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1. Introduction
Without a protective global magnetic field, the ionosphere of Mars interacts directly with the solar wind and under-
goes large spatial and temporal fluctuations (e.g., Brain et al., 2006; Dubinin et al., 2018, 2019; González-Galindo 
et al., 2021; Nagy et al., 2004; Shinagawa, 2000; Withers, 2009). Though both are highly variable, the top of the 
ionosphere occurs at approximately 500 km (Brain et al., 2006; Duru, 2009, 2020; Mitchell, 2001) and the iono-
spheric density peaks around 125–150 km, depending on solar zenith angle (SZA) (e.g., Hanson et al., 1977; Vogt 
et al., 2016). Additional complexity is added by the localized crustal magnetic fields (CMFs) (Acuña et al., 1998), 
which are strongest (thousands of nT at the surface and hundreds of nT at spacecraft sampled altitudes) in the 
southern hemisphere. The unique magnetic environment they create can cause alteration to the ionospheric struc-
ture (Dubinin et  al.,  2016; Duru, 2020; Matta et  al.,  2015), composition (e.g., Withers et  al.,  2019), and ion 
escape rates (Curry et al., 2015; Dubinin et al., 2020; Fang et al., 2017; Flynn et al., 2017; Li et al., 2011; Lillis 
et al., 2015; Ma et al., 2014) as the motion of plasma is affected by the magnetic field. Therefore, there is a 
particular interest in further understanding the effects the CMFs have on lower ionospheric dynamics.

Whether lower ionospheric resonances exist in the ionosphere of Mars is unknown. As magnetometer (MAG) and 
plasma data in the lower ionosphere had been limited to lander descents (Hanson et al., 1977) and Mars Global 
Surveyor pre-mapping orbits (Albee et  al.,  2001), the Mars Atmosphere and Volatile EvolutioN (MAVEN) 
mission (Jakosky et al., 2015) provides an unprecedented opportunity to investigate ionospheric plasma dynamics 
at lower altitudes and with multiple instruments.

This study focuses on higher frequency (relative to past work) magnetic field waves and the lower ionospheric 
conditions and behaviors surrounding them. Plasma waves in the ionosphere have been previously associated 
with ion escape processes (Dubinin et al., 2016; Ergun et al., 2006; Lundin, Barabash, Dubinin, et al., 2011), 
energy transfer with the foreshock and solar wind (Collinson et al., 2018; Fowler, Andersson, Shaver, et al., 2017; 
Halekas et al., 2015), and atmospheric phenomena (Collinson et al., 2019; Gurnett et al., 2005). Waves are also 
a possible indication of instabilities dispersing free energy via wave growth. Further investigation of ionospheric 
waves is required to determine seasonal, geographical, diurnal, or magnetic environment trends.

Due to the solar wind interaction, the ionosphere is usually very variable above ∼250 km. Therefore, to avoid 
the effects of this variability, we limited our search to data below 200 km. Additionally, we prioritized waves 
with frequencies greater than 5 Hz, as previous work (e.g., Collinson et al., 2018; Fowler, Andersson, Shaver, 
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et al., 2017; Fowler et al., 2018) already address lower frequency (<1 Hz) oscillations of the magnetic field. As 
a result, we analyzed over 1,000 hr (from over 8,600 orbits) of MAVEN data from September 2014 through the 
end of February 2019.

This paper presents a search for 5–16  Hz ionospheric magnetic field oscillations and coincident changes as 
observed by multiple instruments onboard MAVEN. The structure of this article is as follows. Section 2 discusses 
the instruments used in this study. In Section 3, we discuss a multi-step process used for identification and defi-
nition of wave events. In Section 4, we present a case study before discussing the general characteristics of the 
wave events in Section 5. In Section 6, we discuss and summarize our findings.

2. Data
MAVEN has been orbiting Mars since September 2014. Our data set consists of MAVEN data from September 
2014 through Febuary 2019, which includes data from the northern autumn of Mars year (MY) 32 to northern 
winter of MY 34.

