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Key Points:
●  We investigate the pitch angle distribution of suprathermal electrons in the Martian ionosphere using the MAVEN SWEA

measurements.
●  The anisotropy of suprathermal electrons is energy dependent, magnetically controlled, and shows clear altitudinal and diurnal

variations.
●  The observations reflect the combined result of photoelectrons which are near isotropic and SW electrons which are highly

anisotropic.
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Abstract:  Suprathermal electrons are an important population of the Martian ionosphere, either produced by photoionization of
atmospheric neutrals or supplied from the Solar Wind (SW). This study is dedicated to an in-depth investigation of the pitch angle
distribution of suprathermal electrons at two representative energies, 19−55 eV and 124−356 eV, using the extensive measurements
made by the Solar Wind Electron Analyzer on board the Mars Atmosphere and Volatile Evolution. Throughout the study, we focus on the
overall degree of anisotropy, defined as the standard deviation of suprathermal electron intensity among different directions which is
normalized by the mean omni-directional intensity. The available data reveal the following characteristics: (1) In general, low energy
electrons are more isotropic than high energy electrons, and dayside electrons are more isotropic than nightside electrons; (2) On the
dayside, the anisotropy increases with increasing altitude at low energies but remains roughly constant at high energies, whereas on the
nightside, the anisotropy decreases with increasing altitude at all energies; (3) Electrons tend to be more isotropic in strongly magnetized
regions than in weakly magnetized regions, especially on the nightside. These observations indicate that the anisotropy is a useful
diagnostic of suprathermal electron transport, for which the conversion between the parallel and perpendicular momenta as required by
the conservation of the first adiabatic invariant, along with the atmospheric absorption at low altitudes, are two crucial factors
modulating the observed variation of the anisotropy. Our analysis also highlights the different roles on the observed anisotropy exerted
by suprathermal electrons of different origins.
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1.  Introduction

1−1000

Unlike  the  Earth,  Mars  lacks  a  global  dynamo magnetic  field  and

thus  its  upper  atmosphere  and  ionosphere  interact  directly  with

the  Solar  Wind  (SW)  (Nagy  et  al.,  2004).  Suprathermal  electrons

(  eV) are  an  important  composition  of  the  Martian  iono-

sphere,  often used as a  diagnostic  of  the ambient magnetic  field

topology  because  these  electrons  are  typically  magnetized  and

propagate along the magnetic field lines above the suprathermal

electron exobase (e.g. Xu SS et al., 2015; 2016a). Existing measure-

ments  of  suprathermal  electrons  have  revealed  an  extremely

complicated  magnetic  field  topology  near  Mars,  including  both

the contribution from an induced magnetosphere and the contri-

bution from crustal magnetic anomalies known to cluster over the

southern  hemisphere  of  the  planet  (e.g. Xu  SS  et  al.,  2017a, b;

2019).

22−27

Suprathermal electrons  consist  of  photoelectrons  and  SW  elec-

trons.  Photoelectrons  are  produced  by  solar  Extreme  Ultraviolet

(EUV)  and  X-ray  ionization  of  various  neutrals  in  the  dayside

Martian  upper  atmosphere  (e.g. Fox  et  al.,  2008; Coates  et  al.,

2011). A typical photoelectron energy spectrum observed at Mars

is characterized by several distinctive peaks at  eV related to

the  He  II  30.4  nm  line,  which  is  the  most  intensive  EUV  emission

line  in  the  solar  spectrum  capable  of  ionizing  atmospheric

neutrals such as CO2 and Os (e.g. Frahm et al.,  2006a,  b). In addi-

tion, the rapid drop in solar radiation at wavelengths shorter than

  
First author: Y. T. Cao, caoyt6@mail.sysu.edu.cn
Correspondence to: J. Cui, cuijun7@mail.sysu.edu.cn
Received 19 FEB 2024; Accepted 02 APR 2024.
First Published online 24 APR 2024.
©2024 by Earth and Planetary Physics. 

 
 

http://www.eppcgs.org/
https://doi.org/10.26464/epp2024028
https://doi.org/10.26464/epp2024028
https://doi.org/10.26464/epp2024028


60−70

22−27

10−50

10−15

17  nm  produces  a  pronounced  knee  around  eV  in  the
photoelectron energy spectrum (e.g. Sakai et al., 2015; Peterson et
al.,  2016).  These spectral  features have been observed by various
instruments over the past four decades (e.g. Mantas and Hanson,
1979; Frahm et al., 2006b; Sakai et al., 2015; Peterson et al., 2016).
The peaks at  eV are the most extensively studied feature of
the  photoelectron  energy  distribution  and  have  been  frequently
used  to  identify  the  ambient  magnetic  field  topology  (e.g.
Liemohn  et  al.,  2006; Frahm  et  al.,  2006a; Xu  SS  et  al.,  2017a, b;
2019; Cao  YT  et  al.,  2021).  Meanwhile,  it  has  been  shown  that
other characteristics of the photoelectron energy distribution also
contain  important  information  on  the  background  atmosphere.
For  instance, Wu  XS  et  al.  (2019a) found  that  the  shape  of  the
photoelectron intensity at  eV is a diagnostic of the inelastic
collisions  between  photoelectrons  and  atmospheric  neutrals.  In
another study, Wu XS et al. (2020b) further investigated the altitu-
dinal  variation  of  photoelectron  intensity  and  proposed  that  the
intensity at  eV was a good indicator of the ambient atmo-
spheric composition.

