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Abstract We present Mars Atmosphere and Volatile EvolutioN (MAVEN) observations of periodic
(∼25 s) large-scale (hundreds of km) magnetosonic waves propagating into the Martian dayside upper
ionosphere. These waves adiabatically modulate the superthermal electron distribution function, and the
induced electron temperature anisotropies drive the generation of observed electromagnetic whistler
waves. The localized (in altitude) minimum in the ratio 𝑓 pe/𝑓 ce provides conditions favorable for the local
enhancement of efficient wave-particle interactions, so that the induced whistlers act back on the
superthermal electron population to isotropize the plasma through pitch angle scattering. These
wave-particle interactions break the adiabaticity of the large-scale magnetosonic wave compressions,
leading to local heating of the superthermal electrons during compressive wave “troughs.” Further
evidence of this heating is observed as the subsequent phase shift between the observed
perpendicular-to-parallel superthermal electron temperatures and compressive wave fronts. This heating
mechanism may be important at other unmagnetized bodies.

1. Introduction
Wave-particle interactions can be important sources of heating for space plasmas. Cyclotron resonance
and Landau damping, for example, can efficiently heat plasmas in a variety of environments, including
tokamak experiments (Adam, 1987; Porkolab et al., 1984; Seo et al., 2000), the terrestrial ionosphere and
magnetosphere (André & Yau, 1997; Agapitov et al., 2015, 2016), and other planetary magnetospheres and
ionospheres such as at Venus (Taylor et al., 1979) and Mars (Ergun et al., 2006; Lundin et al., 2006). Magnetic
pumping can also heat plasmas via adiabatically heated anisotropic electron distributions, which relax to
Maxwellians through Coulomb collisions and/or efficient pitch angle diffusion (Borovsky & Hansen, 1990;
Laroussi & Roth, 1989; Lichko et al., 2017).

For the specific case of magnetic pumping, the Coulomb collision rate in planetary magnetospheres, the
solar wind, and upper planetary ionospheres can be small compared to the time period of the forcing mag-
netic compressions. Other pitch angle diffusion mechanisms, such as wave-particle interactions, are then
necessary to achieve the break in adiabaticity of the plasma so that heating can occur. A sufficient level of
pitch angle diffusion in such systems can be provided by fast plasma diffusion containing localized heating
(Lichko et al., 2017); by radial diffusion on magnetohydrodynamic (MHD) waves, as in the Earth's mag-
netosphere (Brautigam & Albert, 2000; Barker et al., 2005; Miyoshi et al., 2003, 2006); or by pitch angle
diffusion from wave-particle interactions (Artemyev et al., 2016; Agapitov et al., 2019; Borovsky et al., 2017).
This study focuses on wave-particle interactions provided by whistler waves, which are known to be capa-
ble of producing effective pitch angle diffusion over a wide energy range (Agapitov et al., 2019; Artemyev
et al., 2016; Horne et al., 2005; Li et al., 2014; Lyons et al., 1972; Summers et al., 1998). Additionally, whistler
waves themselves can be generated as a result of anisotropic plasma compression from magnetic pumping
(Agapitov et al., 2018; Drake et al., 2015).

RESEARCH LETTER
10.1029/2019GL086408

Key Points:
• Large-scale magnetosonic waves

heat ionospheric electrons via
the generation of whistler waves
and subsequent wave-particle
interactions

• The observed heating mechanism
demonstrates energy transfer from
the solar wind to the Mars upper
ionosphere

• Such a heating mechanism may be
important at other unmagnetized
bodies such as Venus and comets

Supporting Information:
• Supporting Information S1

Correspondence to:
C. M. Fowler,
cmfowler@berkeley.edu

Citation:
Fowler, C. M., Agapitov, O. V., Xu, S.,
Mitchell, D. L., Andersson, L.,
Artemyev, A.V, et al. (2020).
Localized heating of the Martian
topside ionosphere through the
combined effects of magnetic
pumping by large-scale magnetosonic
waves and pitch angle diffusion by
whistler waves. Geophysical Research
Letters, 47, e2019GL086408. https://
doi.org/10.1029/2019GL086408

Received 25 NOV 2019
Accepted 19 FEB 2020
Accepted article online 20 FEB 2020

©2020. American Geophysical Union.
All Rights Reserved.

