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Key Points:
●  HFAs (Hot flow anomalies) can be found in a wide region from the dayside to the terminator region of Mars.
●  HFAs around Mars occur most preferentially with high-speed solar wind.
●  HFAs around Mars can lead to variations in solar wind dynamic pressure by factors of 10.
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Abstract: Hot flow anomalies (HFAs) are not only a terrestrial phenomenon, but also a solar-system-wide phenomenon, one that can
cause significant perturbations in planetary magnetospheres and ionospheres. In this study, based on the observations of Mars
Atmosphere and Volatile EvolutioN (MAVEN) mission in the region upstream of the Martian bow shock from the year 2014 to 2020, we
have investigated the statistical properties of HFAs around Mars. Our results show that HFAs can be found in a wide region of Mars, from
the dayside to the terminator region. On average, these HFAs last 63 seconds, with a thickness of 28 local proton gyroradii. They are more
prevalent when the ambient solar wind is denser and faster, and usually occur when the interplanetary magnetic field magnitude is
between 1−4 nT. Martian HFAs can also lead to solar wind dynamics multiplying in pressure by factors of ten within only tens of seconds,
which could significantly influence the heights of the Martian ionopause and induced magnetosphere boundary. By comparing HFAs
around Earth, we suggest that these phenomena are primarily governed by solar wind dynamics rather than local planetary conditions.
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1.  Introduction
In our solar system, planetary bow shocks are considered to play a
key role  in  solar  wind−planet  interaction.  The pristine  solar  wind
first  undergoes  compression  at  the  bow  shock,  resulting  in
‘shocked’ solar  wind  with  pronounced  temporal  and  spatial  fluc-
tuations  that  can  directly  influence  the  magnetospheres  of  both
magnetized  and  unmagnetized  planets  (e.g., Axford,  1962;
Dubinin  et  al.,  1998; Vignes  et  al.,  2002; Zhang  TL  et  al.,  2008).
During  this  process,  many  transient  structures  upstream  of  the
planetary  bow  shock  may  arise  and  subsequently  disturb  the
magnetosphere−ionosphere  system  (e.g., Sibeck  et  al.,  1999;
Zhang  H  et  al.,  2010).  Among  these  transient  structures,  the  hot
flow  anomaly  (HFA)  is  the  most  extensively  studied  (Schwartz  et
al., 1985, 2000; Thomsen et al., 1986; Zhang H et al., 2010; Zhao LL
et al., 2015).

HFAs were firstly discovered in the foreshock region of the terres-

trial  bow  shock  (Schwartz  et  al.,  1985).  Their  most  noticeable

feature is a magnetic cavity which is flanked by the magnetic field

and  plasma  compression  on  one  or  both  sides  (e.g., Thomsen  et

al.,  1986; Sibeck  et  al.,  1999; Facskó  et  al.,  2009; Zhang  H  et  al.,

2010).  Inside  this  magnetic  cavity,  ions  are  notably  hotter  and

more  tenuous  compared  to  the  ambient  solar  wind,  while  the

corresponding bulk flow velocity towards the sun−planet direction

experiences  a  significant  reduction  (e.g., Wang  S  et  al.  2013a, b).

Upstream of Earth, these HFAs can persist with durations ranging

from seconds to minutes, with an occurrence rate of approximately

2−3  events  per  day  (Schwartz  et  al.,  2000; Facskó  et  al.,  2009).

Remarkably,  these HFAs often originate on the dayside and then

propagate  tens  of  Earth  radii  towards  the  mid-tail  region  at  the

nightside (Liu TZ et al., 2020b).

Global simulations have already demonstrated that HFAs are typi-

cally  formed during the  connection of  the  interplanetary  current

sheet to the planetary bow shock (Lin Y, 2002; Omidi and Sibeck,

2007; Lin  Y  et  al.,  2022).  If  the  solar  wind  motional  electric  field

points  to  the  current  sheet  on  at  least  one  side,  reflected  ions
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from the bow shock are channeled back along the current sheet,
and  heated  due  to  the  coupling  between  the  reflected  ions  and
ions  in  the  current  sheet  (Onsager  et  al.,  1991; Thomas  et  al.,
1991).  In  this  process,  a  hot  core  region is  produced,  and then it
can expand and compress the surrounding solar wind, leading to
the compression regions at  the edge of  this  current  sheet  (Lin Y,
2002; Omidi  and  Sibeck,  2007).  This  generation  mechanism  has
suggested that HFAs should form wherever there is an interaction
between an interplanetary current sheet and a collisionless shock
under  an  appropriate  condition.  Therefore,  they  should  be
widespread phenomena around planetary bow shocks in the solar
system. Nowadays,  HFAs have already been observed at Mercury
(Uritsky  et  al.,  2014),  Venus  (Slavin  et  al.,  2009; Collinson  et  al.,
2012, 2014),  Mars  (Collinson  et  al.,  2015),  Jupiter  (Valek  et  al.,
2017),  and  Saturn  (Masters  et  al.,  2009).  Some  similar  features  of
HFAs  are  detected  at  upstream  regions  of  these  planets’ bow
shock,  but  the  typical  size  and  occurrence  rate  of  HFAs  around
these  planets  have  large  distinctions  (Masters  et  al.,  2009;
Collinson et al., 2014; Uritsky et al., 2014).

Although  Mars  is  an  unmagnetized  planet  without  an  interior
magnetic  field,  its  foreshock  region  remains  abundant  in  various
waves and transient structures, which could be driven by reflected
ions  from  the  bow  shock  or  newly  born  ions  from  Mars  (e.g.,
Russell  and  Hoppe,  1983; Mazelle  et  al.,  2004; Eastwood  et  al.,
2005). Øieroset et al. (2001) presented observations from the Mars
Global  Surveyor  (MGS)  of  HFA-like  magnetic  field  configurations
and  electron  signatures  upstream  of  the  Martian  bow  shock.
However,  owing  to  the  lack  of  ion  measurements  due  to  the
absence  of  an  ion  detector  on  MGS,  these  signatures  cannot  be
definitively  classified  as  HFAs.  Following  the  launch  of  NASA’s
Mars  Atmosphere  and  Volatile  EvolutioN  (MAVEN)  mission
(Jakosky  et  al.,  2015),  the  simultaneous  high-resolution  ion,  elec-
tron,  and magnetic  field  data  are  available  for  the  study of  HFAs
around  Mars  for  the  first  time.  Based  on  the  measurements  by
MAVEN, Collinson  et  al.  (2015) reported  an  HFA  event  in  the
Martian foreshock region.  This  HFA exhibits  relatively  weaker  ion
perturbations  compared  to  those  observed  near  the  terrestrial
bow  shock,  but  this  event  also  has  the  potential  to  change  the
height of the Martian ionopause.