We utilized data collected by five MAVEN instruments, which are discussed below. The 1,124 hr of data below 
200 km includes 9 Deep Dip campaigns, which are special orbits with periapses reduced down to around 130 km. 
Aerobraking maneuvers to tighten the nominal orbit and reduce the apoapsis began on 11 Febuary 2019 and 
completed in April 2019. The orbital precession of MAVEN allows for nearly full coverage of the planet in longi-
tude, latitude, and local solar time. However, the coverage is not equal and 22% of the altitude-limited data set 
was collected during the night, 38% during the day, and 39% was at the terminator of Mars. Here we define night 
as SZA greater than 120°, day as SZA less than 80°, and the terminator as 80–120°. These limits were chosen 
to match the terminator region investigated in Xu et al. (2019), which centers around where the foot points of 
closed fields lines enter darkness (∼100° at ∼160 km). Additionally, data collected was slightly skewed toward 
the northern hemisphere. Gaps in the data exist for a number of reasons, including the spacecraft or specific 
instruments entering safe mode, Deep Space Network interruptions, and the limitations of instruments (i.e., 
over-saturation or values outside the bounds of accurate measurements).

Several instruments were used for quantitative analysis in this study. The MAVEN MAG is a dual fluxgate MAG 
that provides magnetic field vector data at a 32 Hz sampling rate, sufficient for observing oscillations up to the 
Nyquist frequency of 16 Hz. The instrument's digital resolution is 0.015 nT in range 0, which is applicable for 
magnetic field magnitudes up to 512 nT (Connerney et al., 2015). The Neutral Gas and Ion Mass Spectrome-
ter (NGIMS) (Mahaffy et al., 2015) is a mass spectrometer that measures the neutrals and ions of the Martian 
atmosphere. Our study utilizes the densities of both. NGIMS measurements are taken every 1–3.5 s depending on 
the scientific utility of the mass channel. The Solar Wind Electron Analyzer (SWEA; Mitchell et al., 2016) is a 
hemispherical electrostatic analyzer with deflectors, which measures electrons from 3 eV to 4.6 keV over ∼80% 
of the sky at a time cadence of ∼2–4 s. The combination of SWEA and MAG data provide the pitch angles of 
solar wind and ionospheric electrons.

The Langmuir Probe and Waves (LPW) instrument (Andersson et al., 2015) consists of two sensors mounted on 
separate ∼7-m booms separated by an angular distance of ∼110°. When operating in Langmuir Probe mode, ther-
mal electron density (ne) and temperature (Te) are derived from the measured current-voltage sweeps using the 
method outlined in Ergun et al. (2015) and Ergun et al. (2021). Uncertainties in derived density and temperature 
at periapsis are typically on the order of 10%–20%, and are discussed in detail in Ergun et al. (2021). MAVEN 
LPW electric field power spectra are available at regular sampling cadence from 10 October 2014 to 9 December 
2015. After this time, a change in the LPW instrument operation mode meant that these wave spectra are not 
captured on a regular basis. The wave spectra are thereafter sporadically obtained by LPW for short periods (10 s 
of minutes, a couple of times every 1–2 months) for calibration purposes. These calibration periods are too short 
and interspersed in time to be useful in any larger statistical study. More details are given in Fowler, Andersson, 
Halekas, et al. (2017). The low number of identified events prior to 9 December 2015 makes determining any 
statistically relevant trends during this timeframe impractical.

The SupraThermal and Thermal Ion Composition (STATIC) instrument (McFadden et al., 2015) was used for 
a qualitative substitute during NGIMS data gaps and as a confirmation of NGIMS results. STATIC is a toroidal 
electrostatic analyzer combined with a time of flight analyzer that provides mass resolution of the primary ion 
species at Mars, including H +, He ++, O +, 𝐴𝐴 O

+

2
 and 𝐴𝐴 CO

+

2
 . STATIC is able to measure ions over a wide dynamic 
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energy range, 0.1 eV—30 keV, and electrostatic deflectors provide an instrument field of view of 360 × 90°. The 
“c6” data product is utilized in this study, which consists of ion distribution functions measured as functions of 
energy and mass, at 4s cadence. More information about the STATIC operation modes and instrument calibration 
can be found in McFadden et al. (2015).

3. Event Identification and Initial Analysis
We used a multi-step process to identify periods of wave signals at frequencies of 5–16 Hz in the MAG data. 
This range is chosen to focus on a frequency range not investigated by other studies. Additionally, there are 
some phenomena that might be expected at these higher frequencies, such as lightning-related resonances (e.g., 
Pechony & Price, 2004; Simoes et al., 2008; Soriano et al., 2007; Sukhorukov, 1991; Yang et al., 2006). The 
data set is initially in Mars-centered Solar Orbital (MSO) coordinates in which +X points along the Mars-Sun 
line, +Y is antiparallel to Mars' orbital velocity, and +Z completes the right-handed coordinate system. The data 
were transformed to a mean field coordinate system where B‖ is in the same direction as the mean field, Bt is in 
the MSO Y-Z plane, and Bn completes the right-handed system. The rotation to mean field coordinates is recal-
culated for every examined MAG time series, which varied in duration after the initial identification (i.e., entire 
wave duration, subset of wave, etc.).

