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Key Points:
●  Magnetosonic waves were observed in the Martian magnetotail region by MAVEN.
●  Enhanced proton and oxygen fluxes may provide free energy for the generation of magnetosonic waves.
●  Cyclotron heating by magnetosonic waves may facilitate the Martian ionospheric proton escape.
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Abstract:  Magnetosonic waves are an important medium for energy transfer in collisionless space plasma. Magnetosonic waves have
been widely investigated in the upstream of the bow shock at Mars. These waves are believed to originate from pickup ions or reflected
particles. By utilizing MAVEN spacecraft data, we have observed the occurrence of quasi-perpendicularly propagating magnetosonic
emissions near the proton gyrofrequency in the Martian magnetotail region. These plasma waves are associated with a significant
enhancement of proton and oxygen flux. The excited magnetosonic waves could possibly heat the protons through resonance and
facilitate the ionospheric plasma escape. Our results could be helpful to better understand the Mars’ magnetospheric dynamics and offer
insights into possible energy redistribution between waves and plasma in the Martian nightside magnetosphere.
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1.  Introduction
Magnetosonic waves, also referred to as equatorial noise and ion

Bernstein  modes,  have  been  extensively  observed  in  Earth’s

magnetosphere  (Chen  L  and  Thorne  2012; Tsurutani  et  al.  2014;

Balikhin et al. 2015; Boardsen et al. 2016; Yao F et al. 2020). These

waves  play  a  fundamental  role  in  the  energy  transfer  process  of

collisionless space plasma (Shprits 2009; Bortnik and Thorne 2010;

Li  J  et  al.  2016; Ni  BB  et  al.  2018).  It  is  commonly  believed  that

magnetosonic  waves  grow  from  the  free  energy  of  ring  current

protons  with  ring-distribution  (Boardsen  et  al.  1992; Min  K  et  al.

2018; Teng  S  et  al.  2021).  Through  resonant  and  nonresonant

interactions,  magnetosonic waves heat plasmaspheric ions (Yuan

Z  et  al.  2018)  and  accelerate  and  scatter  radiation  belt  electrons

(Horne et al. 2007; Shprits 2016), making them essential for energy

transfer  in  Earth’s  magnetosphere.  Additionally,  magnetosonic

waves  have  also  been  observed  on  Mars  (Bertucci  et  al.  2004;

Collinson et al. 2018; Harada et al. 2019).

The absence of a global dipole magnetic field on Mars, with only
localized crustal magnetic fields, has prompted a growing interest
in  investigating  magnetosonic  waves  in  its  magnetosphere
(Øieroset et al. 2004; Langlais et al. 2004, 2019; 2020, Wang J et al.
2021).  The  interaction  between  Mars'  ionosphere  and  the  solar
wind creates  distinct  regions,  including  a  bow  shock,  magne-
tosheath,  induced  magnetosphere,  and  ionosphere  (Acuña  et  al.
1998; Nagy et al. 2004). Recently, there has been growing attention
towards  studying  magnetosonic  waves  at  Mars  due  to  their
potential  impact  on  plasma  heating  and  loss  within  the  Martian
ionosphere (Espley 2004; Ergun et al. 2006; Fowler et al. 2018), as
well  as  their  significance  in  the  process  of  Martian  atmospheric
escape (Wei HY et al.  2011).  A study by Su Z et al.  (2020) demon-
strates that magnetosonic waves can heat the topside ionospheric
electrons  through  the  Landau  resonance,  resulting  in  the
enhancement  of  the  ambipolar  electric  potential  and  facilitating
the  escape  of  ionospheric  plasma.  Previous  statistical  analyses
indicate  that  magnetosonic  waves  are  most  frequently  observed
in  the  upstream  region  of  the  Martian  bow  shock  (Wei  HY  et  al.
2014; Fowler et al. 2018; Liu D et al. 2020). The exact mechanism of
generating  waves  with  different  properties  remains  elusive.  A
commonly  proposed  explanation  suggests  that  these  waves  are

  
Correspondence to: S. C. Teng, tengsc@tongji.edu.cn
Received 07 AUG 2023; Accepted 28 OCT 2023.
First Published online 21 NOV 2023.
©2023 by Earth and Planetary Physics. 

