout as those for the electric field power spectra except that all three figures
were produced using the statistical median of the data, and the color bar for the MF range covers 2 orders
of magnitude only. The Martian magnetosphere is clearly visible in Figures 7a and 7b, with magnetic field
wave power peaking in the sheath. The majority of wave power is at the subsolar point with significant power
present just upstream of the shock front. The symmetric horns of wave power upstream of the shock are not
as obvious as for the electric field but are still present in Figures 7a and 7b. There is also significant wave
power throughout the magnetotail; the inner MPB is visible although this boundary is not sharp in the flanks
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Figure 7. Statistical wave power of the absolute magnetic field strength,
for altitudes greater than 600 km, for the ULF ((a and b) 0.01–0.05 Hz), LF
((c and d) 1–5 Hz), and MF ((e and f) 5 Hz) ranges. Note that the color bar
ranges differ for each set of plots, with substantially more wave power
present in the ULF than LF and MF ranges.

of the tail. Clear structure is present
in the LF range shown in Figures 7c
and 7d with wave power peaking
at the subsolar point and along the
bow shock, as apposed to within the
sheath for the ULF range. The major-
ity of wave power is at the bow shock
and within the sheath—there is lit-
tle power in the tail region. The inner
MPB is now clear and fairly sharp.
Wave power in the MF range shown in
Figures 7e and 7f is again structured,
with wave power focused along the
bow shock and outer sheath regions.
Peak wave power is again at the subso-
lar point. The MPB is visible, but wave
power falls off within the inner sheath
region before reaching this boundary,
particularly in the flanks of the sheath.
Wave power in the ULF range is at least
an order of magnitude greater than
the LF and MF ranges, highlighted by
the difference in color bar scales used
for each set of plots in Figure 7.

4.2. Wave Power Reaching
the Upper Ionosphere
Results of the statistical analysis of
the 140 inbound periapsis passes
described in section 3.2 are shown in
Figure 8. Electric field wave power was
observed within the ionosphere for
all 140 cases, as shown in Figure 8a.
The distributions of these top and E
field boundary altitudes are shown
in Figures 8b and 8c. The penetration
depth that wave power was observed
to, within the ionosphere, is shown in

Figure 8d. This was defined as the difference in top and E field boundary altitudes. The most likely depth was
between 150 and 200 km; wave power was observed at depths greater than 300 km for 15% of periapsis
passes and down to nearly 600 km in the most extreme cases. The distribution of integrated electron density
at the E field boundary is shown in Figure 8e. The integrated electron density was calculated by integrat-
ing the electron density between the upper and E field boundaries, as a function of spacecraft altitude at
each measurement point. Continuous wave power was most likely to be observed at integrated densities of
between about 109.5 and 1010 cm−2. A sharp cutoff exists after this peak, and continuous wave power was
never observed above integrated densities of about 1010.8 cm−2. Short, discrete bursts of wave power were
observed at higher integrated densities, as seen in Figure 5a, but were not investigated in this study. The E
field boundary was not observed below altitudes of 170 km, and this is shown by the distribution of E field
boundary altitudes in Figure 8c. The most likely E field boundary altitude was just below 400 km, although
the shape of the distribution suggests that the actual value may be around 300 km, were a greater num-
ber of periapsis passes to be included in the analysis. The distributions of total electric field wave power,
and Poynting flux, at the top boundary, are shown as the black and blue dashed lines, respectively in Figure 8f.
Poynting fluxes at the top layer were most commonly observed between 10−10 and 10−9 Wm−2, although
Poynting fluxes greater than 10−8 Wm−2 were also observed. The electric field wave power distribution shows
similar behavior, albeit with a slightly wider distribution.
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Figure 8. Results of the statistical study of 140 dayside periapsis passes. The “top” boundary is when the spacecraft
first observes the upper ionosphere; the “E field” boundary is when electric field wave power is no longer observed.
(a) A scatterplot of top versus E field boundaries; the solid line marks 1:1. (b) The distribution of top boundary altitudes;
(c) The distribution of E field boundary altitudes; (d) The distribution of penetration depths into the ionosphere that
electric field wave power was observed. (e) The distribution of integrated electron densities, integrated between the top
and E field boundaries. (f ) The distributions of Poynting flux and electric field wave power at the top boundary.