Properties of SW electrons are usually studied on the nightside of
Mars  because  the  precipitation  of  these  energetic  electrons  is
thought to be the dominant source driving atmospheric and iono-
spheric  variability  in  the  darkness  (e.g. Verigin  et  al.,  1991;
Safaeinili  et  al.,  2007; Fowler  et  al.,  2015; Girazian  et  al.,  2017;
Adams  et  al.,  2018; Lillis  et  al.,  2018).  Based  on  a  comparison
between the  SW electron impact  ionization rate  and dissociative
recombination  rate  on  the  deep  nightside  of  Mars, Cui  J  et  al.
(2019) proposed that below a certain altitude, electron precipita-
tion was able to fully account for the nightside ionospheric obser-
vations  and  extra  sources  were  not  required.  The  SW  dynamical
pressure  has  been  suggested  as  an  important  factor  controlling
plasma  formation  via  impact  ionization  in  the  deep  nightside
Martian  upper  atmosphere  (e.g. Lillis  and  Brain,  2013; Lillis  et  al.,
2018; Xu  SS  et  al.,  2016b).  Besides,  several  studies  have  revealed
that  nightside  SW  electron  precipitation  is  substantially  reduced
near  strong crustal  magnetic  anomalies,  which is,  in  the extreme
situation, manifest as suprathermal electron depletions frequently
observed  on  the  nightside  of  Mars  (e.g. Steckiewicz  et  al.,  2015,
2017; Niu DD et al., 2020).

10−60

The  pitch  angle  distribution  (PAD)  provides  key  information  to
characterize  suprathermal  electrons,  where  the  pitch  angle  is
defined as  the  angle  between the  electron velocity  and ambient
magnetic  field  direction,  with 0°  and 180°  representing electrons
traveling  parallel  and  anti-parallel  to  the  ambient  magnetic  field
lines. For instance, Xu SS et al. (2019) combined two independent
methods  based  on  both  the  PAD  and  energy  distribution  of
suprathermal  electrons  and  identified  seven  categories  of
magnetic topology in the Martian ionosphere. Previous studies of
the suprathermal electron PAD usually focused on electrons with
a typical energy of several hundred eV, thus mainly characterizing
SW  electrons  (e.g. Weber  et  al.,  2017; Xu  SS  et  al.,  2019).  The
photoelectron  PAD  has  been  recently  examined  by Cao  YT  et  al.
(2021) and shown to be nearly isotropic on the dayside but field-
aligned on the nightside. However, Shane et al. (2019) presented a
model-data  comparison  in  Martian  dayside-closed  crustal
magnetic  field  regions  for  low  energy  electrons  (  eV)  and

100−500high  energy  electrons  (  eV),  respectively.  The  work
reported that the low energy electron had PAD in agreement with
the  suprathermal  electron  transport  model,  while  high  energy
electrons do not.  Such a result strongly suggests that the PAD of
suprathermal electrons at different energies varies differently and
should be studied simultaneously.

The  present  study  is  devoted  to  a  systematic  and  comparative
investigation  of  the  PAD  of  suprathermal  electrons  at  different
energies, representing either photoelectrons or SW electrons. We
describe in Section 2 the data set used, from which we derive the
standard deviation (STD) of the observed differential intensities of
suprathermal  electrons  along  different  directions  to  categorize
their  PAD.  The  broad  characteristics  of  the  PAD,  in  terms  of  the
degree of anisotropy, are presented in Section 3, highlighting the
differences between suprathermal electrons at different energies.
This is followed by Section 4 where we focus on the variations of
the  suprathermal  electron  anisotropy  with  altitude,  solar  zenith
angle (SZA), magnetic field configuration, solar activity, as well as
upstream SW condition. Finally, we discuss in Section 5 and draw
conclusions in Section 6. Throughout the study, a simple parameter
easily  extracted  from  the  data  is  used  to  characterize  the  overall
degree  of  suprathermal  electron  anisotropy,  irrespective  of  the
detailed shape of the measured PAD. We also emphasize that it is
necessary to explore the variations of such a parameter at different
energies  to  fully  characterize  the  complex  plasma  environment
near  Mars  and  distinguish  between  suprathermal  electrons  of
different origins. 

2.  Data Set and Methodology

22−27

Our  analysis  is  based  on  the  differential  suprathermal  electron
intensity  measurements  made  by  the  Solar  Wind  Electron
Analyzer  (SWEA)  on  board  the  Mars  Atmosphere  and  Volatile
Evolution  (MAVEN)  spacecraft  from  18  October  2014  to  14  May
2019 (Mitchell et al., 2016). The SWEA is a symmetric hemispheric
electrostatic  analyzer  that  measures  the  differential  intensity  of
suprathermal  electrons  over  the  energy  range of  3  eV  to  4.6  keV
with  a  resolution  of  17%  and  the  range  of  incoming  direction
covering  a  field  of  view  (FOV)  of  360°  ×  120°  of  which  8%  is
blocked  by  the  spacecraft  body.  Because  of  the  limited  energy
resolution, the  SWEA  cannot  distinguish  among  multiple  photo-
electron  energy  peaks  at  eV.  The  suprathermal  electron
PAD  is  determined  by  combining  the  SWEA  data  and  the
magnetic field data acquired by the MAVEN Magnetometer (MAG)
(Connerney et  al.,  2015).  The SWEA electron PAD is  comprised of
sixteen 22.5° wide pitch angle bins which are formed every instru-
ment  energy  sweep  by  a  combination  of  measurements  which
change  depending  on  the  local  magnetic  field  orientation.
Because  the  16  PAD  bins  span  360°  in  azimuth,  the  PAD  is
measured  twice  (Mitchell  et  al.,  2016) and  all  these  16  measure-
ments are used in this study.