Fast Fourier transforms (FFTs) were used to quantitatively guide a visual search for waves. FFTs were calculated 
with 10 second time series windows for the entire data set with each FFT overlapping the previous FFT by 1 s. 
This automatically excludes waves with periods longer than 5 s (i.e., frequencies less than 0.2 Hz). The power 
from the FFTs was averaged over the range of frequencies 5–16 Hz. FFTs were only calculated for continuous 
(i.e., having equally spaced time intervals between each measurement) data intervals. The result was a time series 
of magnetic fluctuation power for the entire data set, which indicated periods of possible wave activity with 
enhanced relative spectral power when compared to the overall average spectral power. We note that this method 
was similarly used and described by Esman et al. (2021).

We identify each “wave” as a signal with at least three consecutive oscillations (i.e., periods), which is confirmed 
visually in the magnetic field data and via the duration of the wave (at least three periods). Changing our defi-
nition to four periods does not change the final number of wave events. Visual inspection confirmed that none 
of the identified signals matched signals known to originate from the MAVEN spacecraft itself (Connerney 
et al., 2015). Specifically, ∼0.1 nT signals associated with the reaction wheels at known frequencies and solar 
array switching (∼0.5 nT near-instantaneous discontinuities) are excluded from the study. We also place a lower 
limit of 0.01 nT on wave amplitudes, yet the smallest wave amplitude observed was 0.08 nT. These criteria result 
in a final count of 54 wave events. The occurrence rate based on total duration of wave events over the total data 
set time is less than 0.03%.

Each of the events were examined using data from all the instruments discussed in Section 2. We performed a 
thorough investigation of the magnetic field data. Morlet wavelets (Torrence & Compo, 1998) of the magnetic 
field revealed the approximate frequency of the wave signals through power spectra, while recalculated FFTs for 
the duration of the waves provided specific primary (i.e., most powerful) wave frequencies (henceforth referred to 
as just the frequency). Broadband or temporally overlapping events can have power signatures over a broad range 
of frequencies and, therefore, waves with highest power at frequencies below 5 Hz were also identified with our 
methods. In other words, these events had enhanced power at both above and below 5 Hz. Nevertheless, only two 
events had frequencies less than 5 Hz. We keep these events because they were identified via our search method 
and have power at higher frequencies.

The mean field coordinate system separates the wave components into fluctuations that are parallel and perpen-
dicular to the mean field. The dominant wave fluctuation direction helps determine the wave mode of any iden-
tified waves. Two FFTs were taken for each of the wave signals to separate perpendicular and parallel power and 
determine the ratio of the perpendicular to parallel power 𝐴𝐴

𝑃𝑃⟂

𝑃𝑃‖

 at the wave frequency. Thirty-one of events were 

categorized as compressional 𝐴𝐴

(
𝑃𝑃⟂

𝑃𝑃‖

< 1

)

 and 23 as transverse 𝐴𝐴

(
𝑃𝑃⟂

𝑃𝑃‖

> 1

)

 .
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Figure 1 shows an example of an event on 27 July 2016. The transverse magnetic field (B⊥) data and parallel 
magnetic field (B‖) data filtered to within 50% of the primary wave frequency (10.3 Hz) are shown along with 
wavelets of the unfiltered data. The wavelets show that the power during the wave event has a broad range of 
frequencies, but has highest power at above 5 Hz.

Due to the Doppler shift caused by the spacecraft motion, if the Alfvén speed is less than MAVEN's speed (vsc, 
4.2 km/s at periapsis (Zurek et al., 2017)), the magnetic field fluctuations may be a standing structure instead 
of a wave. In order to differentiate between these, we compare the local Alfvén speed to vsc. The Alfvén speed 
(Huba, 2018) (km/sec) is:

𝑣𝑣𝐴𝐴 = 2.18 × 106𝜇𝜇−1∕2
𝑛𝑛
−1∕2

𝑖𝑖
𝐵𝐵 (1)

where μ is the ratio of ion mass to proton mass, ni is the ion density in cm −3, and B is the magnetic field magnitude 
in Tesla. We assume charge neutrality and use ni = ne.