Hartinger et al. [2013] investigated correlations between observed Poynting vectors and the local magnetic
field vector in the terrestrial magnetosphere. They reported that for lower frequencies in their study (6 and
18 mHz), energy was transferred mostly parallel to the local magnetic field in the upstream terrestrial mag-
netosphere, suggesting that Joule dissipation in the terrestrial ionosphere may be an important sink for the
observed ULF waves in their study. We attempted a similar analysis using the MAVEN 1-D electric field mea-
surements in this study, investigating Poynting fluxes as a function of the angle between the 1-D electric field
measurement and the local magnetic field vector. This angle varies with time due to changes in the local mag-
netic field vector and changes in the spacecraft orientation. No obvious correlations were found between the
size of this angle and the observed Poynting fluxes. A full 3-D electric field measurement is required to confirm
these (lack of ) correlations.

4.3. Solar Wind Effects on Wave Power Distribution
The distribution of 1-D electric and absolute magnetic field wave power in the X-Y MSE plane, for the MF and
LF ranges, respectively, is shown in Figure 9. The ratio of electric (magnetic) wave power, for parallel compared
to perpendicular IMF conditions, is shown in Figure 9a (Figure 9b), and for antiparallel compared to perpen-
dicular IMF conditions, in Figure 9c (Figure 9d). The color bar is the log of the ratio for these conditions. For
parallel IMF conditions, electric and magnetic wave power is enhanced by factors of 20–30 on the dawnside
(−Y) and reduced by similar amounts on the duskside (+Y). The opposite is observed for antiparallel IMF
conditions. Magnetic field wave power is roughly constant within the magnetotail; electric field wave power
shows more variation within the magnetotail, but this may be a result of low-frequency noise that can con-
taminate the MF range within the magnetotail (see section 2.1.5). The frequency ranges presented showed
the strongest variations in wave power with respect to solar wind IMF conditions.
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Figure 9. The log-scale ratio of absolute MF (5 Hz) 1-D electric and LF (1–5 Hz) magnetic wave power, for parallel
compared to perpendicular solar wind IMF ((a and b) “−Bx”) and antiparallel compared to perpendicular solar wind IMF
((c and d) “+Bx”).

5. Interpretation and Discussion

We first discuss the statistical maps presented in Figures 6 and 7; discussion of wave power overlaps, with
the upper ionosphere, and the effect of the IMF on wave power distribution, follows in sections 5.6 and 5.7.
Electric field wave power in the HF range was observed much more sporadically than in the MF range, but
when present, this HF power was comparable to or greater than that in the LF and MF ranges, as seen in
Figure 6. This suggests that electron-driven waves occur more sporadically in the Martian magnetosphere
than ion-driven waves but, when present, are able to contribute significant amounts of power. Ion ther-
malization is typically the dominant dissipation mechanism within collisionless shocks; however, electron
heating still occurs via current-driven instabilities at the shock front [Kivelson and Russell, 1995]. The spo-
radic occurrence of electron-driven waves may thus indicate times when electron heating is of increased
importance.

Enhanced electric field wave powers in the tail observed in this study (particularly in the LF and MF ranges)
are likely a result of low-frequency noise (section 2.1.5), and because of this we do not discuss the tail region
further with respect to the LF and MF electric field power spectra.

5.1. Wave Power in the Magnetosheath
Various plasma boundaries and regions are visible in the statistical maps of electric and magnetic field wave
power presented throughout this study. Magnetic field wave power, in particular, shows obvious structure in
all ranges (Figure 7). Wave power peaks within the sheath in the ULF range, and this is a result of ion thermal-
ization within the sheath to aid in the dissipation of upstream solar wind kinetic energy [e.g., Papadopoulos,
1971; Auer et al., 1971; Burgess et al., 1989; Bale et al., 2005, 1989].