19−55

For the purpose of this study, we determine the integrated inten-
sities of suprathermal electrons, in units of cm−2 s−1 sr−1,  over the
energy range of  eV, which are classified as the low energy
electrons.  As  discussed  in  Section  1,  electrons  with  energy  less
than  70  eV  are  usually  used  to  characterize  photoelectrons
produced  via  photoionization  (e.g. Wu  XS  et  al.,  2019a; Cao  YT
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et  al.,  2021).  The  integrated  intensities  at  different  pitch  angles

are  calculated  independently  and  normalized  by  the  average

integrated  intensity.  We  then  derive  the  standard  deviation  of

these normalized integrated intensities, defined as

STD =
√
∑n

i=1
(Ii − I)2/(n − 1),

Ii ith

I

124−356

19−55

where  is the normalized integrated intensity measured in the 

pitch angle bin and  is the intensity averaged over all bins, which

equals to 1 due to the normalization. The STD is used as a diagnostic

of the anisotropy of the suprathermal electron distribution, with a

smaller STD representing a more isotropic PAD. Because electrons

with  hundreds  eV  have  been  used  to  characterize  the  Martian

magnetic  topology  in  several  studies  (e.g. Weber  et  al.,  2017; Xu

SS  et  al.,  2019),  we  calculate  similarly  the  STD  of  the  normalized

integrated  intensities  for  suprathermal  electrons  at  eV,

which are classified as the high energy electrons in our subsequent

analyses.  This  energy  range  includes  10  SWEA  energy  channels,

which is consistent with the number of energy channels used for

energy  range  of  eV.  As  detailed  below,  these  two  energy

ranges,  with  distinct  characteristics  of  the  observed  PAD,  are

chosen  to  represent  either  photoelectrons  or  SW  electrons.

Throughout  the  rest  of  the  paper,  the  STD  determined  for  each

SWEA energy spectrum is  referred to  as  the anisotropic  factor  or

anisotropy for short.

As  an  example,  we  show  in Figure  1 the  PAD  of  low  and  high

energy electrons measured during MAVEN orbit #1082 on 21 April

2015. During this orbit, the spacecraft passed by a periapsis altitude

of 130 km at a Universal Time (UT) of 12:47:12. We present in the

figure  the  suprathermal  electron  energy  spectra  measured  from

12:37:38 UT to 12:57:38 UT when the spacecraft  moved between

~430  km  and  the  periapsis  during  the  inbound  and  outbound

portion  of  the  orbit  and  stayed  completely  on  the  dayside.  The

omni-directional  suprathermal  electron  intensity,  defined  as  the

intensity  averaged over  all  available  pitch angles,  is  presented in

panel (a) as a function of time, whereas the PADs of low and high

energy electrons are displayed in  panels  (b)  and (c),  respectively.

Panel (d) shows the variations of the altitude (blue) and SZA (red)

at the spacecraft location. Panel (e) shows the ambient magnetic

field intensity (blue) measured by the MAG and the corresponding

magnetic field elevation angle (red) with 0° representing a strictly

horizontal  magnetic field relative to the surface of Mars.  Panel (f)

shows the anisotropic factors for low (red) and high (blue) energy

electrons.  Some  PADs  and  the  corresponding  anisotropic  factors

are left blank due to lack of valid data in one or more pitch angle

bins.

Before 12:50:10 UT,  the low energy electrons were isotropic  with

an  average  anisotropic  factor  of  0.08  only.  Between  12:50:40  UT

and 12:53:38 UT, the low energy electrons were still near isotropic
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Figure 1.   The SWEA suprathermal electron energy spectra measured during MAVEN orbit #1082 on 21 April 2015. (a) The omni-directional

electron intensity averaged over all pitch angles; (b) The normalized integrated intensity of low energy electrons at  eV; (c) Similar to panel

(b) but for high energy electrons at  eV; (d) The altitude and SZA at the spacecraft location; (e) The ambient magnetic field intensity and

the correspond magnetic field elevation angle measured by the MAG; (f) The anisotropic factors for low (red) and high (blue) energy electrons

derived from the spectra in panels (b) and (c).
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22−27

though  the  average  anisotropic  factor  increased  to  0.12.  Before

12:53:38  UT,  the  photoelectron  energy  peak  at  eV  was

prominent  in  panel  (a),  indicating  the  dominant  source  of  the

measured photoelectrons.  After 12:53:38 UT when the spacecraft

ascended  above  250  km,  the  low  energy  electrons  became

anisotropic  and the  anti-parallel  intensity  was  roughly  two times

the  parallel  intensity  with  an  average  anisotropic  factor  of  0.32.

The  photoelectron  peaks  became  faded  with  increasing  altitude

and  disappeared  after  12:55:58  UT.  However,  the  PAD  of  high

energy  electrons  in Figure  1 is  quite  different  from  that  of  low

energy electrons.  For  the bulk  of  the displayed time interval,  the

high  energy  electrons  were  strongly  anisotropic  with  the  pitch

angle of maximum intensity varying in a random fashion for most

of  the  time.  Between  12:39:38  UT  and  12:43:18  UT  and  after

12:56:18  UT,  the  the  high  energy  electrons  showed  an  ordered

fashion with the parallel intensity substantially enhanced over the

anti-parallel  intensity.  During  this  time  interval,  the  anisotropic

factor of high energy electrons varied between 0.12 and 0.94, with

an average value of 0.42

In Figure 2, we show another example for MAVEN orbit #475 on 27

December 2014, during which the spacecraft passed by a periapsis

altitude  of  153  km  at  18:04:23  UT.  We  show  in  the  figure  the

suprathermal electron energy spectra measured from 17:54:45 UT

to 18:14:45 UT when the spacecraft flew from the nightside to the

dayside during the outbound portion of its orbit.  Before 18:09:51

UT, both low and high energy electrons were strongly anisotropic,

showing the analogous PAD patterns and the anti-parallel intensity

was  more  than  three  times  greater  than  the  parallel  intensity.

During  this  time,  the  spacecraft  was  beyond  the  EUV  terminator

indicated  by  the  green  line  in  panel  (d)  adapted  from Lillis  et  al.