FOWLER ET AL. MAGNETIC PUMPING AT MARS 1 of 10

http://publications.agu.org/journals/
https://orcid.org/0000-0003-3431-0739
https://orcid.org/0000-0001-6427-1596
https://orcid.org/0000-0002-5121-600X
https://orcid.org/0000-0001-9154-7236
https://orcid.org/0000-0002-6384-7036
https://orcid.org/0000-0001-8823-4474
https://orcid.org/0000-0002-6371-9683
https://orcid.org/0000-0002-3096-8579
https://orcid.org/0000-0001-5332-9561
https://doi.org/10.1029/2019GL086408
https://doi.org/10.1029/2019GL086408
https://doi.org/10.1029/2019GL086408
https://doi.org/10.1029/2019GL086408
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019GL086408&domain=pdf&date_stamp=2020-03-03


Geophysical Research Letters 10.1029/2019GL086408

Figure 1. Overview of MAVEN plasma data. (a) Magnetic field information: black = field magnitude; blue = field
component parallel to background field; green and red = field components perpendicular to background field; purple
= crustal magnetic field model from Morschhauser et al. (2014). (b) Thermal electron density (black) and superthermal
electron density (blue). (c) Thermal electron temperature. (d) Combined active and passive electric field wave spectra:
spectrogram “slices” alternate in time between the two modes. (e) Omnidirectional ion energy spectrum for all ion
species. The spacecraft potential (green line) and spacecraft velocity are not corrected for. E flux has units of eV
(eV·cm2·s·sr)−1.

We present here Mars Atmosphere and Volatile EvolutioN (MAVEN) observations demonstrating that an
externally driven fast MHD wave modulates plasma conditions in the Martian upper ionosphere. The result-
ing anisotropic superthermal electrons generate (observed) whistler waves, which we show produce efficient
pitch angle diffusion of the superthermal electron population via wave-particle interactions. This pitch
angle diffusion breaks the adiabaticity of the large-scale magnetic compressions, leading to heating of the
superthermal electron population.

The data products analyzed in this study are described in section 2. An overview of the MAVEN periapsis
pass studied is given in section 3, while a detailed analysis of the wave environment and subsequent localized
electron heating is presented in section 4. We discuss our results in the broader context of the Martian
ionospheric energy budget in section 5, before concluding in section 6.

2. Description of Data Analyzed
Data analyzed in this study are from the MAVEN mission, which began science operations at Mars in Octo-
ber 2014. MAVEN is a dedicated aeronomy mission in a ∼4.5 hr elliptical orbit that precesses over time to
provide full local time, latitude, and longitude coverage of the planet (Jakosky et al., 2015). Its orbit has a peri-
apsis altitude of∼150 km and apoapsis altitude close to 6,400 km, meaning that MAVEN at times samples the
upstream solar wind, magnetosheath, and dayside ionosphere on a single periapsis pass. The magnetome-
ter (MAG) measures the 3-D vector magnetic field at 32 Hz with a measurement uncertainty of ∼0.01 nT
(Connerney et al., 2015). Superthermal electrons are measured by the Solar Wind Electron Analyzer
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(SWEA) instrument, which is a top hat electrostatic analyzer utilizing electrostatic deflectors to provide a
field of view of 360◦ × 120◦ (Mitchell et al., 2016). SWEA measures electrons between energies of 3 eV and
5 keV with (ΔE∕E) equal to 17%. On ground processing using software provided by the SWEA instrument
team enables pitch angle distribution, density, and temperature products to be derived. The Langmuir Probe
and Waves (LPW) instrument measures the cold thermal electron population in the ionosphere via two
separate Langmuir Probes, mounted on ∼7 m booms separated by an angular distance of 110◦ (Andersson
et al., 2015). Thermal electron densities and temperatures derived using the fitting process outlined in Ergun
et al. (2015) are analyzed in this study. Active and passive wave spectra obtained in waves mode are also
analyzed (Fowler et al., 2017). The SupraThermal And Thermal Ion Composition (STATIC) instrument mea-
sures ions between energies below 1 eV up to 30 keV (McFadden et al., 2015). STATIC is an electrostatic
top hat analyzer combined with time of flight capabilities that allow it to distinguish ion mass; electrostatic
deflectors provide a field of view of 360◦ × 90◦.