It has been noted by Moses et al. [1988], for example, that the standoff distance of the Martian shock is small
compared to the typical ion plasma length scales in the Martian magnetosphere, meaning that full ther-
malization of the solar wind plasma is unlikely to occur within the magnetosheath. Thermalization typically
occurs at the length and time scales associated with the local ion gyrofrequencies, which at the Martian
shock are closest to the ULF range analyzed in this study. There is no obvious drop in magnetic field wave
power in Figures 7a and 7b between the sheath and lower altitude limit in this study (600 km) at the subso-
lar point, supporting the theory that there is not enough space between the shock and planetary ionosphere
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for the shocked solar wind plasma to fully thermalize there. There has been extensive research regarding
the thermalization of ions and electrons at the terrestrial shock [e.g., Feldman et al., 1983; Burgess et al., 1989;
Sckopke et al., 1990; Bale et al., 2002]; such detailed studies are only now possible at Mars because of the instru-
mentation carried by MAVEN. Previous spacecraft flown at Mars have, however, allowed modeling studies of
the system to be undertaken. Brecht et al. [1993], for example, ran three-dimensional hybrid model simulations
of the dayside Mars-solar wind interaction region. They compared their results with Phobos 2 plasma data
and concluded that ions would not fully thermalize before encountering the Martian ionosphere, particularly
in the subsolar region. The results presented in this study support these earlier hypotheses, demonstrating
that solar wind ions are unlikely to fully thermalize within the Martian subsolar sheath region.

5.2. Wave Power at and Immediately Upstream of the Shock Front
Wave power is also observed to peak along the bow shock, particularly at the subsolar point: this occurs in
the LF, MF, and HF ranges for electric field and the LF and MF ranges for magnetic field. This wave power,
and the “smearing out” of the shock front boundary observed in the statistical maps presented here, is
likely products of several sources: the movement of the shock front in response to changing upstream solar
wind conditions [e.g., Slavin et al., 1991; Vignes et al., 2000; Brain et al., 2005; Trotignon et al., 2006; Edberg
et al., 2009a, 2009b; Halekas et al., 2016]; the motion of reflected ions at the shock front that aid in the
dissipation of upstream solar wind kinetic energy [e.g., Paschmann et al., 1981; Gosling et al., 1982; Burgess
et al., 1989]; over and under shoots in the magnetic field immediately downstream of the collisionless shock
[e.g., Livesey et al., 1982; Mellott and Livesey, 1987]; and electromagnetic waves [e.g., Grard et al., 1989; Brain
et al., 2002; Mazelle et al., 2004]. The exact relative contributions of these sources cannot be determined
without in-depth analysis on an orbit-by-orbit basis; knowledge of whether the spacecraft is magnetically
connected to the shock, for example, provides information on whether ions reflected from the shock can be
observed or not. Such detailed analysis on a data set this large is outside the scope of this study and is not
undertaken here.

Whistler waves have been observed at the Martian shock at about 1–2 Hz and are thought to be gener-
ated within the sheath before propagating into the upstream region [Grard et al., 1989; Brain et al., 2002] and
likely contribute to the wave power observed at the shock front and immediately upstream of it in Figures 6a,
6b, and 7a–7d. Brain et al. [2002] also analyzed wave power in the range 0.04–0.1 Hz; the absolute mag-
netic field wave power peaked within the sheath, at similar absolute powers, as observed in the ULF range in
this study.

5.3. Wave Power at the MPB
The MPB is observed in the electric and magnetic field power spectra. There is again variation in the location
of this boundary, most likely caused by varying upstream solar wind conditions. Typically, wave power falls off
downstream of the MPB, particularly in the tail region, suggesting that little dissipation of upstream energy
occurs in this region, as expected. Espley et al. [2004] analyzed magnetic field data from the MGS spacecraft
and concluded that oscillations below the local proton frequency decreased in amplitude downstream of
the MPB within the magnetotail region, agreeing with results from this study. Bertucci et al. [2004] used MGS
magnetometer data to report similar ULF waves either side of the MPB, which are also observed in this study.