(2018), implying that the spacecraft was in the darkness. Between

18:09:51  UT  and  18:12:33  UT,  the  spacecraft  crossed  the  EUV

terminator  from  the  nightside  to  the  dayside,  during  which  the

anti-parallel  intensity  of  high  energy  electrons  was  greater  than

the respective parallel intensity, whereas the anti-parallel intensity

of  low  energy  electrons  was  in  contrast  smaller  than  the  parallel

intensity.  Between  18:12:33  UT  and  18:14:15  UT,  the  low  energy

electrons were near isotropic with an average anisotropic factor of

0.16,  but  the  PAD  of  high  energy  electrons  remained  similar  to

early  times.  With  increasing  altitude,  both  the  low  and  high

energy  electrons  became  strongly  anisotropic  after  18:14:15  UT.

The  photoelectron  energy  peak  is  kept  invisible  in  panel  (a)

throughout the measurements.

For both examples, the PADs of electrons at different energies are

quite different in either the direction of maximum intensity or the

degree of anisotropy. Two interesting features are revealed by the

data:  (1)  high  energy  electrons  are  more  anisotropic  than  low

energy electrons except in limited situations such as over the time

interval  of  18:09:51  UT  to  18:12:33  UT  during  orbit  #475;  (2)  the

PAD  of  low  energy  electrons  appears  to  be  fairly  stable  on  the

dayside  but  varies  over  timescales  much  shorter  than  1  min  on

the  nightside,  to  be  distinguished  from  the  PAD  of  high  energy

electrons which varies rapidly on both sides. In practice, these two

features  are  commonly  seen  in  the  SWEA  energy  spectra.  Both
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Figure 2.   Similar to Figure 1 but for the SWEA suprathermal electron energy spectra measured during MAVEN orbit #475 on 27 December 2014.

The green line in panel (d) represents the altitude at the EUV terminator adapted from Lillis et al. (2018).
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features  are  compatible  with  the  respective  sources  of  different
suprathermal  electron  populations.  For  instance,  the  low  energy
electrons  on  the  dayside  characterize  photoelectrons  produced
isotropically  in  the  Martian  upper  atmosphere  and  varying  in
response to the relatively stable solar EUV irradiance, whereas the
low energy electrons on the nightside as well  as the high energy
electrons on both sides likely characterize SW electrons with PAD
modulated by the ambient magnetic field orientation and varying
in response to the highly variable upstream SW condition.

160−200 SZA < 90°

200−300

SZA > 150°

3σ

The calculation of the anisotropic factor from a SWEA spectrum is
subject to several sources of uncertainty including counting statis-
tics, finite angular resolution, and instrument sensitivity. A simple
Monte Carlo  approach  is  used  to  estimate  the  combined  uncer-
tainty. Specifically, we generate the mean SWEA energy spectrum
at  km with  that characterizes locally produced
dayside  photoelectrons,  with  which  we  convert  the  omni-direc-
tional  intensities  at  different  energies  to  the  counts  recorded  by
the  SWEA  at  each  direction  assuming  a  strictly  isotropic  PAD.
Random counts are then added to these "ideal" counts according
to  Poissonian  statistics,  which  are  then  converted  back  to  the
energy-dependent intensities at that direction taking into account
the sensitivity variation among different angular bins. When inte-
grated over the appropriate energy ranges,  the above procedure
allows independent anisotropic factors to be derived for both low
and  high  energy  electrons  defined  above.  Based  on  a  large
number  of  random  realizations,  the  mean  anisotropic  factor  and
the  respective  scattering  could  be  obtained  at  any  given
suprathermal  electron  energy  range.  A  similar  procedure  is  also
performed  on  the  mean  SWEA  energy  spectrum  at  km
with  that  presumably  characterizes  SW  electrons.  We
find  that,  for  both  choices  of  the  suprathermal  electron  energy
distribution, the uncertainty in the mean anisotropic factor is typi-
cally 0.14 with a scattering of 0.02. It  is  then reasonable to adopt
an energy-independent threshold anisotropic factor of 0.2, corre-
sponding  to  above  the  mean  anisotropic  factor  from  the
Monte  Carlo  approach,  as  an  upper  limit  to  identify  an  observed
PAD as isotropic. 

3.  Broad Characteristics of Suprathermal Electron
Anisotropy

Our investigation of the variations of suprathermal electron PAD is
based on the anisotropic factors for all SWEA spectra measured at
altitudes below 700 km, corresponding to the location of the aver-
age  photoelectron  boundary  on  Mars  (e.g. Garnier  et  al.,  2017;
Han QQ et al., 2019). To avoid sampling bias, we only consider the
anisotropic factors determined for those spectra with valid inten-
sity  measurements  covering all  angular  bins,  and a  total  number
of 1,269,252 individual  measurements  is  thus  selected for  subse-
quent analyses.

We present in Figure 3 the occurrence rate of anisotropy for both
low  (upper  panel)  and  high  (lower  panel)  energy  electrons  to
analyze  the  broad  characteristics  of  suprathermal  electron
anisotropy. Xu SS et  al.  (2017a) designed a  shape parameter  (SP)
to  distinguish  photoelectron  energy  spectra  from  SW  electron
spectra,  based  on  the  absolute  difference  in  the  derivative  of
suprathermal  electron  intensity  with  respect  to  energy  between
an observed SWEA spectrum and a template spectrum computed

≤ 1

from  60  visually  confirmed  SWEA  photoelectron  spectra.  In
general, a spectrum is identified as photoelectron spectrum if the
SP of the spectrum is less than or equal to 1, otherwise, the spec-
trum is identified as SW spectrum. In Figure 3, the SP of the spectra
is also indicated by red (SP ) and blue (SP > 1).