While  previous  studies  have  confirmed  the  existence  of  Martian
HFAs, this study utilizes simultaneous magnetic field and particle
measurements  from  MAVEN  to  obtain  the  general  properties  of
HFAs around Mars, and compares their features with results from
terrestrial HFAs. Additionally, there are also several statistical stud-
ies  of  HFAs  around  non-Earth  planets  like  Mercury  (Uritsky  et  al.,
2014),  Venus  (e.g., Collinson  et  al.,  2014),  and Saturn  (Masters  et
al., 2009), but these works typically lack ion measurements due to
limitations  in  payload  accuracy  and  observation  duration.  There-
fore, our results can also serve as a valuable reference for a better
understanding  of  the  question  of  how  varying  solar  wind  condi-
tions  modify  the  interaction  between  interplanetary  discontinu-
ities and planetary bow shocks.

In this study, we have conducted a comprehensive analysis of the
properties of HFAs by examining MAVEN data captured upstream
of the Martian bow shock. In Section 2, we introduce the MAVEN
data utilized for this research and establish the criteria for selecting

Martian  HFA  events.  Section  3  presents  a  case  study  of  the
selected  HFA  events  around  Mars,  followed  by  Section  4,  which
highlights  the  statistical  properties  of  these  Martian  HFAs.  In
Section  5,  we  compare  our  findings  with  the  characteristics  of
HFAs  upstream  of  Earth.  Additionally,  we  discuss  the  potential
effects of Martian HFAs on the ionosphere and induced magneto-
sphere  of  Mars.  Finally,  Section  6  summarizes  the  key  results  of
our investigation. 

2.  Data Set
The MAVEN mission consists of a single orbiter observing how the
solar wind interacts with the Martian upper atmosphere (Jakosky
et al., 2015). MAVEN entered orbit around Mars on September 21,
2014,  and  began  its  primary  scientific  investigations  in  the  same
year. It initially had an elliptical orbit of 150 km × 6200 km; by May
of 2019, it reached a new orbit of 150 km × 4500 km. The inclination
angle and period of MAVEN’s orbit are 74° and 4.5 h, respectively.
MAVEN is equipped with a particles and fields package, which can
carry  out  comprehensive  measurements  of  the  solar  wind  and
induced magnetosphere.  Such orbit  and payload offer an oppor-
tunity  to  investigate  the  foreshock  transients  upstream  of  the
Martian bow shock.

The  Magnetometer  (MAG)  consists  of  two  independent  fluxgate
magnetometer  sensors  that  can  provide  32  Hz  magnetic  field
vector data dynamic range up to 65,365 nT per axis (Connerney et
al., 2015). Meanwhile, the Solar Wind Ion Analyzer (SWIA) (Halekas
et al., 2015) can supply the solar wind ion data with a time resolu-
tion  of  4  s,  covering  an  energy  range  from  25  eV  to  25  keV.  It
should  be  noted  that  SWIA  does  not  discriminate  between  ion
species. All ions are assumed to be protons during the calculation
of  moments  (ion  density,  velocity,  and  temperature)  by  SWIA
measurements.  In  the  cases  of  computed  density  and  velocity,
such an assumption is  usually  a good approximation of  the solar
wind which typically consists of more than 90% protons. However,
the newly born ion population can sometimes lead to an artificially
raised temperature (Halekas et al., 2017), e.g., pickup protons from
Mars  sometimes  represent  a  source  of  ions  upstream  of  the
Martian  bow  shock  (Yamauchi  et  al.,  2015; Rahmati  et  al.,  2017).
Therefore,  SWIA  onboard-computed  solar  wind  temperature
moments are not used for quantitative analysis in this study. The
other  instrument  named  as  Suprathermal  and  Thermal  Ion
Composition  (STATIC)  analyzer  (McFadden  et  al.,  2015)  onboard
MAVEN can provide ion mass compositions with time resolutions
of 4−128 s, in the energy range of 0.1 eV−30 keV. Since STATIC can
saturate in the intense solar wind, in this study the SWIA measure-
ments  are  mainly  used  to  obtain  the  solar  wind  parameters.  The
STATIC  data  are  only  used  to  verify  the  density  ratio  between
protons and heavy ions from Mars,  which can ensure the validity
of the SWIA moments data.

X Z
Y

In this study, we employ magnetic field and ion measurements in
the  vicinity  of  the  Martian  bow  shock  to  identify  HFAs  around
Mars.  Unless  specified  otherwise,  the  aforementioned  data  are
referenced  to  the  right-handed  Mars  Solar  Orbital  (MSO)  coordi-
nate system, which is centered on Mars. In this system, the positive

 axis  points  toward  the  Sun,  the  axis  points  along  Martian
orbital  momentum,  and  the  axis  completes  the  right-handed
orientation of the coordinate system.
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For the selection of potential Martian HFA candidates, we quantify
the  criteria  based  on  previous  terrestrial  HFAs  studies  (e.g.,
Schwartz et al., 2000; Facskó et al., 2009; Zhao LL et al., 2015) that
were:  (1)  a  reduction in the magnitude of  magnetic field and ion
number  density  within  the  HFA  core  exceeding  10%  of  ambient
values,  calculated  as  the  one-minute  average  outside  the  event;
(2)  a  rotation  in  magnetic  field  direction  across  the  HFA  event
greater  than ,  indicating  the  presence  of  a  distinct  current
sheet; (3) inside the HFA core region, an increase in ion temperature
inferred from the ion energy spectra, accompanied by a decrease
in bulk velocity along the Sun−Mars axis; (4) compression regions
flanking  the  HFA  events,  exhibiting  enhanced  magnetic  field
magnitude and ion density. Moreover, interactions between pris-
tine  solar  wind  and  the  Martian  bow  shock  often  generate
upstream perturbations of considerable amplitude. Following the
guidelines proposed by Halekas et al. (2017), these perturbations,
characterized by fluctuations in  solar  wind density  and magnetic
field  magnitude,  can  be  categorized  into  two  types:  isolated
events and repeated events.  Isolated events are defined as those
that occur without any preceding or succeeding upstream events
within  a  10-minute  window,  while  repeated  events  constitute  a
series  of  events  with  a  duration  shorter  than  10  minutes.  To
reduce the uncertainty in solar wind parameter values associated
with  repeated  events  due  to  their  transient  nature,  we  have
confined  our  analysis  to  isolated  HFA  events.  Based  on  these
rigorous criteria, we have selected a total of 60 HFA events as the
basis  for  a  statistical  analysis  of  HFA  properties  around  Mars,  as
shown in Table 1. 