3. Overview of Heating Event
Overview time series plasma data of the event analyzed in this study are shown in Figure 1. Data are from
an inbound segment of MAVENs orbit, where the spacecraft is close to the subsolar point on the dayside of
the planet. Data from this inbound orbit segment were analyzed by Fowler et al. (2018), who demonstrated
that compressive, large-amplitude magnetosonic waves, likely generated by the Mars-solar wind interaction,
propagate planetward and heat the dayside ionospheric ions. Bursts of whistler waves were observed coin-
cident with the large-amplitude magnetosonic compressive wave fronts in the upper ionosphere (Figure 1,
∼05:55–05:58 in particular), but these whistler bursts were not studied in detail and are the focus of this
present study.

MAVEN is in the magnetosheath region at around 05:50 UTC, where shocked ions and superthermal elec-
trons are observed. The spacecraft transitions into the ionosphere at around 05:52, when the thermal electron
density is first observed by LPW. This density gradually increases until MAVEN samples the cold, dense
ionosphere at around 05:58, as demonstrated by the beam of cold (<10 eV) ions observed by STATIC. The
compressive, magnetosonic waves discussed by Fowler et al. (2018) are observed between about 05:52 and
05:59 in the magnetic field data. The focus of this study are the bursts of wave power observed in panel (d)
between the two black vertical lines, and their effects on the surrounding localized plasma.

4. Detailed Analysis of the Local Plasma Conditions
4.1. Evidence of Magnetic Pumping and Plasma Heating
Time series plasma data measured between the two vertical black lines in Figure 1 are shown in Figure 2.
The magnitude of the magnetic field is shown in panel (a). Superthermal electron information is shown in
panels (b) to (e): the omnidirectional energy spectrum (b); derived temperatures perpendicular (red) and
parallel (black) to the local magnetic field (c); the ratio of these temperatures (d); and the pitch angle dis-
tributions (PADs) for energies between 50 and 70 eV (e). LPW wave spectra are shown in panel (f) and an
estimate of the whistler wave electric field amplitude based on this is shown in panel (g). The wave ampli-
tude is calculated over the frequency range 0.25 𝑓 ce to 𝑓 ce, where 𝑓 ce is the electron cyclotron frequency,
equal to about 1,500 Hz (Figure 2f). The whistler bursts are observed above frequencies of ∼100 Hz (∼0.1
𝑓 ce), which lie outside the sampling range of the MAG instrument. Consequently, estimates of the whistler
magnetic field wave amplitudes (panel g) and whistler wave energy density (panel h) are based on results
from Artemyev et al. (2015), when the noise level is small. We provide an overview of this technique in
the supporting information. It is unclear which wave modes exist below ∼50 Hz in Figure 2f, as these lie
below the lower hybrid frequency and by definition are not whistlers. We have not investigated these waves
further here.

The observed externally driven fast MHD wave (Figure 2a) has an amplitude of about 10 nT (∼20% of the
background magnetic field magnitude, B0 = 50 nT), and a frequency of∼0.04 Hz. Such a wave is analogous to
compressional magnetic pumping of the plasma. Significant quasiperiodic modulation of the superthermal
electron pitch angle distribution function (panel e) occurs as a result of these magnetic compressions and
the conservation of the first magnetic adiabatic invariant. Corresponding modulation of the superthermal
electron temperatures perpendicular and parallel to the magnetic field are shown in panels (c) and (d).
The “cleanest” pitch angle modulation was observed in the 50–70 eV energy range (due to large counting
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Figure 2. MAVEN time series plasma data from between the two vertical black lines in Figure 1. See section 4 for
detailed panel descriptions. The frequencies 𝑓 ce, 0.5 𝑓 ce and 0.1 𝑓 ce are overplotted as the white lines in panel (f),
while the blue line is the lower hybrid frequency. The insert shows the observed phase difference between the
magnetosonic wave and superthermal electron temperature anisotropies.

statistics at these energies), but similar behavior was observed for all superthermal electron energies below
∼300 eV (not shown here).