 
 

http://www.eppcgs.org/
https://doi.org/10.26464/epp2024003
https://doi.org/10.26464/epp2024003
https://doi.org/10.26464/epp2024003


generated  by  the  newly  ionized  particles  of  the  solar  wind  near
the  upstream  parallel  foreshock  and  subsequently  propagate
through  the  magnetosheath  into  the  ionosphere  (Russell  et  al.
1990; Brain 2002; Collinson et al. 2018). Another possibility is that
magnetosonic waves can be formed from ion beams reflected at
the  bow  shock  (Hoppe  and  Russell  1983; Wilson  2016). Wang  J
et al. (2023) has demonstrated that magnetosonic waves can also
be  locally  generated  by  the  ring-beam  proton  distributions  of
magnetosheath  origin  in  the  Martian  ionosphere.  The  waves
observed  in  the  nightside  of  the  Martian  magnetosphere  have
received  limited  investigation. Fowler  et  al.  (2021) reported  the
presence of magnetosonic waves in the Martian nightside magne-
tosphere.  These  waves  are  proposed  to  be  generated  by  solar
wind pressure  pulses  and  to  propagate  into  the  nightside  iono-
sphere  due  to  the  draped  interplanetary  magnetic  field  (IMF).
Additionally, Guo  Z  et  al.  (2022) reported  the  existence  of  lower
hybrid drift waves in the Martian magnetotail and suggested that
the  proton  density  gradient  potentially  excite  the  lower  hybrid
drift instability.

This  study  investigates  magnetosonic  waves  in  the  Martian
magnetotail  region  and  focuses  on  two  representative  events
with  similar  characteristics.  Through  the  measurements  of  field
and particle, we propose the potential generation mechanisms of
these waves. Their potential effects on plasma heating and escape
are also discussed. By exploring their origins, wave characteristics
and potential  impacts,  we seek to broaden our understanding of
the  dynamic  process  between  these  waves  and  the  surrounding
plasma environment. 

2.  Observations
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The data utilized in this study comprise magnetic field and plasma
measurements  obtained  from  Mars  Atmosphere  and  Volatile
EvolutioN (MAVEN) mission (Jakosky et al. 2015). MAVEN operates
in an elliptical  orbit  with a periapsis at 150 km and an apoapsis
at 6000  km.  The  magnetic  field  data  were  acquired  by  the
Magnetometer  instrument  (MAG)  at  a  sampling  rate  of  32  Hz
(Connerney  et  al.  2015).  Solar  Wind  Ion  Analyzer  (SWIA)  (Halekas
et  al.  2015)  provides  energy  spectrum  and  angular  distribution
measurement  of  solar  wind  and  magnetosheath  ions  in  the
energy  range  of  5  eV  to  25  keV.  The  electron  density  data  was
obtained  from  the  Solar  Wind  Electron  Analyzer  (SWEA)  data
(Mitchell et al. 2016). The SWEA measures suprathermal electrons
at energies above 3 eV, thus the corresponding electron density is
for  electrons  over  3  eV.  The  SupraThermal  and  Thermal  Ion
Composition (STATIC) instrument (McFadden et al. 2015) supplies
energy-angular  distributions  of  suprathermal  and  thermal  ions
including  H ,  He ,  O ,  O  and  CO .  Two  representative  events

with similar characteristics will be analyzed in this article. 