 

BBBmin

Ncore

Table 1.   The intervals where MAVEN encountered a Martian HFA
event. For each event, the rotation angle of magnetic field across the
HFA, the minimum values of magnetic field magnitude  and ion
number density  from SWIA are also listed.

Event Date Start End
Rotation
angle (°)

BBBmin

(nT)

Ncore

(cm−3)

1 2014/11/14 18:58 19:13 89 1.58 0.47

2 2014/12/2 1:33 1:48 38 0.5 0.1

3 2014/12/2 5:40 5:55 42 0.87 0.27

4 2015/2/28 23:00 23:15 103 03 0.08

5 2015/3/2 7:12 7:27 62 0.6 0.76

6 2015/7/19 19:18 19:33 144 0.14 0.01

7 2015/8/16 2:35 2:50 34 1.14 0.13

8 2015/8/23 20:20 20:35 56 0.43 0.01

9 2015/8/25 17:55 18:10 73 0.09 0.13

10 2015/9/10 2:41 2:56 67 0.48 0.27

11 2015/9/11 15:30 15:45 66 0.55 0.01

12 2016/2/11 8:25 8:40 43 0.39 0.07

13 2016/2/24 2:45 3:00 47 0.75 0.41

14 2016/3/9 5:24 5:39 171 0.45 0.33

15 2016/6/14 11:51 12:06 35 2.26 0.19

16 2016/6/15 17:48 18:03 43 1.43 0.56

17 2016/6/20 8:31 8:46 145 0.14 0.39

18 2016/7/6 7:46 8:01 47 0.45 0.10

Continued from Table 1

Event Date Start End
Rotation
angle (°)

BBBmin

(nT)

Ncore

(cm−3)

19 2016/7/15 18:50 19:05 50 0.17 0.02

20 2016/8/5 14:51 15:06 43 1.11 0.46

21 2016/8/13 1:05 1:20 49 0.32 0.29

22 2016/8/25 14:24 14:39 76 0.54 0.26

23 2016/8/29 22:29 22:44 33 0.73 0.43

24 2016/9/2 13:46 14:01 51 0.66 0.28

25 2016/9/25 13:00 13:15 35 1.07 1.49

26 2016/9/26 7:06 7:21 73 2.20 1.59

27 2016/10/1 21:25 21:40 42 0.79 0.43

28 2016/12/19 9:49 10:04 82 0.67 0.73

29 2016/12/23 0:41 0:56 86 0.43 0.04

30 2016/12/29 8:24 8:39 169 0.40 0.95

31 2016/12/30 12:44 12:59 154 0.53 1.38

32 2017/1/2 8:32 8:47 64 1.58 0.58

33 2017/1/24 8:24 8:39 103 0.42 0.18

34 2017/1/28 10:28 10:43 60 0.40 0.05

35 2017/1/30 11:43 11:58 91 0.95 0.63

36 2017/2/6 3:10 3:25 88 0.28 0.36

37 2017/7/12 22:38 22:53 40 0.70 0.08

38 2017/7/20 6:34 6:49 143 1.20 1.81

39 2017/7/20 20:29 20:44 78 1.20 1.81

40 2018/1/17 13:31 13:46 99 0.67 0.69

41 2018/1/18 13:26 13:41 124 0.81 0.86

42 2018/2/4 18:21 18:36 103 0.25 0.49

43 2018/4/6 8:41 8:56 46 0.60 0.04

44 2018/4/22 9:24 9:39 171 0.26 0.12

45 2018/7/23 14:08 14:23 58 0.91 0.04

46 2018/7/26 12:50 13:05 71 0.25 0.48

47 2018/8/12 8:12 8:27 64 0.51 1.06

48 2018/8/17 9:28 9:43 137 0.35 0.11

49 2018/9/20 0:42 0:57 35 0.06 0.00

50 2018/9/20 22:58 23:13 42 0.79 0.36

51 2018/9/23 3:19 3:34 52 0.46 0.07

52 2018/10/1 5:23 5:38 95 0.22 0.03

53 2018/10/14 14:47 15:02 69 0.70 0.04

54 2018/12/25 7:13 7:28 110 0.43 0.09

55 2019/2/16 23:51
00:06

(+1 day)
126 0.19 0.10

56 2019/2/24 22:28 22:43 59 0.73 0.17

57 2019/6/22 2:11 2:26 42 0.35 0.03

58 2019/8/1 17:37 17:52 45 0.33 0.01

59 2019/8/9 8:50 9:05 48 0.77 0.17

60 2020/8/5 20:52 1:07 75 1.92 0.22
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3.  An HFA Event on October 1, 2018
This  paper  begins  by  analyzing  a  representative  HFA  event

detected near Mars, based on measurements from MAVEN. Subse-

quently, this study explores the statistical properties of HFAs situ-

ated upstream of the Martian bow shock.