The temperature anisotropy observed in Figure 2d triggers the generation of electromagnetic whistler waves,
observed in the frequency range 0.1–0.5 𝑓 ce (Figure 2f). Perturbations are also observed in the magnetic field
power spectrum, but are not shown here as the MAG power spectrum only samples up to 16 Hz. Following
Kennel and Petschek (1966), in a cold plasma the dispersion relation of whistler waves can be written in the
following form:

c2k2

𝜔2 = 1 −
𝜔2

pi

𝜔(𝜔 + Ωci)
−

𝜔2
pe

𝜔(𝜔 + Ωce)
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Figure 3. Altitude profiles for various quantities during the studied event. (a) Superthermal electron temperatures for
this pass (red) and two neighboring passes in time when magnetosonic waves were not observed (black). (b) Magnitude
of magnetic field. (c) Ratio of 𝑓pe/𝑓 ce, using superthermal electron density (black) and superthermal plus thermal
electron density (blue). The dashed horizontal lines mark the approximate region where whistler waves are observed in
Figure 2.

where𝜔 is the wave frequency; k is the wave vector; andΩce,i is the local cyclotron frequency of electrons and
ions (Ωce,i = ∓ eB

me,i
). When Ωci ≪ 𝜔 < |Ωce|, the ion term in the dispersion relation is a factor me∕mi smaller

than the electron contribution and may be neglected. Additionally, if |Ωce| ≪ 𝜔pe, (the phase velocity is
much less than the velocity of light), then the approximation c2k2∕𝜔2 = 𝜔2

pe∕(𝜔(𝜔+Ωce)) can be used. For the
case of a velocity distribution that can be represented as a product of Gaussians with different temperatures
for perpendicular and parallel velocities, and a transverse anisotropy exits (Tperp > Tpara), the system can be
unstable to whistler generation through the cyclotron instability if Tperp∕Tpara − 1 > 𝜔∕(Ωce − 𝜔) (Kennel
& Petschek, 1966). These conditions are observed during compression periods in this study (Figure 2d) and
lead to the observed local generation of whistlers (the expression for the growth rate is presented in the
supporting information).

When efficient wave-particle interactions are present, whistler waves act to isotropize electrons (reducing
Tperp toward Tpara) via pitch angle diffusion (Kennel & Petschek, 1966). If this isotropization occurs during
the magnetic compression fronts observed in Figure 2a, the adiabaticity of the large-scale magnetic pumping
is broken, and the superthermal electrons will gain energy during magnetic decompression (i.e., a wave
“trough”) (Borovsky et al., 2017; Lichko et al., 2017). This heating causes a phase shift between the ratio
of perpendicular-to-parallel electron temperatures, and the compressional wave fronts, and such a phase
shift of approximately 𝜋

5
is observed in the inset in Figure 2. This phase shift suggests that the magnetic

pumping and heating mechanism is present (Lichko et al., 2017), and we provide additional evidence for
this interpretation in the following sections and the supporting information.

4.2. Evidence of Efficient Pitch Angle Diffusion via Whistler Waves
Altitude profiles of several additional quantities are shown in Figure 3. Omnidirectional superthermal
electron temperatures from several MAVEN periapsis passes are shown in panel (a). There is a clear
enhancement in the superthermal electron temperature for this event (red) when the magnetic compres-
sions (shown in panel b) are present, particularly at altitudes between ∼350 and 400 km. The ratio of the
electron plasma frequency (𝑓 pe) divided by the electron cyclotron frequency (𝑓 ce) is shown in Figure 3c.
The quantity 𝑓 pe/𝑓 ce is important as it determines the efficiency of wave-particle interactions (Summers
et al., 1998), whistler wave growth rate (Gary & Wang, 1996), and pitch angle and energy diffusion rates
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Figure 4. Electron distribution function transverse (red lines) and parallel (blue lines) to the background local
magnetic field direction, at times corresponding to maxima (solid lines) and minima (dashed lines) in the magnetic
field magnitude. Panels (c) and (f) present the ratio of maximum to minimum (solid divided by dashed) distribution
function values for the transverse (red) and parallel (blue) cases, minus 1. The left column presents the data when
𝑓pe/𝑓 ce∼50; the right column when 𝑓pe/𝑓 ce∼120.