19−55

The  figure  indicates  that  for  photoelectrons  with  low  energy
(  eV), 76% of the observed anisotropy is below 0.2, suggest-
ing a near isotropic PAD (see Section 2). For SW electrons with low
energy,  the  observed  anisotropy  occurs  the  most  frequently
between  0.1  and  0.2,  with  the  total  probability  of  observing
isotropic PAD reaching 54%. The top panel indicates that the low
energy electrons are more likely isotropic for both photoelectrons
and  SW  electrons.  Photoelectrons  are  isotropic  due  to  the
photoionization process as discussed in Section 2, while the high
ratio of  isotropic SW electrons suggests that isotropic photoelec-
tron  may  also  contribute  to  the  measured  low  energy  electron
intensity,  though  the  SP  of  which  suggests  a  more  SW  electron
like spectrum.

124−356

0.2−0.3

0.5−0.6

To  be  distinguished  from  the  low  energy  electrons,  the  high
energy electrons at  eV are nearly exclusively characterized
by  a  strongly  anisotropic  PAD  for  both  photoelectrons  and  SW
electrons, with the probability of observing isotropic PAD decreas-
ing to 21% and 2%, respectively. Photoelectrons with high energy
are most likely observed at anisotropy between , with the
probability of 44% and the probability of SW electron anisotropy
is roughly Gaussian-like, centered at anisotropy between .
The  bottom  panel  suggests  that  SW  electrons  should  be  more
anisotropic than photoelectrons and the increase of photoelectron
anisotropy may caused by the increasing portion of SW electrons
at high energy range.

The  above  discussion  indicates  that  different  categories  of
suprathermal  electron  should  be  considered  simultaneously  in
order to interpret properly the PAD observations. In practice, each
anisotropy distribution displayed in Figure 3 reflects the observa-
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Figure 3.   The occurrence rate of the anisotropic factor below 700 km

in the Martian ionosphere, with the shape parameter (SP) of the

spectra, identified by Xu SS et al. (2017a), indicated by red (SP ) and

blue (SP > 1), respectively. The upper and lower panels compare the

observations of low and high energy electrons.
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tion of either one particular category of suprathermal electron or

the  combination  of  more  than  one  category.  The  case  studies  in

Figures 1 and 2 also suggest that the PADs of electrons with differ-

ent  energies  are  independent  with  whether  the  photoelectron

peak is visible or not.  In addition to distinguishing different cate-

gories  of  suprathermal  electron  via  spectra  shape,  the  variations

of the anisotropy should be able to provide more insights into the

contribution of each category of suprathermal electron, which we

present in the following section. 

4.  Variations of Suprathermal Electron Anisotropy

19−55

124−356

140−700

20°−140°

10° SZA < 20°

SZA > 140°

We start with the altitudinal variation of the suprathermal electron

anisotropy  in Figure  4,  with  the  dayside  and  nightside  situations

indicated by red and blue, respectively. The error bars encompass

the  range  from  25%  to  75%  quartiles.  The  figure  reveals  clearly

that on  the  dayside,  the  low  energy  electrons  become  progres-

sively more anisotropic with increasing altitude, from isotropic at

the  bottom  to  slightly  anisotropic  at  the  top,  whereas  for  high

energy electrons,  a  roughly  constant  anisotropic  factor  of  ~0.4  is

observed  at  all  altitudes.  In  contrast,  the  nightside  anisotropy

tends to decrease with increasing altitude for  both low and high

energy electrons, from 0.38 at the bottom to 0.28 at the top when

the  electron  energy  is  eV  and  more  rapidly  from  0.68  to

0.37  over  the  same  altitude  range  when  the  electron  energy  is

 eV.  The  above  trends  could  also  be  seen  in Figure  5

where we display the full altitude and SZA variations of suprather-

mal  electron  anisotropy,  over  the  altitude  range  of  km

with a binsize of 20 km and over the SZA range of  with a

binsize  of .  Dayside  regions  with  and  nightside

regions with  are relatively poorly sampled, which does

not  allow statistically  robust  variations  to  be achieved.  Note that

different  color  scales  are  used  for  displaying  the  low  and  high

energy electrons due to their different degrees of anisotropy.

We  speculate  that  the  bulk  of  the  dayside  low  energy  electrons

characterize photoelectrons, either produced locally via photoion-

ization  or  transported  from  the  low  altitude  source  regions.  In

general,  the  magnetic  field  intensity  in  the  Martian  ionosphere

tends  to  increase  with  decreasing  altitude,  as  implied  by  an

upward  magnetic  pressure  gradient  force  exerted  on  both  the

dayside and nightside ions (e.g. Wu XS et  al.,  2019b).  This  means

that  the  upward  transport  of  photoelectrons  is  accompanied  by

the conversion  of  perpendicular  momentum  to  parallel  momen-

tum as  required  by  the  conservation  of  the  first  adiabatic  invari-

ant.  Such  a  process  is  likely  responsible  for  the  observation  of  a

more anisotropic PAD at high altitudes.  This  is  exactly the trends

seen in Figures 4 and 5, confirming our speculation. Despite this,

we cannot rule out the possibility that regions at higher altitudes
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Figure 4.   The altitudinal variation of the anisotropic factor,

distinguishing between the low and high energy electrons, and also

between the dayside and nightside. The error bars encompass the

range from 25% to 75% quartiles.
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feel a larger contribution from precipitating SW electrons with an
anisotropic PAD.

On  the  nightside,  the  observed  altitude  variation  of  the
anisotropy,  showing  a  common  behavior  for  both  low  and  high
energy  electrons,  could  be  interpreted  by  assuming  that  they
mainly  characterize  SW  electrons.  In  addition,  the  SW  electrons
would collide with atmospheric CO2 and O, producing secondary
electrons  isotropically.  Since  the  impact  ionization  rate  increases
with  decreasing  altitude  in  response  to  the  enhanced  neutral
densities,  we  expect  that  the  secondary  electrons,  which  are
isotropic, should  be  more  easily  observed  at  relatively  low  alti-
tudes.  This  is  in  disagreement  with  the  trends  seen  in Figures  4
and 5,  indicating  that  the  contribution  of  secondary  electron
production, if present, is likely of minor importance.