Our calculations of the Alfvén speed can be separated into two categories: events that have NGIMS 𝐴𝐴 O
+

2
 data and 

events that do not. For events that had 𝐴𝐴 O
+

2
 data, the mass ratio was determined as μ = x × AO2 + (1 − x) × ACO2, 

where 𝐴𝐴 𝐴𝐴 = O
+

2
 density/ne and Ai is the atomic mass of species i rounded to the nearest whole number. For events 

without 𝐴𝐴 O
+

2
 data, μ = 37.6, which is the average mass ratio for all events with ion data.

Out of the 54 events, a total of 5 events have vA > vsc. Seven events have no plasma data and vA was not calcu-
lated. The remaining 42 events have vsc > vA. All vA are within an order of magnitude of vsc. Exactly which types 
of waves are possible under these conditions is dependent on the plasma environment (i.e., plasma beta, plasma 
frequency) and linear dispersion expectations for the frequency. We continue to refer to our events as wave events 
or waves, even though there is a chance that some may be standing structures. Table 1 shows characteristic aver-
ages and standard deviations of the events.

Figure 1. A wave event on 27 July 2016 is shown. The average altitude and solar zenith angle for the event are 196 km and 
158°, respectively. The first panel is the transverse magnetic field (B⊥) data filtered to within 50% of the wave frequency. 
The second panel is the wavelet of the unfiltered B⊥. The third panel shows the parallel magnetic field (B‖) data filtered to 
within 50% of the wave frequency. The fourth panel is the wavelet of the unfiltered B‖. The final panel is the magnitude of the 
magnetic field.
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4. Analysis of the 23 January 2015 Wave Event
We present a case study of the wave shown in Figure 2, which occurred on 23 January 2015 in the northern hemi-
sphere. Table 2 summarizes the basic characteristics of the wave.

The x-axes of the panels include the time (hours (hh), minutes (mm), and seconds (ss)), the longitude (lon), 
latitude (lat), SZA, and altitude (alt). The magnitude of the magnetic field and the Morschhauser (Morschhauser 
et al., 2014) CMF model are shown in Panel a. The model predicts CMF amplitudes less than 10 nT at MAVEN's 
altitude, which is consistent with weaker CMFs in the northern hemisphere. Panel b shows ne from LPW and the 
densities of 𝐴𝐴 O

+

2
 , HNO +, 𝐴𝐴 CO

+

2
 , O +, and NO + from NGIMS. There is a clear increase in the shown densities except 

for O +, which instead decreases.

Panel c shows the suprathermal electron energy spectra. There is an increase in energy flux near the beginning 
of the wave that persists for the majority of the wave duration. Increases in energy flux are also seen before and 
after the wave separated by large depletions. These depletions, or “electron voids,” are common on the nightside 
and are the result of the absence of photoionizing EUV radiation (Adams et al., 2018; Fillingim et al., 2007; Lillis 
et al., 2009).

Panel d shows the electron pitch angle distribution (PAD) for suprathermal electrons of energies 50–200 eV. With 
the SWEA and MAG data, we are able to determine if there are more electrons traveling parallel or anti-parallel 
to the magnetic field. This is discussed further in the following subsection.

Panels e–h are a zoom in of the region between the two dashed vertical lines shown on Panels a–d, which includes 
the wave. Panel e is a zoom in of Panel a, where the CMF model is below the y-axis range. Panel f shows the 
magnitude of the magnetic field filtered to within 50% of the wave frequency. The amplitude of the wave is 
clearer with this filtering. Panel g shows the same densities from Panel b, but they have been normalized (i.e., set 
to equal 1) at the time at which the electron density reaches a minimum during the wave, which is also the first 
LPW data point of the wave (01:46:52). The normalization helps show the factor of increase for each species 
and does not show which species is most abundant. Notably, ne increases by a factor of ∼7.5. Finally, Panel h is 
a zoom in of Panel c.

4.1. Magnetic Elevation Angle and Electron Flux

The magnetic elevation angle, θelev =  arcsin (Br/|B|), is the angle between the radial component of the field, 
Br, and the magnitude of the field. An elevation angle of 0° indicates a horizontal field orientation, while an 
elevation angle of + 90° and −90° indicate a purely radial field orientation outwards and inwards, respectively. 
Figure 3 shows θelev and the magnetic field in planetocentric coordinates for the case study event. Bx and By are 
the east-west and north-south (with respect to the planet) horizontal components of the field, respectively, and 
Bz = Br.