Bx
By Bz

BT θBn

VT Vx

Ni NH+

NO+

NO+
2

NH+/ (NO+ + NO+
2
) Pdyn

Figure  1 presents  a  representative  HFA  event  near  Mars  that  is

illustrative of our investigation. This event was observed at about

05:31 on October 1, 2018, when MAVEN was located upstream of

the Martian  bow shock.  From the top to  the  bottom of Figure  1,

there  are  (a)  the  three  magnetic  field  components;  (dark  blue

line),  (light  green line),  and  (red line)  in  MSO frame;  (b)  the

total  magnetic  field  intensity ;  (c)  the  shock  normal  angle 

which  is  the  angle  between  the  upstream  IMF  to  the  model-

predicted  Martian  bow  shock  surface  normal  (using  the  bow

shock model  of Trotignon et  al.  (2006));  (d)  the  solar  wind speed

 (black line), and the magnitude of bulk velocity component 

along the Mars−Sun direction (dark blue line);  (e)  the ion density

 obtained  by  SWIA  (black  line)  and  the  hydrogen  density 

obtained  by  STATIC  (light  green  line);  (f)  the  densities  of 

(black line) and  (light green line) obtained by STATIC; (g) the

ratio ;  (h)  the  solar  wind  dynamic  pressure ;

and (i) the solar wind ion spectrogram from SWIA.

BBBpre

BBBpost

BT

NH+

BT

Throughout  the  time  interval  shown  in Figure  1,  MAVEN  was  in

the solar wind, which can be easily identified by the ion spectrum

from  SWIA.  During  the  interval  of  05:30:30  UT  to  05:32:30  UT,  a

magnetic cavity accompanied by strong ion density depletion and

ion heating was detected by MAVEN. The two sides of this cavity

are  magnetic  field  and  plasma  compression  regions.  We  denote

the  1-minutes  duration  before  and  after  the  cavity  as ‘pre’ and

‘post’,  respectively.  The  mean  IMF  in  the ‘pre’ interval  ( )  is

(−1.3, 1.2, 1.0) nT, and the mean IMF in the ‘post’ interval ( ) is

(−1.0, −1.6,  0.3)  nT.  Hence,  this  transition  accompanies  with  a

substantial  95°  rotation  of  the  IMF  orientation,  implicating  the

involvement of a current sheet in the observed magnetic cavity’s

formation.  All  these  features  demonstrate  that  this  magnetic

cavity, flanked by magnetic field and ion density enhancements, is

an HFA event. Consistent with terrestrial HFAs, the core of Martian

HFAs can also be characterized by a drop in magnetic field magni-

tude  and  ion  density  below  their  ambient  values.  In  the  core  of

our  event  marked  by  the  yellow  horizontal  bar,  is  about  2−3

times smaller than the ambient IMF values. The two compression

regions of HFA are marked by the black horizontal bars, which are

identified  by  the  increase  of  ion  density  (hydrogen  density )

and magnetic field magnitude .

θBn

θBn

Based  on  the  bow  shock  model  (Trotignon  et  al.,  2006),  we  are

able to compute the shock normal angle  in relation to the IMF.

The  bow  shock  normal  is  calculated  at  the  point  of  intersection

where a magnetic field line passes through the spacecraft. Prior to

the  HFA  event,  is  estimated  at  approximately  150°,  which

means  MAVEN  was  located  at  the  upstream  of  a  quasi-parallel

shock. The presence of weak magnetic fluctuations and ultra-low

frequency (ULF) waves are also observed in this region, which can

be  taken  as  indicators  of  the  foreshock.  After  the  HFA,  the

upstream  interplanetary  magnetic  field  does  not  intersect  with

the  modeled  bow  shock,  so  it  is  not  possible  to  calculate  the

θBncorresponding  shock  normal  angle .  In  such  a  case,  it  can  be

inferred that MAVEN is located at the upstream of a quasi-perpen-

dicular  shock.  Both  the  IMF  and  the  solar  wind  are  highly  stable

during  the  period  after  this  HFA  event,  which  is  additional

evidence  of  being  located  upstream  of  a  quasi-perpendicular

shock. Throughout these observations, the HFA event appears to

locate  at  the  transitional  boundary  demarcating  the  shift  from  a

quasi-parallel to a quasi-perpendicular shock regime.

On October 1, 2018, Mars was located around the perihelion, and

the solar activity was very low. Liu D et al.  (2021) have presented

the  statistical  properties  of  solar  wind  upstream  of  Mars.  From

their Table 1, the average solar wind speed is 353 km/s when Mars

is  near  perihelion  under  low  solar  activity  (Liu  D  et  al.,  2021).  In

this event, the ambient solar wind speed is about 380 km/s, which

is slightly faster than average.

NO+
2

NO+ NH+

NO+
2

NO+

NH+

Panels  (e),  (f),  and  (g)  provide  the  details  of  ions  in  this  event.

Contrary to conditions encountered in the vicinity of Earth, it may

be  assumed  that  ions  originating  from  Mars  are  non  negligible

within  the  solar  wind  environment  upstream  of  the  bow  shock

(Mazelle et al.,  2004). In this HFA event, the density of heavy ions

in the Martian exosphere reaches a noteworthy level.  is  only

slightly  higher  than ,  but  is  about  15  times  higher  than

 or . Therefore, in this event, protons are still the dominant

ion species in the solar wind. The ion density values derived from

SWIA  closely  align  with  obtained  by  STATIC  measurements.

The congruence in temporal trends between these two indepen-

dent sets of number densities lends further credence to the relia-

bility of SWIA-derived ion densities in HFA studies.

Regarding heavy ions from Mars and their potential impact within

HFAs,  observations  indicate  that  they  can  be  effectively  disre-

garded. Typically, the ratio of proton density to heavy ion density

exceeds one hundred in the core region of this HFA, representing

a magnitude significantly higher than the typical ratio observed in

the  ambient  solar  wind.  This  finding  proves  the  interaction  of

solar  wind protons  and shock-reflected protons  as  the  dominant

factors  within  the  HFA,  while  the  dynamics  of  heavy  ions  are

seemingly  unimportant  for  the  formation  of  HFA. Halekas  et  al.

(2017) found that planetary ions do not exert a predominant influ-

ence on the generation of strong upstream waves in the foreshock

region. Instead, it  appears that shock-reflected protons upstream

of the Martian bow shock play a key role in the higher amplitude

fluctuations  and  structural  characteristics  associated  with  HFAs.

Consequently, it can be expected that the mechanisms underlying

the generation of HFAs in the Martian environment could be the

same as those in the vicinity of Earth. 