2.1  Event 1: May 9, 2015

x y
z

The  first  typical  event  focuses  on  the  time  of  the  occurrence  of
magnetosonic waves. Figures 1a−b depict a map of MAVEN orbit
No.1180  on  May  09  2015,  in  the  right-handed  Mars-Sun-Orbit
(MSO)  frame,  viewed  from  different  planes.  In  this  coordinate
system,  the  axis  points  toward the Sun,  the  axis points  back-
wards  along  the  tangent  of  Mars'  orbit  and  the  axis  completes
the  right-handed  system.  The  boundaries  of  the  bow  shock  and

Magnetic  Pileup  Boundary  (dashed  lines)  are  determined  based
on Vignes et al. (2000). During this orbit, the spacecraft passed its
periapsis  at  17:08  UT  and  at  an  altitude  of  162  km.  Between
17:25  and  18:34  UT,  it  traversed  the  magnetosheath  region.
Magnetosonic  waves  were  observed  during  the  time  interval  of
16:18−16:33  UT.  The  corresponding  spacecraft  orbit  during  this
period  is  highlighted  in  blue  in Figures  1a−b,  with  an  altitude
range  of  ~3000−2000  km  and  Solar  Zenith  Angle  (SZA)  varying
from ~130° to 120° so that the data set covers the nightside sector
(SZA > 90°).

−x

fcp ∼0.2
∼0.4

During the selected time interval, we analyzed the wave properties
detected  by  MAVEN  MAG  (Magnetometer)  in Figures  1c−k.  The
occurrence  of  magnetosonic  waves  within  this  interval  (16:18−
16:33 UT) is denoted by two dashed magenta lines, corresponding
to the blue dots in Figures 1a−b. Figure 1c displays the magnetic
field components in the Mars-Sun-Orbit (MSO) coordinate system,
showing  minimal  variation  in  the  magnetic  field  magnitude
around 10 nT, with the field primarily oriented along the  direc-
tion.  We  transformed  the  magnetic  field  into  the  Field  Aligned
Coordinate  (FAC)  system,  where  the  magnetic  field  points  along
the z axis  from  16:10  to  16:49  UT  in Figure  1d.  The  waves  are
predominantly  represented  by  the  compressional  component  of
the  magnetic  field,  and  the  wave  magnitude  dB/B reaches  0.05.
For further examination, we conducted a wave polarization analysis
using the method by Means (1972). Figures 1e−h present the total
wave power, degree of polarization, wave normal angle, and ellip-
ticity as functions of time and frequency. Only the bins where the
magnetic field wave power is larger than the background noise by
at  least  one order  of  magnitude are  shown.  The observed waves
occur  near  the  local  proton  cyclotron  frequency  ( )  (  Hz),
with  a  second  harmonic  structure  at  a  frequency  of  Hz
(Figure  1e).  The  wave  degree  of  polarization  exceeded  80%
(Figure 1i), indicating coherent signals at the relevant frequencies
and validating the wave polarization calculation results. The wave
normal angle is notably large (> 80°) (Figure 1j), suggesting quasi-
perpendicular  propagation.  The  ellipticity  (Figure  1k) predomi-
nantly  fluctuates  around  0,  indicating  predominantly  linear  and
right-handed  polarization.  These  characteristics  are  consistent
with  magnetosonic  waves,  which  exhibit  compressive  behavior
and linear right-handed polarization,  differing from ion cyclotron
waves that are primarily dominated by the transverse component
and  exhibit  left-handed  polarization.  Magnetosonic  waves  with
similar properties are discussed in Fowler et al. (2018), but on the
dayside. Magnetosonic waves here are electromagnetic emissions
with  frequencies  between  the  proton  gyrofrequency  and  the
lower  hybrid  resonance  frequency.  It  is  different  from  the  classic
MHD  wave  mode,  which  are  usually  observed  in  the  ultra-low
frequency domain (Ruhunusiri et al. 2015).