Similar to the dayside photoelectron transport, the altitudinal vari-
ation  of  the  suprathermal  electron  anisotropy  during  nightside
SW  precipitation  is  also  strongly  affected  by  the  ambient
magnetic  field  configuration.  In  particular,  the  field-aligned
momentum  of  any  SW  electron  is  converted  to  perpendicular
momentum with decreasing altitude, which means that the elec-
tron  PAD  over  the  downward  hemisphere  continuously  varies
along the route of precipitation.  The precipitating electron could
eventually  be  bounced  backwards  at  low  altitudes  and  form  the
upward hemisphere of the electron PAD. In the ideal situation of
no electron loss via collisions with atmospheric neutrals, the elec-
tron  PAD  is  always  near  isotropic,  with  identical  contributions
from the upward and downward hemispheres. In reality, a portion
of the field-aligned electrons can penetrate down to deep regions
of  the  Martian  atmosphere  where  they  make  frequent  collisions
with ambient neutrals to form the so-called loss cone in PAD. Such
a  process  effectively  increases  the  electron  anisotropy  with
decreasing altitude, as suggested by the nightside SWEA observa-
tions.

Since the change in electron PAD during precipitation is expected
to be controlled by the ambient magnetic field configuration, we

further  compare  in Figure  6 the  altitude  variations  of  the
anisotropy between the northern and southern hemispheres. The
figure  suggests  that  precipitating  SW  electrons  tend  to  be  less
anisotropic  over  the  southern  hemisphere  of  Mars  where  strong
crustal  magnetic  anomalies  are  preferentially  located (e.g. Acuna
et  al.,  1998; Connerney  et  al.,  1999).  Because  the  size  of  the  SW
electron  loss  cone  is  proportional  to  the  ratio  of  the  minimum
magnetic field strength to the maximum magnetic field strength
along the route of precipitation, the strongly magnetized regions
are naturally  characterized  by  a  narrower  loss  cone  and  conse-
quently a more isotropic PAD as compared to the weakly magne-
tized regions.  However,  we caution that the loss cone interpreta-
tion  does  not  distinguish  between  SW  electrons  precipitating
along  open  magnetic  fields  lines  or  photoelectrons  transported
over large horizontal scales along closed magnetic field lines with
one footprint on the dayside and the other footprint on the night-
side.  However,  the  occurrence  rate  of  the  latter  magnetic  field
configuration  is  much  lower  than  the  former  according  to Xu  SS
et  al.  (2017a),  implying  that,  as  a  first  order  approximation,  the
contribution from cross-terminator photoelectron transport to the
PAD of nightside electrons could be ignored.

The  situation  for  the  dayside  high  energy  electrons  is  more
complicated in that the PAD is always anisotropic, which must be
indicative  of  a  SW  origin.  However,  SW  electron  precipitation
cannot  explain  the  apparent  constancy  of  the  observed
anisotropy with altitude, because otherwise the altitude variation
should closely resemble the nightside trend as a result of collisions
with atmospheric neutrals within the loss cone. We speculate that
the observation for dayside high energy electrons is indicative of
the  combined  outcome  of  SW  electrons  and  locally  produced
photoelectrons, of which the latter tend to drive the electron PAD
towards more  isotropic.  Obviously,  the  contribution  from  photo-
electrons should be more pronounced at low altitudes in order to
maintain a near constant degree of  anisotropy.  Our conjecture is
also  supported  by Figure  6 where  we  observe  a  visible  trend  of
slightly  more  anisotropic  high  energy  electrons  in  the  weakly
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Figure 6.   Similar to Figure 4 but distinguishing between the northern and southern hemispheres of Mars. The observations of low and high

energy electrons are presented in the left and right panels, respectively.
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magnetized  regions  relative  to  the  strongly  magnetized  regions

as explained  above.  This  makes  a  good  case  for  which  the  inter-

pretation of  the SWEA observations relies  on the combination of

two suprathermal electron populations.

To better illustrate the role of the ambient magnetic field configu-
ration,  we  present  the  geographic  distribution  of  suprathermal
electron  anisotropy  over  three  altitude  ranges  indicated  in  the
figure  legend,  left  for  the  dayside  and  right  for  the  nightside,
respectively. The situations for the low and high energy electrons
are presented in Figures 7 and 8, using different color scales. The
crustal  magnetic  field  model  of Morschhauser  et  al.  (2014) is
superimposed  in  each  panel  for  a  fixed  altitude  of  400  km.  The
scenario  described  above  is  further  supported  by  the  features
seen in these figures.  For instance, the SWEA observations reveal
an  increase  in  anisotropy  towards  lower  altitudes,  as  well  as  a
decrease  in  anisotropy  towards  regions  with  stronger  magnetic
fields,  for  both  low  and  high  energy  electrons  on  the  nightside.
Meanwhile,  these  figures  also  reveal  a  weak  tendency  of
enhanced  anisotropy  at  high  altitudes  over  strong  crustal
magnetic anomalies for dayside low energy electrons, as well as a
reduced  anisotropy  at  low  altitudes  over  the  same  regions  for
dayside high energy electrons.  As explained above,  the former is
likely  linked  to  the  upward  photoelectron  transport  which  tends
to  be  more  efficient  near  strong  crustal  anomalies  characterized
by  preferred  vertical  field  lines  (e.g. Cui  J  et  al.,  2018),  and  the
latter  could  be  interpreted  by  the  enhanced  contribution  from
precipitating SW electrons.