4.  A Survey of Martian HFAs
In  this  study,  the  magnetic  field  and  ion  parameters  of  HFAs  are

obtained by the MAG and SWIA measurements in the core region

of  these  HFAs,  while  the  averaged  field  and  plasma  parameters

outside  of  HFAs  are  taken  as  the  ambient  IMF  and  solar  wind

conditions. For all selected 60 HFA events, similar magnetic cavity

and  compression  boundaries  are  encountered  by  MAVEN.  All

these events are linked to current sheets,  which are identified by

the large rotation of IMF crossing HFAs. 
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Figure 1.   Overview of the HFA event on October 1, 2018, with magnetic field and bulk velocity in MSO coordinate system. From top to bottom:

(a) three components of the magnetic field; (b) magnetic field magnitude; (c) shock normal angle of the magnetic field vector to the model-

predicted Martian bow shock surface normal; (d) the speed of solar wind (black line) and the magnitude of the  component of solar wind velocity

obtained by SWIA (blue line); (e) ion number density from SWIA (black line) and hydrogen number density from STATIC (light green line); (f) the

number densities of monovalent oxygen ion (black line) and monovalent dioxygen ion (light green line) from STATIC; (g) the density ratio

; (h) the solar wind dynamic pressure ; and (i) the solar wind ion spectrogram from SWIA. The core region of this HFA is marked

by a horizontal yellow bar, and the compression regions on the two sides of this core are marked by horizontal black bars.
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4.1  Locations of HFA Events

X−R R =
√
Y2 + Z2 Y−Z

RM

Because of the large rotation angle of ambient IMF around HFAs,

this distribution is difficult to represent in the Mars Solar Electrical

(MSE) coordinate system. Figure 2 displays the spatial distribution

of  all  the selected HFA events  encountered in  proximity  to  Mars,

respectively in the (a)  (where ) and (b)  planes

in the MSO frame. The unit of each axis is the Martian radius ( ).

The black solid and dash curves represent the modeled locations

of the Martian bow shock and induced magnetosphere boundary,

respectively (Trotignon et al., 2006). HFAs can be clearly observed

both at dayside and terminator regions. Due to limitations in the

orbital coverage of MAVEN, there is almost no observation in the

foreshock region at nightside. This precludes the identification of

HFA events occurring at the nightside in the present study.

In Figure 2b, a total of 25 HFA events are observed in the southern

hemisphere,  while  35  HFA  events  are  observed  in  the  northern

hemisphere.  The spatial  distribution of our HFA events exhibits a

south−north asymmetry. The Martian bow shock is a three-dimen-

sional structure with a south−north asymmetry controlled by the

upstream  solar  wind  parameters  (e.g.  the  solar  wind  dynamic

pressure  and  the  interplanetary  magnetic  field)  and  the  down-

stream  planetary  conditions  (e.g.,  the  crustal  magnetic  field  and

the ionosphere) (Gruesbeck et al., 2018; Wang M et al., 2020). Such

a spatial distribution of HFAs could be related to the three-dimen-
sional shape of the bow shock. 

4.2  Duration and Size of HFAs

θB
RM

RP

Figure  3 shows  the  histograms  of  various  parameters  of  HFA
events, including (a) the temporal duration of events, (b) the rota-
tion angle of magnetic field across HFAs ( ), (c) the spatial extent
of  events  in  units  of ,  and  (d)  the  spatial  extent  of  events  in
units  of  local  proton  gyroradii  ( ).  As  shown  in Figure  1,  the
Martian HFA also has a hot and tenuous core region of a kind that
is  also observed in  other  planets  (Facskó et  al.,  2009; Valek et  al.,
2017).  In  this  study,  we  take  the  duration  of  the  core  region  of
each  HFA  event  as  representative  of  the  duration  of  HFAs.  The
duration of  HFAs around Mars  varies  from 12 s  to  164 s,  and the
most  probable  duration  is  about  60  s.  The  average  duration  of
HFAs is 63 ± 39 s.

θB

θB > 30°

θB
θB 76° ± 39°

The rotation angle  is calculated by the ambient IMF preceding
and succeeding an HFA event. In the selection of HFA events, we
use  the  criteria  to  exclude  the  spontaneous  hot  flow
anomaly (SHFA) events which are formed by the nonlinear evolu-
tion  of  ULF  waves  in  the  foreshock  (Collinson  et  al.,  2017).  As
shown  in Figure  3b,  the  occurrence  rate  of  HFA  events  clearly
decreases  according  to  an  increase  of  the  rotation  angle .  The
average  is .

RM

RP

RM

RM

RP

RP

RP

According  to  Equation  (1),  we  can  estimate  the  normal  direction
of  HFA  events  using  the  mean  magnetic  field  outside  of  these
HFAs.  This  enables  the  calculations  of  the  flow  velocity  in  the
normal  direction,  which,  in  conjunction  with  the  solar  wind
velocity’s normal component and the event duration, permits the
estimation of the spatial scale of HFAs. Figures 3c and d illustrate
the  thickness  of  HFAs,  normalized  by  Mars  radius  and  local
proton gyroradius ,  respectively.  The thickness of HFAs around
Mars  is  from  hundreds  to  tens  of  thousands  of  kilometers.  On
average,  the  spatial  size  of  HFAs  is  about  2.9  ±  2.2 .  The  most
probable value is  1−2 .  Another  significant  unit  of  thickness  is
the local proton gyroradius , calculated using the magnetic field
magnitude  and  ion  temperature  inside  the  core  region  of  HFAs.
The  spatial  size  of  HFAs  ranges  from  several  to  tens  of .  The
average  thickness  of  HFAs  is  28 ,  and  the  occurrence  rate  of
HFAs decreases as the thickness increases. 

4.3  Magnetic Geometry

Bsw

Bsw

ΔB = ∣BBBpre∣ − ∣BBBpost∣ BBBpre BBBpost

∣BBBpre∣ ∣BBBpost∣
ΔB
Bmin/Bsw Bmin

HFAs  are  ubiquitously  characterized  as  magnetic  depression
structures, distinguished by a significant decrease in the magnetic
field magnitude relative to the ambient IMF. Figure 4 presents the
averaged IMF conditions and the magnetic depression manifested
by  HFAs.  As  shown  in Figure  4a, ,  which  is  the  magnitude  of
IMF outside of HFAs, is mainly in the range [1, 4] nT. The averaged

 is  quantified  at  2.6  nT,  notably  exceeding  the  typical  IMF
magnitude  of  1.9  nT  (Liu  D  et  al.,  2021). Figure  4b displays  the
jump  in  IMF  magnitude ,  where  and 

are  the  ambient  IMF  preceding  and  succeeding  an  HFA  event,
respectively. While for the majority of events,  and  are

comparable,  approximately  10%  of  the  observations  exhibit  a
discrepancy in  that exceeds 1.0 nT. Compared with the ambient
IMF, the ratio of , where  corresponds to the minimum
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Figure 2.   The projection of positions of HFA events around Mars in

the (a)  and (b)  planes of the MSO frame, where .