If θelev > 0, then the parallel traveling electrons (pitch angle ∼0–45°) are upgoing (away from the surface). If 
θelev < 0, then the anti-parallel traveling electrons (pitch angle ∼135–180°) are upgoing. The choice of loss cone 
angle size of 45° is a more conservative angle than the 60° used by Xu et al. (2017). Once we determine which 
population (i.e., anti-parallel or parallel) is upgoing and which is downgoing (toward the surface), a ratio (ζ) of 
the average energy fluxes for upgoing to downgoing populations can be used to determine if more electrons are 
precipitating or streaming outwards.

For the duration of this wave ζ = 0.25 and θelev > 0. Therefore, SWEA observations (Figure 2, Panel c) indicate 
there is electron precipitation during this wave event. The one-sided loss cone observed during the wave period 

Freq. (Hz) |B| (nT) δB (nT) b Duration (s) Altitude (km) vA (km/s) c

6.58 ± 2.16 52.35 ± 46.41 0.38 ± 0.24 23 ± 18 162 ± 17.47 2.63 ± 4.25

Note.  aThe quantities are presented in the format: mean ± standard deviation.  bThe semi-amplitude (δB) (i.e., peak-to-peak 
amplitude halved).  cSeven events have insufficient data for calculating this quantity.

Table 1 
Average Characteristics of the 54 Identified Events a
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Figure 2. This is the 23 January 2015 event. See Table 2 for more details. The figure shows (a) |B| and a crustal magnetic field model, (b) neutral gas and ion mass 
spectrometer ion densities (𝐴𝐴 O

+

2
 , HNO +, 𝐴𝐴 CO

+

2
 , O +, and NO +), and langmuir probe and waves ne, (c) solar wind electron analyzer energy spectra, and (d) pitch angle 

distribution for energies 50–200 eV. The next panels are a zoom in to the wave with (e) |B|, (f) filtered |B| to within 50% of the wave frequency, (g) the densities from (b) 
normalized to the minimum density of each species during the wave, and (h) a zoom in of (c).
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indicates an open topology or a cross-terminator closed topology. However, 
the electron flux is so degraded from collisions with the neutral atmosphere 
that a determination between these two topologies is difficult. Regardless 
of the specific topology, this electron precipitation could contribute to the 
local thermal plasma density via electron impact ionization (e.g., Adams 
et al., 2018; Cui et al., 2019; Lillis et al., 2018; Schunk & Nagy, 2009; Xu 
et al., 2016).

However, the density enhancement as observed by NGIMS, LPW, and also STATIC (not shown for this event) 
cannot solely be accounted for via electron impact ionization. Lillis et al.  (2018) found that the CO2 electron 
impact ionization frequency is lower below 200 km due to absorption and backscattering via collisions with 
neutrals. Previous work (Fillingim et al., 2010) calculated the ionization production rate, accounting for electron 
impacts and 𝐴𝐴 O

+

2
 dissociative recombination, among other important processes altering electron and ion densities. 

They used electron energy spectrograms from the MGS MAG/Electron Reflectometer, which are very similar 
to those produced by SWEA. Based on their calculations and their upper limit of ion production rates, electron 
impact ionization is not sufficient to account for the ion density increases observed by this study. As seen in 
Fillingim et al. (2010), the total ion production rate under a photochemical equilibrium assumption and with no 
dynamics is:

𝑃𝑃 = 𝛼𝛼𝑒𝑒𝑒𝑒𝑒𝑒 𝑛𝑛
2
𝑒𝑒 = 1.95 × 10−7(300∕𝑇𝑇𝑒𝑒)

0.7
𝑛𝑛
2
𝑒𝑒 , (2)

where αeff is the dissociative recombination rate for 𝐴𝐴 O
+

2
 (e.g., Sheehan & Maurice, 2004). Inputing values from 

the case study results in a production rate of around 10 cm −3, which cannot explain the observed ion density 
increase.

Electron precipitation is also likely occurring during the other periods where ζ < 1 and yet MAVEN MAG did not 
observe any magnetic fluctuations. Electron precipitation may be contributing to the wave generation via electron 
temperature and velocity anisotropies, but cannot be the only driver present. Calculations using the methods 
described in Harada et al. (2016) (Equations 1–5), which utilize the electron velocity distribution, show there is 
high electron pitch angle anisotropy (A > 1), but the lack of cyclotron resonant electrons results in no whistler 
mode wave growth. We note that this anisotropy reduces to A = 𝐴𝐴

𝑇𝑇⟂

𝑇𝑇‖

− 1 in the case that the velocity distribution is 
a product of Gaussians with different T⊥ and T‖ (Kennel & Petschek, 1966). It is instead possible that waves are 
penetrating from above the ionosphere and following open or draped field lines to lower altitudes while electrons 
are simultaneously streaming downwards along the same field lines.