5.4. Upstream Wave Power
Waves at the local proton cyclotron frequency are known to exist upstream of the bow shock at Mars
[e.g., Russell et al., 1990; Bertucci et al., 2013; Brain et al., 2005] and are the probable cause of upstream wave
power observed in the ULF and LF ranges in Figures 6a, 6b, and 7a–7d. Such waves are likely the product of
ion cyclotron like waves produced by the ionization of the neutral corona. An ion-ion beam instability can
form as a result of the interaction between the newly ionized, approximately stationary coronal particles, and
the solar wind flow [e.g., Delva et al., 2011]. Although ion cyclotron waves are most frequently right-handed
wave modes in the plasma rest frame, Doppler shift effects caused by the solar wind flow velocity can cause
such waves to be observed as left-handed waves in the spacecraft frame [e.g., Mazelle and Neubauer, 1993].
This study did not analyze the magnetic field data in such detail, but we note these effects for future reference.
Symmetric horns of electric and magnetic wave power are observed upstream of the shock in Figures 6a–6d,
7a, and 7b. Without more detailed information it is difficult to determine the cause of these structures;
however, they may represent the statistical extent of the dawn and dusk foreshock regions.

The statistical maps presented in this study support the conclusion drawn by Delva et al. [2011] that upstream
cyclotron wave generation occurs at the initial ionization point of the neutral corona, as opposed to a later
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point in time once the ionized particle has been picked up by the solar wind. There is no obvious asymmetry
in the +Z direction in Figures 6 and 7, which are presented in the MSE frame. If wave generation were to occur
after the initial ionization, an asymmetry would be present in the +Z direction, due to the large gyroradii
of ionized coronal particles that are typically on the order of the planetary radius or greater at Mars. Pickup
ions are subsequently accelerated over the planet in the +Z MSE direction, producing what is known as the
polar plume [e.g., Lundin et al., 2006a, 2006b; Curry et al., 2015; Dong et al., 2015]. The relatively large coronal
densities at Mars mean that the generation of upstream cyclotron waves of newly ionized coronal particles
occurs for many different configurations of solar wind velocity and magnetic field, and it is thus not surprising
to observe these upstream waves in Figures 6 and 7, where all solar wind conditions have been included in
the analysis.

5.5. Wave Power in the Magnetotail
The general lack of wave power within the magnetotail is presumable because this region is typically not
magnetically connected to the shock front, sheath, or solar wind, which are the primary generation regions
for wave power observed in the magnetosphere. Magnetic ULF wave power in the magnetotail is ∼2 orders
of magnitude greater than for the LF and MF ranges there, and significant electric field wave power in the HF
range is also observed in the tail. These phenomena may be related to large-scale structures such as current
sheet crossings, which lie outside the scope of this work.

5.6. Statistics of Wave Power Observed in the Ionosphere
Electric field wave power was observed in the upper ionosphere for all 140 cases comprising Figure 8.
Assuming that wave power propagates from the sheath toward the planet, these observations strongly sup-
port the theory put forward by Moses et al. [1988] that the shocked solar wind plasma does not have space to
fully thermalize before encountering the upper ionosphere at Mars. Wave power generated at the Mars-solar
wind interaction that propagates into the upper ionosphere may thus provide energy for ionospheric heating,
as is known to occur at Venus [e.g., Taylor et al., 1979; Scarf et al., 1980; Shapiro et al., 1995]. Estimates of Poynt-
ing flux in the 2–16 Hz range at the upper ionospheric boundary ranged from∼10−11 –10−8 Wm−2 (Figure 8f ).
These estimates are at the lower end of estimates provided by Ergun et al. [2006] (based solely on MGS mag-
netic field data and calculated at the approximate local O+ gyrofrequency, 0.04 Hz) and are ∼3–4 orders of
magnitude smaller than heat fluxes derived from energy balance in the lower ionosphere (below ∼350 km)
by Chen et al. [1978], Choi et al. [1998], and Matta et al. [2014]. The estimates from this study are lower than
previously published estimates likely due to the limited frequency range at which the LPW and MAG instru-
ments overlap. Significant wave power is observed below 2 Hz in the magnetic field (and likely electric field,
but MAVEN cannot measure these frequencies); Figure 7 shows that magnetic field wave power is 2–3 orders
of magnitude greater in the 0.01–0.05 Hz range compared to the 1–5 Hz range.