(Agapitov et al., 2019; Horne et al., 2003; Summers et al., 1998). Quantities are defined as 𝑓 pe = 1
2𝜋

√
nee2

me𝜀0

and 𝑓 ce = eB
2𝜋me

, where ne is the electron density, me is the electron mass, e is the fundamental charge, B is
the magnetic field amplitude and 𝜀0 is the permittivity of free space.

The wave normal angle of the observed whistlers is unknown, and subsequently pitch angle diffusion rates
were estimated over a reasonable range of frequencies (up to 0.6 𝑓 ce) and wave normal angles, making use of
the estimation technique presented in Artemyev et al. (2013). The pitch angle diffusion rate for 𝑓 pe/𝑓 ce∼50
is about an order of magnitude larger than that for ratio values of ∼120, and the wave normal angle cannot
exceed 65–70◦ for the observed local plasma conditions (because the wave group velocity goes to zero above
these values). Such results suggest that these whistler waves can be generated with high wave normal angles
relative to the background magnetic field direction and can provide efficient pitch angle diffusion for the
event studied here (Agapitov et al., 2015; Artemyev et al., 2016; Mourenas et al., 2015).

The estimated whistler wave energy density (Figure 2h) can be as large as an eV cm-3 during whistler wave
amplitude peaks, and the corresponding estimated pitch angle diffusion rates for pitch angles between
∼70–90◦ (i.e., electrons that have been abiabatically scattered by the compressive wave) are D𝛼𝛼 = (1–5) ×
10-3 s-1 and decrease by at least an order of magnitude as the ratio 𝑓 pe/𝑓 ce increases to 200 (see details pro-
vided in the supporting information). Lichko et al. (2017) reported that the ratio D𝛼𝛼

𝑓MHD
(where 𝑓MHD is the

MHD fast mode wave frequency,∼0.04 Hz for this study) peaks just below 0.2 for maximum electron heating
efficiency. For this event, D𝛼𝛼

𝑓MHD
is between 0.025 and 0.125, which supports efficient heating of electrons by

the magnetic pumping mechanism. The Lichko et al. (2017) study modeled the effects of magnetic pump-
ing assuming a generic pitch angle diffusion mechanism and a range of pitch angle diffusion rates; here, we
have calculated the diffusion rate (D𝛼𝛼) explicitly based on the whistler observations. The probable oblique-
ness of these whistler waves means that a significant parallel electric field component likely also exists and
may provide additional heating of electrons via Landau damping during magnetic compressions.

4.3. Effects of Magnetic Pumping on the Electron Distribution Function
Sections 4.1 and 4.2 demonstrated that efficient wave-particle interactions can occur during the mag-
netic compressions observed and that the observed whistlers can thus be expected to isotropize (to
some degree) the electron distribution function. The observed phase shift of 𝜋

5
between the ratio of the

perpendicular-to-parallel electron temperatures, and the compressive wave fronts (Figure 2, insert), sug-
gests that pitch angle diffusion, and subsequent heating, does indeed occur, and we demonstrate the effect
of this diffusion on the superthermal electron distribution function (DF) in Figure 4.
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The left-hand column shows DF for 𝑓 pe/𝑓 ce∼50 (efficient diffusion) and the right column shows DF for
𝑓 pe/𝑓 ce∼120 (about an order of magnitude smaller diffusion rate). The top panels show DF transverse to the
local magnetic field (red), while the middle row shows DF parallel to the local magnetic field (blue). Solid
(dashed) lines indicate DF at times of magnetic field maxima (minima). The effects of magnetic pumping
are similar at both values of 𝑓 pe/𝑓 ce for electrons transverse to the local magnetic field (panels a and d).
The effects for the parallel distribution function, however, indicate an importance of pitch angle diffusion
efficiency: for lower 𝑓 pe/𝑓 ce, significant parallel heating is observed (panel b), while at higher 𝑓 pe/𝑓 ce the
parallel distribution function does not change (panel e).