+ +

+ +
2

+ +

H+ H+ O+

Figure  2 presents  the  time  series  of  particle  measurements.
Figures 2a and 2b display the ion mass spectra and energy spectra
observed by STATIC, facilitating the determination of ion compo-
sition through the mass-time spectrogram (Figure 2a). During the
wave occurrence period, there is a prominent increase in H , He ,
O , and O  energy fluxes. Detailed energy spectra for H  and O

are depicted in Figures 2c and 2d, respectively, showing intensified
energy fluxes  of  around ~10 eV.  The velocity  of  and  is
presented in Figures 2e and 2h. Figure 2g shows the temperature
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H+ H+of .  The  velocity  and  temperature  of  outside  the  magenta
lines is not valid, as STATIC does not observe significant numbers
of protons in that region.

Previous studies have demonstrated that the wave characteristics
observed  at  Mars  may  be  influenced  by  Doppler  shift  effects
(Brain  2002).  To  account  for  these  effects  and obtain  meaningful
wave characteristics, we utilized the Doppler shift relation (Jian LK
et al. 2009, 2010) to quantify the Doppler shift corrections.

fbf = fobs +
kkk ⋅ VVVbf

2π = fobs (1 +
VVVbf

VVVA
k̂kk ⋅ V̂VVobs) , (1)

fobs fbf

kkk

k̂kk VVVbf

VVVA V̂VVobs

where  is  the  observed  wave  frequency,  is  the  wave
frequency  for  bulk  flow  frame  after  removing  Doppler  shift,  is
the  wave propagation vector,  represents  the  unit  vector,  is

the oxygen bulk flow velocity,  is  the Alfven speed, and  is

ω ≈ k⊥VA

λ = VA/f f = 0.2 VA

∼3.6 cm−3 Vbf/VA

∼0.23 k̂kk ⋅ V̂VVbf

the  observed  oxygen  bulk  flow  velocity.  During  this  interested

time interval, we assume the oxygen ions are dominated. For the

magnetosonic waves except near the cutoff frequency, the disper-

sion relation can be approximately  described as ,  thus a

simple estimate of  the magnetosonic wavelength is  obtained via

,  where  Hz,  is  calculated  using  the  observed

magnetic field strength and oxygen density ( ).  is

estimated to be  and  is nearly 0. Compared with 1, the

second  term  in  Equation  (1)  is  small.  Consequently,  the  Doppler

shift effects due to oxygen bulk velocity are not significant in this

case. 

2.2  Event 2: April 24, 2015
Through our examination of the wave observations from MAVEN,
we have identified another wave event exhibiting similar charac-
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Figure 1.   MAVEN observations during 16:10−16:40 UT on 9 May 2016. (a, b) MAVEN orbit in MSO coordinate viewed from different planes. The

satellite trajectory when the waves occur are marked by the blue lines. The blue dots correspond to the time denoted by the vertical magenta

lines in Figures 1c−k. The black dashed lines are the bow shock and magnetic pileup boundary which separates the magnetosheath and

magnetic pileup region. Units are in planetary radii, where  = 3390 km. (c) MAVEN magnetic field components in MSO coordinates. Magnetic

field ,  and  and magnitude  are shown in blue, green, red, and black. (d) The compressional and transverse component of magnetic field.

(e) The total wave power spectral density. (f) The degree of polarization. (g) The wave normal angle. (h) The wave ellipticity. In Figures 1e−h, the

black line denotes the proton frequency ( ). Figures (i)−(k) show the weighted average value of degree of polarization (i), wave normal angle (j)

and ellipticity (k). The vertical magenta dashed lines indicate the times of the wave analyzed by this study.
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Figure 2.   Time series of plasma data. (a) SupraThermal and Thermal Ion Composition mass spectra; (b) Omnidirectional energy spectra; (c) H

energy flux; (d) O  energy flux; (e) The velocity of H ; (f) The density of H ; (g) The temperature of H ; (h) The velocity of O ; (i) The density of O .