Finally,  we  note  that  photoelectron  production  in  the  Martian

ionosphere  critically  depends  on  the  solar  EUV  irradiance  (e.g.

10−22

Peterson et al.,  2016; Wu XS et al.,  2020a), whereas the pattern of

SW electron precipitation is controlled by the upstream SW condi-

tion  (e.g. Lillis  and  Brain,  2013; Lillis  et  al.,  2018; Niu  DD  et  al.,

2020).  These  findings  imply  that  the  observed  characteristics  of

suprathermal  electron  PAD  or  anisotropy  also  depend  on  these

two  controlling  factors.  In Figures  9 and 10,  we  compare  the

occurrence  rates  of  suprathermal  electron  PAD  either  between

low  and  high  solar  activity  conditions,  or  between  low  and  high

upstream SW conditions. The low and high solar activity conditions

are  defined  with  the  solar  radio  index  at  10.7  cm  referred  to  the

Earth below and above 100 solar flux unit (SFU,  W m−2 Hz−1),

whereas  the  low  and  high  upstream  SW  conditions  are  defined

with the SW dynamic pressure below and above 0.65 nPa, respec-

tively,  where  the  SW  dynamic  pressure  from  each  individual

MAVEN  orbit  is  adapted  from Niu  DD  et  al.  (2020) based  on  the

MAVEN  Solar  Wind  Ion  Analyzer  measurements  (Halekas  et  al.,

2015).

In general, Figures 9 and 10 do not reveal any substantial difference

between  the  various  conditions  under  investigation.  However,

some interesting features are tentatively visible such as the obser-

vation  of  a  slightly  more  isotropic  PAD  for  dayside  high  energy

electrons  under  high  solar  activities  as  compared  to  low  solar

activities,  which  is  consistent  with  the  expected  trend  since  the

contribution  from  photoelectrons  (relative  to  SW  electrons)

increases  with  increasing  solar  EUV  irradiance.  A  similar  trend  is

not seen for dayside low energy electrons, essentially demonstrat-

ing a common anisotropy distribution irrespective of solar activity,

which is also expected due to the predominance of photoelectrons

at  the  relevant  energies.  The  accumulation  of  more  SWEA  data
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Figure 7.   The geographic distribution of the low energy electron anisotropy over three altitude ranges,  km (top),  km (middle),

and  km (bottom). The dayside and nightside situations are indicated separately in the left and right panels. The crustal magnetic field

model of Morschhauser et al. (2014) is superimposed in each panel for a fixed altitude of 400 km.
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covering a broader range of spaceweather conditions at Mars (Lee

et  al.,  2017)  should help elucidate  the variations  of  suprathermal

electron PAD  with  both  solar  activity  and  upstream  SW  condi-

tions.
 

5.  Discussion: The Diversity of Suprathermal Electron

PAD
In addition to the anisotropic factor discussed so far, the full PAD

19−55

measured  by  the  SWEA  contains  more  information  on  the  origin

and transport of suprathermal electrons along magnetic field lines

within  the  Martian  ionosphere  (e.g. Weber  et  al.,  2017).  For

demonstrative purposes, we present in Figure 11 several categories

of SWEA-based PAD for low energy electrons at  eV, which,

according  to  Section  4,  characterize  either  photoelectrons  or

precipitating  SW  electrons.  The  corresponding  geophysical

parameters, as well as the anisotropic factors, are tabulated in the
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Figure 8.   Similar to Figure 7 but for the geographic distribution of the high energy electron anisotropy.
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Figure 9.   The occurrence rate of the anisotropic factor below 700 km in the Martian ionosphere, distinguishing between low (red) and high

(blue) solar activity conditions. The respective solar radio indexes at 10.7 cm are below and above 100 SFU, both referred to the Earth.
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figure for reference.

≈0.08

In  panel  (a),  we  present  an  apparently  isotropic  PAD  with  an

anisotropy as small as , measured at 131 km under the near

subsolar condition. Such a PAD is clearly caused by the solar EUV

ionization of  atmospheric  neutrals.  The remaining panels  show a

variety  of  PAD  shapes,  all  anisotropic  and  modulated  by

suprathermal  electron  transport  along  magnetic  field  lines  with

different configurations.  Under  these  circumstances,  the  conver-

sion  between  the  parallel  and  perpendicular  components  of  the

suprathermal  electron  velocity,  as  well  as  the  absorption  of

suprathermal  electrons  by  the  atmosphere  via  collisions  at  low

altitudes,  are  two  crucial  factors  controlling  the  variation  of  the

observed anisotropy.

In  panel  (b),  we  present  a  typical  PAD  with  two-sided  loss  cone
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Figure 10.   Similar to Figure 9 but distinguishing between low (red) and high (blue) upstream SW conditions. The respective SW dynamic

pressures are below and above 0.65 nPa.
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Figure 11.   Typical types of the measured PAD shape for low energy electrons. In order: (a) isotropic, (b) two-sided loss cone, (c) conical, (d) field-

aligned, and (e) one-sided loss cone. The corresponding geophysical parameters, including the altitude, SZA, longitude, and latitude, along with

the computed anisotropic factor, are tabulated for reference.
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measured  at  233  km  on  the  nightside  of  Mars.  This  PAD  is
frequently  observed  in  regions  with  a  closed  magnetic  field
configuration  with  both  footprints  in  the  darkness,  where  the
electrons  are  trapped  within  the  magnetic  flux  tube  and  those
electrons  within  the  loss  cone  are  able  to  reach  the  low  altitude
regions  and  be  lost  due  to  atmospheric  absorption.  The  conical
PAD as the one shown in panel (c), measured on the nightside at
443  km,  has  been  proposed  to  be  formed  during  photoelectron
transport  along  cross-terminator  magnetic  field  lines  (Cao  YT
et al.,  2020).  As modeled by Cao YT et al.  (2021),  the reduction in
the center of the measured PAD is related to the conversion from
perpendicular  to  parallel  momentum,  whereas  the  reduction  at
the two ends is caused by atmospheric absorption within the loss
cone. In addition, Ulusen et al. (2011) suggested that precipitating
SW electrons could also form a similar PAD through the merging
of neighboring open field lines.