Recently, Fowler et al. [2017] reported correlations between electric field wave power between 2 Hz and 100 Hz
and electron temperatures, within the dayside ionosphere at Mars, showing that enhancements in electron
temperature of up to 1000 K were observed for the largest wave powers. The electric field wave power
observed in this study (that is assumed to propagate from the sheath toward the planet) is a likely source of
the wave power observed in the Fowler et al. [2017] study.

The sharp cutoff in integrated densities above which no wave power is observed (Figure 8e) suggests that
the ionospheric density plays a crucial role in absorbing the observed wave energy. Somewhat surprisingly,
no correlations were observed between integrated electron densities at the E field boundary and estimated
Poynting flux at the upper boundary (not shown here due to space limitations). This is somewhat counter
intuitive, given that one might expect a larger integrated ionospheric density to be required to absorb a larger
energy input. Two possible causes for this lack of correlation are the limited frequency range over which Poynt-
ing flux is estimated (the Poynting fluxes are thus underestimated) and the fact that MAVEN is unlikely to travel
parallel to the Poynting vector within the ionosphere (MAVEN does not observe the “evolution” of the same
original input energy as it travels through the ionosphere).

The statistical study also demonstrates the highly variable nature of the Martian ionosphere, even on the
dayside of the planet. The top ionospheric boundary was observed between altitudes of 200 and 1000 km
(Figure 8b). This variation in top boundary altitude is to first order driven by variations in upstream solar wind
conditions; pressure balance between the incident solar wind flow and the draped magnetic fields determines
how compressed the underlying ionosphere will become [e.g., Crider et al., 2003].
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5.7. Wave Power as a Function of Upstream Solar Wind IMF Cone Angle
The analysis of the distribution of wave power within the Martian magnetosphere, as a function of solar wind
IMF orientation, assumed that only the solar wind IMF varied and that all remaining solar wind parameters
remained constant. This is true for some parameters, but not others, and correlations are observed between
certain upstream parameters. These correlations have been investigated, and it was found that the distribu-
tions of all other upstream solar wind parameters (investigated in this study, as outlined in section 3.3) were
roughly constant regardless of IMF direction. Thus, the statistical variations in wave power with respect to
solar wind IMF are likely driven to first order by these changes in IMF direction and not a different upstream
parameter. Due to space limitations, we do not show examples of the investigated correlations here.

The IMF follows on average a Parker spiral configuration leading to a typical Parker spiral angle (the angle
between the IMF and the direction radially outward from the Sun) of ∼56∘ at Mars [e.g., Parker, 1963; Thomas
and Smith, 1980; Ma et al., 2004]. The Parker spiral angle determines which parts of the Martian shock the
upstream IMF is magnetically connected to. The statistical distribution of absolute electric and magnetic wave
power varies with parallel or antiparallel IMF conditions, shown in Figure 9. In the MSE frame, the solar wind
magnetic field points in the dusk (+Y) direction. If the IMF Bx component is negative, i.e., pointing antisunward
(corresponding to parallel IMF), the spacecraft is more likely to be magnetically connected to the shock front
on the dawn (−Y) side of Mars, in the MSE frame. Thus, the enhanced wave power observed just upstream
of the shock front on the −Y side of Figures 9a and 9b is likely associated with plasma instabilities within
the foreshock region, as MAVEN is more likely to be magnetically connected to the shock here. The same
enhancements in wave power are observed on the dusk (+Y) side of Mars under antiparallel IMF conditions,
as expected.

Magnetic wave power in the magnetotail (Figures 9b and 9d) is roughly constant with changing IMF condi-
tions and this is expected—changes in IMF direction to first order affect the location at which the spacecraft
can be magnetically connected to the shock front and not the magnetotail. Electric wave power in the mag-
netotail (Figures 9a and 9c) is more variable, and this is likely due to low-frequency noise that can be present
in the tail region for the electric field MF range shown here.