Magenta vertical lines mark time intervals that magnetosonic waves were observed.
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teristics. Figure  3 displays  the  MAVEN  location  where  the  waves
occurred  and  the  corresponding  wave  characteristics,  following
the  same  format  as Figure  1.  Compared  with  Event  1,  this  event
was  observed  at  an  altitude  of  approximately  6000  km,  situated
farther  away  from  Mars  and  close  to  the  apogee  of  the  orbit.
Figure  3c presents  the  three  components  of  the  magnetic  field,
with  the  magnetic  fields  further  decomposed  into  field-aligned
and perpendicular components in Figure 3d. Our analysis reveals
that  the  compressional  component  of  the  magnetosonic  waves
predominates.  Employing  the  Means  method (Means  1972),  we
conducted  polarization  analyses  of  these  waves  as  depicted  in
Figures  3c−k.  The  waves  were  observed  between  ~00:54  and
01:14 UT, marked by vertical magenta dashed lines. The magnetic
field  spectrogram  in Figure  3e indicates  the  main  wave  intensity
around  the  proton  gyrofrequency  ( ),  represented  by  the  black
line.  A  noticeable  increase  in  wave  intensity  is  also  observed
around ,  indicating  a  harmonic  structure. Figures  3f−h show
the  wave  degree  of  polarization,  wave  normal  angle,  and  wave
ellipticity,  respectively.  Their  corresponding  weighted  average
values are presented in Figures 3i−k. Notably, the degree of polar-
ization values are close to 1,  affirming the validity of these polar-
ization parameters. The wave normal angle values vary above 60°,
suggesting  predominantly  quasi-perpendicular  propagation.  The

ellipticity values fluctuate between −0.5 and 0.5, indicating nearly
linear  polarization.  These  features  align  with  the  properties
expected for magnetosonic waves.

+

+ +

+ +
2

+

+

+

+

Figure  4 presents  an  overview  of  the  plasma  during  the  wave
observation. The panels from top to bottom display the ion mass
spectra  (a),  ion  energy  spectra  (b),  proton  energy  spectra  (c),
oxygen energy spectra (d),  proton velocity (e),  proton density (f),
the  proton  temperature  (g),  oxygen  velocity  (h)  and  oxygen
density (i) respectively. The velocity of H  is very small, indicating
the  magnetotail  region.  The  energy  spectra  of  ions  indicate  that
H  dominates at energies of approximately 10 eV, while O  domi-
nates at energies of approximately 10−100 eV during the magne-
tosonic wave observations. Additionally, O  and O  exhibit similar

energy  spectra.  The  temperature  of  H  increases  during  the
period  of  time  when  the  wave  intensity  increases.  Both  of  the
above  two  events  indicate  that  during  periods  of  enhanced
waves, there is a significant increase in the energy flux of H . Li XZ
et  al.  (2023) investigated  the  two  types  of  Martian  Magnetotail
current  sheets  and  the  results  suggest  that  the  current  sheet  is
dominated by either planetary heavy ions or H . The heavy ions in
the tail  current sheet originate from the Martian ionosphere.  The
detected  H  is  several  tens  of  eV,  possibly  originating  from  the
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Figure 3.   The region in which the waves are observed and wave polarized characteristics. This figure has the same format with Figure 1.
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ionosphere.
 

3.  Discussion
Magnetosonic waves play a crucial role in energy transfer, making

fcp

it  essential  to  investigate  their  distribution,  generation,  and

effects.  Prior  studies  at  Mars  have  observed  ion  cyclotron  waves

with  frequencies  close  to  or  below  the  local .  These  waves

exhibit  left-handed  elliptical  polarization,  propagating  parallel  to
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Figure 4.   Particle characteristics for the observed event. This figure has the same format with Figure 2.
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the magnetic field as transverse waves, typically generated by ion
instabilities  from  pickup  ions  or  back  streaming  ions,  and  are
mainly  observed  in  the  upstream  foreshock  region.  In  contrast,
the  waves  reported  in  this  study  exhibit  two  distinct  features
different  from  past  studies:  (1)  the  waves  are  present  in  the
Martian magnetotail region, and (2) the wave polarization analysis
indicates  propagation  quasi-perpendicular  to  the  background
magnetic field. Based on these observed wave properties, they are
categorized  as  magnetosonic  waves,  distinguishing  them  from
ion cyclotron waves.