Panels (c) and (f) show the ratio of DF minus one, in each column, at the maximum-to-minimum in mag-
netic field strengths (i.e., solid lines divided by the dashed lines, minus one, for each color). The resultant
heating observed for the lower value of 𝑓 pe/𝑓 ce for electrons parallel to the magnetic field (blue line, panel
c) occurs for all electron velocities, and is not observed in panel (f). This is consistent with the results of
Lichko et al. (2017), who showed that heating through the magnetic pumping mechanism does not involve
a specific resonant velocity (unlike Landau damping).

5. Discussion
The analysis presented in this case study demonstrates that magnetosonic waves are, under the right plasma
conditions, able to heat ionospheric superthermal electrons at Mars through a combination of whistler wave
generation and efficient pitch angle diffusion. The large-scale magnetosonic waves (or compressional mag-
netic pumping) modulate the superthermal electron pitch angle distribution via the conservation of the
first magnetic adiabatic moment, driving temperature anisotropies which lead to the generation of whistler
waves during the compressive wave fronts (Figure 2). Subsequent wave-particle interactions mean that these
whistler waves act back on the superthermal electron distribution function to isotropize the plasma, in an
attempt to drive Tperp back equal to Tpara. The local plasma conditions suggest that efficient wave-particle
interactions and pitch angle diffusion occur, and analysis of the superthermal electron distribution function
confirms this (Figure 4). This efficient pitch angle diffusion breaks the adiabaticity of the large-scale magne-
tosonic waves, leading to heating of the superthermal electrons during magnetic decompression. Evidence
of this heating is observed as the phase shift between the ratio of the perpendicular-to-parallel electron tem-
peratures, and the magnetosonic wave fronts (Figure 2). The observations presented here agree with model
results by Lichko et al. (2017).

For the case study analyzed here, superthermal electron temperatures were raised from a background value
of ∼5 eV up to 7–8 eV (Figure 3a). The superthermal electrons gain some of the compression energy due
to isotropization of the distribution via pitch angle scattering. An estimate of the maximum heating rate
with the assumption that the superthermal electron distribution is fully isotropized by whistlers during
compression, gives 10−3 eV/s per electron. Such a heating rate would require that superthermal electrons
be exposed to the magnetosonic waves for ∼1,000 s (equivalent to ∼40 compression cycles) in order to gain
1 eV in energy. It is not clear how realistic such a timescale is, but Lichko et al. (2017) note that multiple
compression cycles are necessary to significantly heat plasma through this mechanism, and our heating rate
appears to be consistent with their results. We emphasize that this is a ball park estimate of the superthermal
electron heating rate, and a self consistent study that includes all relevant physics is required to conclusively
determine this.