This third study is meant as a demonstration that expected statistical behaviors are present in the new data
sets provided by MAVEN. Individual, detailed case studies are required to dig out the wealth of information
present here.

5.8. Long-Term Trends
The data analyzed in this study span 14.5 months, and any seasonal trends that may be present have been
averaged across. It has been observed, for example, that the occurrence of upstream cyclotron waves corre-
lates with the neutral coronal density [Bertucci et al., 2013], which is in turn a function of solar cycle and season
[e.g., Kim et al., 1998; 2009]. It is left for future work to investigate such temporal trends on the distribution of
electric and magnetic wave power in the Martian magnetosphere.

6. Conclusions

A statistical study of ∼14.5 months of absolute electric and magnetic field wave power spectra observed by
the MAVEN spacecraft has produced a much more comprehensive study of wave power distribution within
the Martian magnetosphere than has previously been possible. The key conclusions from this study are
as follows:

1. The lowest-frequency ranges contained the most wave power for the absolute electric and magnetic field
power spectra (Figures 6 and 7). Various plasma boundaries and regions are clearly evident in the statistical
maps, including the magnetic pile up boundary (MPB), bow shock, and magnetosheath. Enhancements in
wave power at these boundaries show regions important for the dissipation of solar wind energy incident
to the planetary obstacle. Increases of wave power observed in the sheath, particularly in the ULF range
(0.01–0.05 Hz) analyzed in this study, most likely represent the partial thermalization of ions in this region
(see point 2 below).

2. Statistical maps of electric and magnetic wave power suggest that the sheath does not appear large enough
to allow full ion thermalization of the shocked solar wind plasma, as has been predicted by, for example,
Moses et al. [1988]. A statistical study of 140 dayside periapsis passes showed that wave power and estimated
Poynting fluxes (within the 2–16 Hz range) reached the upper ionosphere for all 140 cases (Figure 8a).
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Assuming that wave power generated within the sheath propagates toward the planet, electric field wave
power (above 2 Hz) was observed to propagate to typical depths of 100–200 km within the ionosphere and
up to nearly 600 km in rare cases. Magnetic variations above 2 Hz were essentially at the noise level of the
instrument within the ionosphere; significant variations are present at lower frequencies, which lie outside
the measurement range of the electric field data.

3. Wave power observed within the upper ionosphere can provide an ionospheric heating source. Wave power
was not observed for integrated electron densities greater than 1010.8 cm−2.

4. Estimated Poynting fluxes in the frequency range 2–16 Hz are observed to lie between ∼10−11 and
10−8 Wm−2 (Figure 8f ) at the upper ionospheric boundary. Such values lie at the lower end of estimates
provided by Ergun et al. [2006] and are ∼3–4 orders of magnitude smaller than estimates from Chen et al.
[1978], Choi et al. [1998], and Matta et al. [2014]. The underestimates in this study are likely due to the lim-
ited frequency range over which the Poynting flux can be estimated (2–16 Hz) using MAVEN data; magnetic
field variations typically increase by 2–3 orders of magnitude below 2 Hz (Figure 7).

5. Variations in the distribution of electric and magnetic field wave power were observed as a function of
average upstream solar wind IMF orientation (Figure 9). The statistical nature of this study makes it hard
to conclusively determine the cause(s) of these variations, but changes in the upstream IMF orientation
strongly affect whether the spacecraft is magnetically connected to the shock front or not, likely driving the
observed differences. Upstream from the shock, enhancements in wave power of factors up to 20–30 are
observed when the spacecraft is likely magnetically connected to the shock front, compared to when it is
not.

6. Detailed caveats concerning the Langmuir Probe and Waves electric field wave spectra data set from the
Mars Atmosphere and Volatile EvolutioN mission are presented in the first half of this paper. Example spec-
tra, including discussed caveats, are presented in Figures 2 and 3 and are meant as aids to researchers who
wish to analyze this extensive data set.
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