Freq. (Hz) δB (nT) Duration
Altitude 

(km)
vA 

(km/s)

6.06 0.43 01:46:50 to 01:47:20, 30 s 161 0.82

Table 2 
Characteristics of the 23 January 2015 Wave Event

Figure 3. The vertical dashed lines outline the wave event on 23 January 2015. The top panel shows the magnetic elevation 
angle, which is positive over the duration of the wave. The elevation angle also increases, such that by the end of the wave 
event the magnetic field is significantly more radial than at the beginning. The bottom panel shows the magnetic field in 
planetocentric coordinates where Bx and By are approximately horizontal to the planet and Bz is the radial component of the 
field.
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5. Analysis of the 54 Wave Events
We now discuss key characteristics of the 54 waves.

5.1. Implications of the Background Magnetic Field

The locations of the waves are examined with respect to latitude and longitude and, therefore, the proximity of 
CMFs. Figure 4 shows the locations of the waves superimposed on a map of the CMFs (Connerney et al., 2005). 
The colors on the map represent the change in the radial magnetic field at approximately 400 km over the change 
in latitude. Darker colors represent a greater change and, therefore, stronger CMFs. There are 26 wave events 
(48%) that took place near or at the areas between strong crustal field arcades, which are known as “cusps.” 
Models have shown a focusing of plasma in cusps of the CMFs (Brecht & Ledvina, 2012), while data show 
enhancements of electron density (Nielsen et al., 2007). These waves may indicate processes that require the 
specific magnetic topology of the CMFs. They could be related to O + loss, as investigated by Lundin, Barabash, 
Yamauchi, et al. (2011), who found a correlation between dayside CMFs and an increase in O + flux. However, 
only 5 of these 26 events were on the dayside. The increase in activity near CMFs may instead be related to an 
increase in plasma density (Withers et al., 2019), though this increase was only investigated at above 200 km.

Ferguson et al. (2005) and Lillis and Brain (2013) show that the draped magnetotail fields are stronger than the 
weaker CMFs, which results in more geographically uniform precipitation in the northern hemisphere. Specifi-
cally, Lillis and Brain (2013) state that CMFs below ∼15 nT at 400 km are too weak to influence electron precip-
itation regardless of elevation angle. Only six of the events had a background magnetic field strength greater than 
100 nT. These events are over strong CMFs. However, the majority of the waves occur during weaker magnetic 
field conditions and could be examples of cases where the draped fields dominate the weak CMFs, readily 
allowing electron precipitation and wave penetration. At the same time, this may explain the lack of waves in the 
strongest regions of CMFs, as stronger fields would not allow draped fields to reach lower altitudes.

SWEA and MAG data were used to determine the magnetic field topology based on pitch angle-resolved electron 
energy shape parameters (Xu et al., 2017, 2019). The magnetic topology is useful for determining connectivity to 
the dayside ionosphere. Table 1 in Xu et al. (2017) describes the motion of photoelectrons and solar wind/sheath 
electrons for each topology on the dayside and nightside. Closed topologies involve the movement of photo-
electrons, open field lines have photoelectrons traveling in one direction and solar wind/sheath electron in the 

Figure 4. Fifty-three wave events are shown as filled black circles and the case study event is shown as a red star with black 
outline. The wave events are plotted over a map of the crustal magnetic fields (CMFs), which is from Connerney et al. (2005), 
Copyright (2005) National Academy of Sciences, USA Darker colors on the map represent stronger CMFs. Many of the 
events occur on the cusps of the CMFs.
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opposite direction, draped field lines only involve solar wind/sheath electron 
motion, and voids are nightside closed fields with a lack of photoelectrons. 
Cross-terminator closed field lines are an example of transport of photoelec-
trons to the nightside of Mars.

Out of the 47 events for which the topologies were determinable, 20 were 
void topology and 23 were on draped and/or open fields lines for at least 
a portion of the wave. The magnetic topology can allow or limit access 
(e.g., Lillis et al., 2017). As closed field lines limit access, it was unex-
pected that 43% of the events were closed night topology. The presence 
of void topology on the nightside of Mars is, however, expected (Shane 
et  al.,  2016). The closed topology is not ideal for allowing waves from 
above the ionosphere to travel to these altitudes and a local driver might 
be necessary. However, the automated determination of the topologies is 
based on many aspects and differentiating between topologies is some-
times difficult due to data limitations. Though a lack of photoelectrons 
would point to a void topology, we cannot rule out the possibility of an 
alternate topology (i.e., open, draped, or cross-terminator closed topology) 
(Xu et al., 2017, 2019).