The superthermal electron population is an important energy source for ionospheric thermal electrons in
planetary ionospheres. The ionospheric thermal electron temperature is an important parameter because it
can significantly influence the rates of chemical reactions and subsequent ionospheric structure (Schunk &
Nagy, 2009). The thermal electron temperature is influenced by a number of energy sources and sinks in the
Martian ionosphere: superthermal electrons produced from photoionization of atmospheric neutrals, and
from the solar wind and magnetosheath, can heat the thermal electron population via collisions (e.g., Fox
& Dalgarno, 1979; Fox, 1988; Matta et al., 2014; Sakai et al., 2015, 2016; Torr et al., 1980). Collisional cooling
between thermal electrons and ions and atmospheric neutrals, along with conductive heat transport, act to
reduce the thermal electron temperature. Studies of the Martian ionospheric energy budget have shown that
the thermal electron temperature is significantly warmer than model predictions above altitudes of∼250 km,
and topside heat fluxes, driven by the Mars-solar wind interaction, have been suggested as possible sources
for this additional energy (Chen et al., 1978; Choi et al., 1998; Cui et al., 2015; Hanson & Mantas, 1988).
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The unmagnetized nature of Mars's magnetosphere means that the solar wind stand off distance from the
Martian subsolar point can be comparable to typical plasma length scales there (e.g., the proton gyroradius),
and it has long been expected that solar wind energy may be directly deposited to the upper ionosphere
via wave-particle interactions induced by the solar wind interaction with the planetary obstacle (Cloutier
et al., 1969; Cloutier & Daniell, 1979; Ergun et al., 2006; Moses et al., 1988). The heating of ionospheric
superthermal electrons via magnetic pumping, as reported in this study, demonstrates one plausible energy
deposition mechanism. Additional studies are needed to fully quantify the importance of this heating.

Whistler waves have also been observed at the boundary between the shocked solar wind plasma and the
dayside upper ionosphere at Venus (Scarf et al., 1979; Strangeway & Russell, 1996). Observed wave power
substantially decreased as the spacecraft traversed from the shocked solar wind into the upper ionosphere,
and it has been suggested that these whistler waves are damped as they heat ionospheric electrons via Lan-
dau damping (Scarf et al., 1980; Taylor et al., 1979). More recent analysis has however questioned how
efficient such damping would be at heating the ionosphere. Szegö et al. (1991) noted that the magnetic field
is typically in a draped configuration at the top of the Venusian ionosphere, meaning that the magnetic field
is to first-order horizontal relative to the upper ionospheric boundary, and whistler waves (which tend to
carry energy parallel to the magnetic field) would be unable to penetrate far into the ionosphere. Such lim-
itations also apply at Mars, however, the study presented here demonstrates that the large-scale magnetic
compressions are able to generate whistler waves at ever greater depths in the ionosphere because the com-
pressive wave fronts travel perpendicular to the draped magnetic field. Such a mechanism could explain
the Venus observations and to our knowledge, has not been proposed before. Although few studies exist,
magnetosonic waves have been observed at the Venusian bow shock (Shan et al., 2014), and more work is
needed to investigate the feasibility of this mechanism.

6. Conclusions
The unmagnetized nature of the Martian magnetosphere leads to a complex interaction between the plan-
etary ionosphere and the solar wind. We have presented observations of large-scale magnetosonic waves
(likely produced by the Mars-solar wind interaction) propagating into the Martian upper ionosphere. An ear-
lier study of the event presented here demonstrated that such large-scale waves were able to directly heat the
heavy, cold ionospheric ions (Fowler et al., 2018). This study demonstrates that these magnetosonic waves
are also able to heat ionospheric superthermal electrons via the magnetic pumping mechanism described
by, for example, Lichko et al. (2017) and Borovsky et al. (2017). The large-scale compressive wave fronts
modulate the superthermal electron pitch angle distribution via conservation of the first magnetic adia-
batic invariant, leading to the generation of whistler waves. When plasma conditions allow for efficient
wave-particle interactions (as is the case in this study), the induced whistlers act back on the superthermal
electron population, and pitch angle diffusion acts to reduce the temperature anisotropy between Tperp and
Tpara. This pitch angle diffusion breaks the adiabaticity of the large- scale magnetosonic wave and leads to
heating of the superthermal electrons during magnetic decompression. The observed phase shift between
the ratio of perpendicular-to-parallel superthermal electron temperatures, and the compressive wave fronts,
also supports this heating mechanism. In the presented case study the superthermal electron temperature
was enhanced from ∼5 eV up to 7–8 eV when plasma conditions were supportive of efficient pitch angle
diffusion.

The observed coupling between the solar wind and Mars's upper ionosphere provides a topside ionospheric
energy influx, which has long been predicted to be an important factor in explaining observed enhanced
electron temperatures in the Martian (and Venusian) upper ionospheres. Future work is needed to fully
quantify the importance of this magnetic pumping and heating mechanism at both bodies.
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