+

+

10−30fcp

fcp
+

With  the  suite  of  particle  instruments  onboard  MAVEN,  we
propose  two  potential  generation  mechanisms  for  the  observed
magnetosonic  waves.  Firstly,  the  presence  of  a  ring-like  proton
distribution  could  provide  free  energy  for  the  wave  generation.
Previous studies (Wang J et al. 2023) proposed that magnetosonic
waves in the Martian dayside ionosphere are locally generated by
ring  beam  hot  protons  resulting  from  the  penetration  of  solar
wind  protons.  Similarly,  in  the  nightside  of  the  magnetotail
region,  the  presence  of  an  unstable  warm  proton  distribution
could  lead  to  proton  Bernstein  mode  instability  (Boardsen  et  al.
2015; Harada  et  al.  2019).  Secondly,  the  ion  Bernstein  instability
driven  by  ring-like  O  distributions  with  a  positive  gradient  can
also excite O  Bernstein waves (Min K et al. 2017; Liu K et al. 2020).
While magnetosonic waves can be unstable over a broad range of
continuous frequencies, the peak of the growth rate typically falls
within the frequency range of  (Liu K et al.  2011; Chen L

et  al.  2016).  The  wave  frequency  in  this  case  is  close  to ,  it

remains  possible  that  ring-like  O  distributions  excite  these
waves.  The  specific  source  and  formation  mechanism  of  the
waves require further investigation, as the observed particle distri-
bution data  varies  significantly  at  each  moment,  making  it  chal-
lenging to obtain precise particle distribution information.

+

fcp

+

+

Previous  studies  have  extensively  investigated  the  contributions
of magnetosonic waves to ionospheric particles through resonant
interaction and adiabatic  compression processes  (Collinson et  al.
2018; Fowler  et  al.  2018). Fowler  et  al.  (2020) proposed  that  a
combination  of  the  adiabatic  magnetic  pumping  and  the  pitch
angle scattering  could  heat  the  ionospheric  suprathermal  elec-
trons. Additionally, Akbari et al. (2019) has highlighted the funda-
mental role of plasma waves in coupling the solar wind and plane-
tary plasma. The close relationship between H  enhancement and
wave  occurrence  suggests  a  region  of  plasma  heating.  The
magnetosonic  waves  with  frequencies  approaching  can  heat
cool  background  protons  to  tens  of  eV  through  cyclotron  or
Landau resonance (Ma Q et al. 2019; Teng S et al. 2019; Su Z et al.
2020; Wu Z et al.  2022). The energy provided exceeds the escape
energy of H , suggesting a potential mechanism for nightside ion
escape where magnetosonic waves play a role in heating nightside
H .  The  wave  heating  mechanism  is  crucial  for  ion  outflow  at
Earth  (Kintner  et  al.  1997), making the  proposed Martian  mecha-
nism intriguing from the perspective of comparative planetology. 

4.  Conclusions

fcp 2fcp

In  this  study,  we  analyzed  magnetosonic  waves  observed  in  the
Martian  magnetotail  region,  with  dominant  frequencies  around

 and harmonic structures at . These waves were characterized

by  a  compressional  component,  quasi-perpendicular propaga-

tion,  and  linear  polarization,  leading  to  their  identification  as
magnetosonic waves. Examining the plasma conditions, we found
that  these  waves  were  accompanied  by  enhanced  proton  and
oxygen fluxes. Through wave-particle interactions, the generated
magnetosonic  waves  possibly  in  turn  heat  the  proton  species.
These  events  provide  a  possible  insight  into  understanding  the
physical  process  and  plasma  dynamics  on  the  nightside  of  the
Martian  environment.  Further  investigations  are  required  to  fully
quantify  the  energy  transfer  between  magnetosonic  waves  and
plasma.  This  study contributes  to  a  deeper  understanding of  the
dynamics of the Martian magnetosphere.
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