The dark blue dots are the observed positions of Martian HFA events.

The solid and dashed curves are the modeled bow shock and induced

magnetosphere boundary, respectively (Trotignon et al., 2006).
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magnetic  field  magnitude  within  the  HFA,  consistently  remains

below  0.8.  For  most  events,  this  ratio  is  notably  lower  than  0.4,

with an average value of  ~0.3.

EEE

EEE = −VVV × BBB
nnn EEE

EEE

EEE

A  toward  motional  electric  field  pointing  to  the  corresponding

HFA is believed to play an important role in the formation of the

HFA (e.g., Thomas et al.,  1991; Lin Y,  2002). Schwartz et al.  (2000)

have  already  confirmed  that  the  motional  electric  field  points

toward the terrestrial  HFAs on at least one side of the associated

interplanetary  current  sheets.  Based  on  the  magnetic  field  and

solar  wind  velocity  before  and  after  HFAs,  we  can  calculate  the

motional  electric  field ,  and  further  check  angles

between  the  current  normal  and  at  the  region  before  and

after  the  Martian  HFAs,  respectively.  There  are  78.3%  of  Martian

HFA events that satisfied the requirement that the toward  exists

at one side of the HFA at least; 46.7% of HFAs are associated with

the toward  at two sides. Hence, the toward motion electric field

condition  could  be  also  adequate  for  the  formation  of  Martian

HFAs. 

4.4  Ion Parameters Associated with HFAs
In the solar wind, more than 90% of ions are protons. The number

density of the heavy ions is 2−3 orders lower than that of protons

for HFA events. Therefore, ion data obtained from SWIA are used

in our statistical work.

Vsw

Vsw ∣ΔV∣

Figure  5 shows  histograms  of  the  bulk  velocity  associated  with

HFAs.  In Figure  5a,  it  can  be  seen  that  90%  of  events  exhibit

speeds  exceeding  350  km/s,  while  65%  of  events  are  faster  than

400 km/s. On average, the solar wind speed  outside of HFAs is

454±89 km/s. A peak of around 500 km/s in this distribution is also

notable. Using 5-years of data sets from MAVEN, Liu D et al. (2021)

find  the  average  solar  wind  speed  near  Mars  is  369  km/s.  There-

fore,  the  Martian  HFAs  are  always  associated  with  a  higher  solar

wind speed . The speed jump  of the solar wind before and

after  HFAs in Figure  5b is  only  16 ± 13 km/s.  Additionally,  as  the

amplitude  of  the  speed  jumps  increase,  the  occurrence  rate  of

HFAs decrease. This suggests a minimal variability in the ambient

solar wind speed across the HFA boundaries.

Vmin

Vsw 0.8 ± 0.1

∣ΔV∣

A key feature of HFAs is the reduction of bulk velocity within their
core  regions.  Accompanying  the  magnetic  depression,  HFAs  are
invariably marked by a deceleration in the bulk velocity along the
Sun−Mars  direction.  As  illustrated  in Figure  5c,  the  ratio  of  the
minimum solar  wind speed inside  the  HFA ( )  to  the  ambient
solar wind speed  is determined to be . For the majority
of  events,  this  ratio  varies  from  0.60  to  0.95.  Compared  with  the
value of  shown in Figure 5b,  the deceleration inside HFAs is
obvious.
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Figure  6 displays  variations  of  ion  density  associated  with  HFAs.
The ion density of solar wind outside of HFAs ( ) is typically less
than  6.0  cm−3,  with  the  average  ion  density  quantified  at
2.6  ±  2.0  cm−3.  The  jumps  in  ion  number  density  between  the
period before and after HFAs ( ) are relatively small, with over
70% of the events exhibiting a  less than 0.2 cm−3. Within the
core regions of HFAs, the ion density can drop to a very low level.
Amongst the set of 60 events analyzed, the ion density in the core
region  ( )  decreases  to  less  than  0.7  times  the  background
values. Statistically, the average ratio of  is only 0.2. More-
over, a significant subset, comprising 55% of the events, shows an
even more pronounced depletion, with  ratios below 0.1.
We also check ion number density in the compression regions of
HFAs.  The  maximum  ion  density  encountered  within  the
dual  compression regions of  HFAs is  examined.  It  can be seen in
Figure  6d that  varies  from  1.0  to  4.5,  and  the  average
ratio of  is 2.3. This compression ratio demonstrates that
the  hot  core  of  HFAs  can  effectively  compress  the  ambient
plasma. There are only a few HFA events with recognizable heavy
ion  fluxes.  In  these  events,  the  density  ratio  of  heavy  ion  and
hydrogen  ion  in  the  HFA  core  region  decreases  significantly
compared  with  the  surrounding  solar  wind.  This  also  indicates
that  heavy  ions  originating  from  Mars  may  not  play  a  significant
role in the HFA formation.

Psw

Psw

Figure 7 displays variations of solar wind dynamic pressure associ-
ated with HFAs. The solar wind dynamic pressures outside of HFAs
( )  are  characterized  by  a  mean  value  of  0.8  nPa,  with  half  of
observed events clustering in the range 0.5−1.0 nPa. In most HFA
events,  exhibit  few changes between the periods before and
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Figure 5.   The averaged solar wind velocity on both sides of HFA events. (a) The speed of solar wind associated with HFAs; (b) the change of solar

wind speed across the HFA event; and (c) the decrease of the bulk flow speed inside the core region of HFAs. The average value of each

parameter is shown by the dark blue fonts in the top right-hand corner of each image.
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after an HFA event. As shown in Figure 7b, a change in  only

has a mean value 0.1 nPa, with most of events with a  below

0.1 nPa. Though the solar wind dynamic pressure outside of HFAs

persists  essentially  unchanged,  the  HFAs  can  cause  sudden

perturbations in the dynamic pressure. Figure 7c and d show vari-

ations  of  dynamic  pressure  in  the  core  ( )  and  compression

regions  ( )  of  HFAs,  respectively.  It  can  be  noted  that 

consistently  remains  below  0.5  times .  The  average  ratio  of

 is  only  0.1.  However,  within  the  compression  regions,

 is always several times higher than .  The average ratio of

 is 2.3. It means that HFAs can lead to an order of magni-

tude change in solar wind dynamic pressure within mere seconds. 