5.2. Examination of Seasonal and Diurnal Trends

Based on solar longitude, 17 events occur in each of the southern summer and winter, while 10 events occur in 
each of the southern spring and autumn. Because of this, no clear seasonal trends are readily identified especially 
since any seasonal effects would also be co-mingled with SZA, IMF direction, local time, and proximity to 
CMFs. The low number of identified events makes discerning any seasonal trends difficult.

Though unlikely to affect waves at these (relatively high) altitudes, we note that none of the events were concur-
rent with the 2018 global dust event or the 2014 regional dust event (e.g., Girazian et  al.,  2019; Guzewich 
et al., 2019; Montabone et al., 2020). Additionally, based on higher altitude MAG data, there were no obvious 
events sunward of the bow shock (i.e., upstream) tied to these lower altitude waves.

While only 22% of our data set was at night, over half of the waves (54%) 
were found on the nightside (SZA >120°). There were 29 events during the 
night, 14 events at the terminator, and 11 events during the day. Figure 5 
shows the distribution of SZA for the events.

The nightside ionosphere patchiness and irregularity (Gurnett et al., 2008; 
Lillis et al., 2009; Němec et al., 2010, 2011; Safaeinili et al., 2007; Withers 
et al., 2012) likely facilitates plasma/wave instabilities, so the nightside trend 
is unsurprising. Additionally, more events occurring on the nightside is 
consistent with the concurrent electron precipitation, as electron precipitation 
generally dominates the energy input to the nightside Martian atmosphere 
(Fox et  al.,  1993). Several past work have specifically examined Martian 
nightside electron precipitation and/or electron impact ionization (e.g., Lillis 
& Brain,  2013; Lillis & Fang,  2015; Lillis et  al.,  2009,  2011,  2018; Niu 
et al., 2021).

5.3. Upgoing and Downgoing Suprathermal Electron Ratios

As discussed in Section 4, the magnetic elevation angle, θelev can be used 
to determine which population (parallel or anti-parallel traveling electrons) 
are upgoing and downgoing. The ratio (ζ) of the average energy fluxes for 
upgoing to downgoing populations reveals if more electrons are precipitating 
toward the planet (downgoing, ζ < 1) or streaming outwards (upgoing, ζ > 1).

Figure 5. The distribution of solar zenith angle (SZA) for the 54 events is 
shown. There are significantly more events on the nightside (SZA >120°).

Figure 6. The distribution of events with respect to ζ, the ratio of the 
average energy flux of the upgoing population to the downgoing population. 
Downgoing means more electrons are precipitating toward the planet (ζ < 1) 
and upgoing means streaming outwards (ζ > 1). Black is for solar zenith angle 
(SZA) >80 and gold is for SZA <80.
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Figure 6 shows the ratios for the 52 wave events that had PAD information for 
the calculation of ζ. We offer the following general interpretations:

1.  For a ratio near 1 (1.0 ± 0.5), the electrons are nearly isotropic, likely 
on draped field lines, and not connected to the atmosphere. (12 events)

2.  For ratios less than 0.7, there is a large flux of electrons precipitating and 
a flux depletion for upward electron flux. (42 events)

3.  Ratios greater than 1.5 indicate higher upward electron flux. On the 
dayside and terminator, this likely indicates outflowing photoelectrons. 
(2 events)

It is clear that most of the events (92.3%) have more downgoing than upgo-
ing suprathermal electrons, which again indicates the presence of electron 
precipitation during the wave events. The 4 events with ζ > 1 include two 
dayside events and two terminator events, which would have upward photo-
electron flux.

5.4. Thermal Plasma Changes

LPW, STATIC, and NGIMS offer information about the temperature and 
densities of the electrons and ions during these events. With this data, we can 
determine if there are increases or decreases that correspond to the waves. 
We  define peaks (troughs) as those where the temperatures or densities 
before and after the wave are lower (higher) than during the wave. We find no 
clear Te trend as 14 events occurred when Te peaked during the wave and 10 

events occurred during Te troughs. However, ne increases during 37 events. 11 events have peaks in both electron 
density and temperature. We note that LPW data are not available for 7 events.