120°−180°

Panel (d) presents a typical field-aligned PAD measured at 804 km
on the dayside. Such a PADs shape is likely the outcome of photo-
electron  transport  along  closed  magnetic  field  lines  with  both
footprints  on  the  dayside.  This  is  also  due  to  the  conversion
between  the  perpendicular  and  parallel  components  of  the
photoelectron  velocity  in  a  varying  magnetic  field.  We  also  note
that panel (d) is to be distinguished from panel (b) which charac-
terize closed field lines with both footprints on the nightside, due
to the replenishment of photoelectrons persistently produced via
solar ionization at low altitudes. In panel (e), we show a PAD with
one-sided  loss  cone  covering  a  broad  pitch  angle  range  of

,  measured  at  370  km  in  the  deep  nightside.  As
discussed in Section 4,  such a PAD is  formed during SW electron
precipitation  when  the  suprathermal  electrons  within  the  loss
cone are absorbed by the atmosphere at low altitudes. 

6.  Conclusions
Suprathermal  electrons  are  an  important  population  of  the
Martian ionosphere, which could be either produced by solar EUV
and  X-ray  ionization  on  the  dayside  or  supplied  from  the  SW  on
both  the  dayside  and  nightside.  Suprathermal  electrons  from
different  sources  clearly  present  different  characteristics  of  PAD.
This  study  is  dedicated  to  an  in-depth  investigation  of  the
suprathermal  electron  PAD,  by  virtue  of  the  exceptionally  large
data  set  accumulated  by  the  MAVEN  SWEA  instrument  (Mitchell
et al., 2016).

19−55

124−356

Though  the  available  SWEA  measurements  reveal  a  variety  of
suprathermal  electron  PADs  in  the  Martian  ionosphere  (e.g.
Weber et al., 2017), all PADs modulated by suprathermal electron
transport tend to be anisotropic and well described by a common
parameter  irrespective  of  the  detailed  shape.  Throughout  the
study,  we  focus  on  such  a  parameter,  termed  as  the  anisotropy
and  defined  as  the  standard  deviation  of  suprathermal  electron
intensity among different directions which is  then normalized by
the  mean  omni-directional  intensity.  To  be  distinguished  from
some previous studies (e.g. Weber et al.,  2017; Xu SS et al.,  2019),
the  measured  PADs  at  two  representative  energy  ranges  are
considered, including the low energy range at  eV and the
high energy range at  eV, in order to distinguish between
suprathermal electrons of different origins.

The available SWEA measurements reveal several interesting char-

acteristics  of  the  suprathermal  electron  anisotropy,  which  could

be summarized as follows: (1) Low energy electrons are in general

more  isotropic  than  high  energy  electrons;  (2)  Dayside  electrons

are in general more isotropic than nightside electrons; (3) On the

dayside,  the  anisotropy  increases  with  increasing  altitude  at  low

energies but remains roughly constant at high energies, whereas

on the nightside, the anisotropy decreases with increasing altitude

at all energies; (4) Electrons tend to be more isotropic in strongly

magnetized regions than in weakly magnetized regions, especially

on the nightside; (5) No unambiguous variation in anisotropy with

either solar activity or upstream SW condition can be identified.

The observations described above are supposed to be caused by

a mixture of several independent processes, whose relative contri-

butions  to  the  observed  suprathermal  electron  anisotropy  vary

with the electron energy, altitude, SZA, and magnetic field config-

uration.  The  conversion  between  the  parallel  and  perpendicular

components of  the suprathermal electron velocity,  as well  as the

absorption of suprathermal electrons by the atmosphere via colli-

sions at low altitudes, are two crucial factors controlling the varia-

tion of the observed anisotropy. On the one hand, photoelectrons

are  born  isotropic,  but  at  high  altitudes  where  photoelectron

transport  becomes  important,  they  are  driven  towards  a  more

anisotropic state in response to the conversion from perpendicular

to parallel  momentum with increasing altitude.  Such a process is

more  prominent  in  the  strongly  magnetized  regions  where  the

field lines  are  preferentially  vertical  and  facilitate  upward  trans-

port.  On the other  hand,  SW electrons  become more anisotropic

as they precipitate downwards along open magnetic field lines in

the direction of increasing magnetic field intensity,  primarily due

to  the  absorption  of  near  field-aligned  electrons  within  the  loss

cone by the atmosphere. Such a process should instead be more

prominent in the weakly magnetized regions where the loss cone

tends to be broader. In general, the suprathermal electron is more

isotropic  if  the  local  produced  photoelectron  is  the  dominant

source and the anisotropy of the suprathermal electron increases

with increasing portion of the transported photoelectron and SW

electron.  The  above  characteristics  emphasize  that  the  PADs  of

suprathermal  electrons  with  different  energies  should  be

analyzed respectively.

Despite that the proposed scenarios are able to successfully inter-

pret  most  observations  in  a  qualitative  manner,  a  more  detailed

and quantitative comparison is impossible at the level of analysis

presented here. For instance, a full interpretation of the altitudinal

variation of suprathermal electron anisotropy on the nightside of

Mars  requires  realistic  magnetic  field  configurations  to  be

imposed, realistic PADs of SW electrons at the top to be adopted,

and realistic interactions of precipitating SW electrons with ambi-

ent neutrals to be monitored. Such a detailed modeling is left for

follow-up investigations. 
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