5.  Discussion 

5.1  The Comparison of Martian and Terrestrial HFAs
Previous statistical analysis of the MAVEN datasets with the same

time  interval  has  already  pointed  out  that  the  solar  wind  in  the

Vsw Nsw Psw

BBBsw

Vsw

Nsw Psw

Nsw

Vsw

region  upstream  of  the  Martian  bow  shock  has  a  magnitude  of

IMF ~1.87 nT,  ~369 km/s,  ~ 1.40 cm−3,  and  ~0.39 nPa

(Liu D et al.,  2021).  In our study, the magnitude of IMF outside of

HFAs is mainly in the range of 1−4 nT, with a mean  of ~2.6 nT.

The IMF strength has no obvious difference. However, ion param-

eters of the solar wind outside of HFAs manifest as  ~454 km/s,

 ~2.6  cm−3,  and  ~0.8  nPa.  Thus,  78.3%  (47  events)  of

Martian HFA events are associated with a number density higher

than  the  typical  value  ~1.40  cm−3.  Martian  HFAs  occur  most

preferentially with faster solar wind, and 81.7% (49 events) of HFA

events occur at speeds higher than  ~369 km/s. Therefore, they

are usually more prevalent when the ambient solar wind dynamic

pressure is higher. Facskó et al. (2009) find the solar wind dynamic

pressure outside of HFAs are almost equal to the average value at

1 AU. Hence, the solar wind density outside of HFAs has a relatively

lower  value.  However,  Martian  HFAs  are  always  formed  with

higher dynamic pressure and larger density of solar wind than the

average value of  solar  wind upstream of  Martian bow shock.  But
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Figure 6.   The averaged solar wind number density on both sides of HFA events. (a) The number density of solar wind protons associated with

HFAs; (b) the change of proton number density across the HFA event; (c) the decrease of the proton number density inside the core region of

HFAs; and (d) the increase of the proton number density inside the compression region of HFAs. The average value of each parameter is shown by

the dark blue fonts in the top right-hand corner of each image.
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the  role  of  the  high  solar  wind  dynamic  pressure  and  density  in

the formation of HFAs seems to be uncertain. In our opinion, this

difference  is  partly  determined  by  the  particular  features  of  the

two  planets.  Unlike  Earth,  the  exosphere  of  Mars  can  extend  for

many Martian  radii  (e.g., Chaffin  et  al.,  2015).  Martian  particles  in

the  exospheres  can  be  ionized,  accelerated  by  the  solar  wind

motional  electric  field,  and  in  turn  slow  down  the  solar  wind.

Before the interaction of solar wind and bow shock, the solar wind

has  already  undergone  a  pronounced  deceleration  (Zhang  TL  et

al.,  1997).  Therefore,  compared  to  low-density  solar  wind,  high-

density  solar  wind  is  more  likely  to  maintain  high  speeds  when

interacting  with  the  bow  shock.  Hence,  Martian  HFAs  typically

occur  in  high-density  solar  wind,  which  is  also  characterized  by

high  dynamic  pressure.  Of  course,  the  statistical  works  on  HFAs

around  another  planet,  or  three-dimensional  hybrid  simulations,

may provide a new way to understand this problem.

HFAs are considered to be formed when an interplanetary discon-

EEE

70°

76°

EEE
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tinuity  interacts  with  a  planetary  bow  shock  (e.g., Thomas  et  al.,

1991; Lin Y,  2002).  The motional  electric  field  pointing towards

this  discontinuity  at  both  sides  (or  at  least  at  one  side),  can  trap

the solar wind particles reflected by the Martian bow shock within

this  discontinuity.  Instability  caused  by  the  interaction  between

the  incident  solar  wind  particles  and  the  reflected  particles  can

then lead to heating of the interplanetary discontinuity, resulting

in  high  thermal  pressure.  At  last,  this  HFA  can  expand  and  drive

compression  regions  at  its  two  sides.  There  are  plenty  of  works

relating  to  the  features  and  formation  of  terrestrial  HFAs  (e.g.,

Schwartz et al., 2000; Facskó et al., 2009). Terrestrial HFAs typically

exhibit a magnetic field rotation angle of  (Facskó et al., 2009).

On average, the magnetic field across Martian HFAs rotates at ,

which  is  similar  to  the  results  of  terrestrial  HFAs.  There  is  also  a

requirement  that  the  motional  electric  field ,  calculated  by

,  should  point  toward  the  current  sheet  on  at  least

one side. Such a requirement is always satisfied in terrestrial HFA

events. In this study, 78.3% of Martian HFA events also feature an
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Figure 7.   The averaged solar wind dynamic pressure on both sides of HFA events. (a) The dynamic pressure of solar wind associated with HFAs;

(b) the change of dynamic pressure across the HFA event; (c) the decrease of the dynamic pressure inside the core region of HFAs; and (d) the

increase of the dynamic pressure inside the compression region of HFAs. The average value of each parameter is shown by the dark blue fonts in

the top right-hand corner of each image.
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EEE pointed to the current  sheet  at  one or  two sides.  Furthermore,

an essential condition of terrestrial HFA formation is considered to

be a larger solar wind velocity, typically exceeding the average by

over  100  km/s  (Facskó  et  al.,  2009).  Congruent  with  terrestrial

observations,  our  study reveals  that  Martian HFAs are  also  corre-

lated with a high solar wind velocity.  The solar wind particles are

reflected  to  return  to  the  upstream  region  of  the  planetary  bow

shock,  with  a  similar  solar  wind  speed,  but  in  opposite  direction

(Thomas  et  al.,  1991; Lin  Y,  2002).  Therefore,  the  high  solar  wind

speed could result in more energy of the reflected ion beam. This

is  a  benefit  to  the  formation  of  HFAs,  whether  around  Earth  or

Mars.  These  findings  are  mirrored  in  the  results  of  the  present

study  into  Martian  HFAs,  reinforcing  the  hypothesis  that  interac-

tions  between  solar  wind  current  sheet  and  bow  shock  serve  as

the foundational mechanism for HFA production in both terrestrial

and  Martian  environments.  A  schematic  of  the  formation  condi-

tions of an HFA around Mars is shown in Figure 8, based on previous

works  (Schwartz  et  al.,  2000; Collinson et  al.,  2012)  in  addition to

our  study.  This  similarity  in  HFA  generation  processes  across

distinct  planetary  settings  underscores  the universality  of  certain

physical principles governing plasma interactions within the solar

system.