Figure 7 shows the percent change in ne. We define “pre-wave” as the percent change from the 20 s average ne 
immediately before the wave to the maximum or minimum value during the wave, whichever is a larger change. 
“Post-wave” is the largest percent change from during the wave to the 20 s average ne immediately after the wave. 
The right-most bar on the plot shows the number of events with percent increases by more than 500%. The largest 
increase included in this plot was over 10 5%, a result of a very small density (∼10 cm −3) increasing to a high 
density (∼10 5 cm −3). Two events are not included in the plot as their increase was from a density of 0 cm −3 to a 
non-zero value, resulting in infinite increase. The majority of the wave events increase in density during the wave 
and decrease (typically by a smaller percent) after the wave. The large number (86%) of events with increases in 
electron density is consistent with the presence of electron precipitation.

NGIMS and STATIC data both show a general increase in ion density during the majority of waves. Electron 
precipitation heats the nightside ionosphere (Cui et  al.,  2019; Girazian et  al.,  2017; Lillis et  al.,  2018; Niu 
et  al.,  2020,  2021; Steckiewicz et  al.,  2017), which can cause an upwelling of the ionosphere. The electron 
precipitation during the wave events contributes to the bulk heating of the ionosphere, but whether it is enough to 
cause the observed change in plasma density is unknown. The increase in density is observed both when MAVEN 
is traveling deeper into the ionosphere and during the outbound portion of the orbit. Therefore, the increase is not 
merely a result of traveling into denser low altitudes.

6. Conclusions
This study presents the first search for 5–16 Hz ionospheric magnetic waves at Mars. A search through MAVEN 
MAG data and analysis using five instruments onboard the spacecraft resulted in the identification of 54 wave 
events of 3.45–12.68 Hz at below 200 km. The identification of waves with frequencies less than 5 Hz is discussed 
in Section 3. The majority of the waves have background magnetic field strengths consistent with the presence 
of weak or no CMFs. Stronger CMFs would prevent draped field lines from reaching lower altitudes. Eighty 
percent of the waves were found at SZA >80°. The nightside ionosphere patchiness allows for easier access to the 
ionosphere via open and draped field lines. The increase in thermal electron density and the higher flux of down-
going electrons than upgoing electrons for 92.3% of the waves indicate the presence of electron precipitation. The 

Figure 7. This figure shows the thermal electron density change from before 
to during to after the wave. “Pre-wave” change as the largest percent change 
from the 20 s average ne immediately before the beginning of the wave to 
during the wave. The “post-wave” change is the largest percent change from 
during the wave to the 20 s average ne immediately after the end of the wave. 
The majority of the waves correspond to increases in electron density.
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electron flux ratio, ζ, also indicates at least 12 events have nearly isotropic electron distributions and are likely on 
draped lines that are not connected to the atmosphere.

As observed during our case study event (Section 4), the lack of resonant electrons makes local whistler mode 
generation impossible. Additionally, electron impact ionization cannot account for the increase observed in 
the ion density during the wave events. Though electron precipitation is clearly occurring during the majority 
of the events, it is unclear how much the precipitation affects the ionosphere and wave generation. On Earth, 
electron precipitation contributes to auroral production, impact ionization, bulk heating of the atmosphere 
(Schunk & Nagy, 2009), and potentially the creation of atmospheric gravity waves via localized heating (e.g., 
Hunsucker, 1982). Therefore, understanding Martian electron precipitation events may lead to the identification 
of phenomena analogous to known terrestrial events.

We conclude that the wave events are likely occurring under favorable magnetic field conditions and orientations 
for electrons and waves to travel to lower altitudes of the ionosphere. Conducting a more detailed investigation 
into each individual event may reveal more clues about these waves and their drivers. Further analysis is required, 
including an increase in the data set temporally via available MAVEN data, which extends more than two years 
beyond the data set inspected in this study.

Data Availability Statement
The data used in this project is available on NASA's Planetary Data System via: https://pds-ppi.igpp.ucla.edu/
mission/MAVEN. From there, calibrated data bundles can be found for the magnetometer (Connerney, 2022), 
Langmuir Probe and Waves (Andersson, 2022), SupraThermal and Thermal Ion Composition (McFadden, 2022), 
Neutral Gas and Ion Mass Spectrometer (Benna & Lyness, 2022), and Solar Wind Electron Analyzer (David 
Mitchell, 2022). The list of events can be found in Table S1.
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