Additionally,  previous  studies  of  HFAs  around  Earth  have  shown

effective acceleration of electrons associated with these structures

via magnetic reconnection (e.g., Liu TZ et al., 2020a). We also find

the  enhancement  of  energetic  electron  flux  inside  of  Martian

HFAs with energies ranging from 100 eV to 1000 eV, such as event

19  in Table  1.  Electron  acceleration  inside  of  Martian  HFAs  is  an

important question to solve in the future. 

5.2  The Probable Effect of HFAs on Martian Ionosphere

and Induced Magnetosphere
Due  to  the  lack  of  simultaneous  observations  of  a  Martian  HFA,

Martian induced magnetosphere boundary (IMB)  and ionopause,

we are unable to directly investigate IMB and ionopause perturba-

tions induced by HFAs. Collinson et al.  (2015) employed a simple

static  Newtonian  pressure  equilibrium  model  to  estimate  the

Ri
Rr

displacements of the ionopause location  from its nominal radial
distance :

Ri − Rr = −H ln
Pi
Pr
, (1)

Pi Pr H

H

−Hln
Pi
Pr

where ,  and  are the total pressure inside the HFA, pressure
outside  in  the  solar  wind  and  the  radial  height  of  Martian
ionopause (  = 40 km, as shown in Withers, 2009), respectively. It
should be noted that the simple model expressed by Equation (2)
can  also  be  used  to  estimate  the  change  of  locations  of  the
Martian  IMB.  In  our  HFA  event  on  October  1,  2018,  the  pressure
variations  associated  with  this  HFA  can  cause  the  height  of  the
ionopause  to  increase  by  160  km.  Assuming  the  solar  wind
dynamic pressure as the dominant component of the total pressure

in  the  solar  wind,  should  be  80  km,  which  are  calculated

by the average value. These findings demonstrate the potential of
HFAs  to  significantly  influence  the  Martian  topside  ionosphere,
possibly leading to wider effects.

RIMB

Psw

Edberg et al.  (2009) used the correlation analysis  method to esti-
mate the influence of solar wind dynamic pressure on the location
of the IMB. Their statistical results revealed the radial distance 
of the IMB as a function of upstream solar wind dynamic pressure

, which can be represented as:

RIMB = 0.21 × 0.18
Psw + 1.34. (2)

Psw

RIMB

By  substituting  the  variations  of  associated  with  HFAs,  as
depicted in Figure 8 of our study into Equation (2), it can be seen
that  the  Martian  HFAs  lead  to  a  change  in  of  about  0.12
Martian  radius.  Such  a  pronounced  displacement  occurring  in
only  tens  of  seconds  may  lead  to  some  strong  oscillations  or
waves  on  the  surface  of  the  IMB,  thereby  underscoring  the
dynamical  implications  of  HFAs  on  the  Martian  space  environ-
ment. We should note however that the response of the induced
magnetosphere  and  ionosphere  to  HFAs  is  a  complex  process,
accompanied  by  boundary  layer  deformations  and  wave  excita-
tions.  A  suitable  approach would  be  to  employ  global  numerical
simulations. 

5.3  The Thickness of HFAs

RM

RM

RM

The determinants influencing the size of HFAs are still not entirely
clear. In our study, we find that the size of Martian HFAs vary from
less  than  one  up  to  several ,  with  the  average  size  of  HFAs
being  2.9 . Shuvalov  et  al.  (2019) conducted  an  analysis  of  19
manually selected Martian HFA events, documenting their sizes in
the  range  of  0.2  to  ~10 ,  which  is  consistent  with  our  results.
Previous  statistical  results  have  shown  the  typical  size  of  HFAs
from  Mercury  (Uritsky  et  al.,  2014),  Venus  (Collinson  et  al.,  2014),
Earth  (e.g.,  Facskó  et  al.,  2009),  Jupiter  (Valek  et  al.,  2017)  and
Saturn (Master et al.,  2009) are all within a range of less than one
up  to  several  radii  of  the  corresponding  planet.  This  consistency
suggests  that  the  spatial  size  of  HFAs  might  be  fundamentally
governed by the size of the respective planetary bow shocks.

Nonetheless,  when  expressed  in  terms  of  local  proton  gyroradii,
the  characteristic  sizes  of  HFAs  exhibit  distinct  variances  around
different  planets  in  our  solar  system.  The typical  sizes  of  HFAs  in
unit of local proton gyroradii are on the order of 200 gyroradii for
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Figure 8.   A schematic of the formation conditions of a hot flow

anomaly around Mars, which is based on previous works (Schwartz et

al., 2000; Collinson et al., 2012) and our study.
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Earth  (e.g., Facskó  et  al.,  2009),  28  gyroradii  for  Mars  (this  study),

and 9 gyroradii  for Saturn (Master et al.,  2009).  This trend implies

that the size of HFAs normalized by local proton gyroradii gradually

decreases  with an increase in  heliocentric  distance.  One possible

reason  is  that  the  thickness  of  interplanetary  current  sheets

normalized by proton gyroradii also decreases during their propa-

gation. The thickness of solar wind current sheets decreases radially

by  a  factor  of  50  from  0.3  to  19  AU  (Soding  et  al.,  2001).  The

decrease in  current  sheet  thickness  may consequently  serve as  a

contributing factor to the observed reduction in HFA sizes. 

6.  Summary
Through  a  comprehensive  analysis  of  magnetic  field  and  ion

measurements from MAVEN collected between October 10, 2014,

and  December  31,  2020,  we  have  examined  60  Martian  HFA

events  situated  upstream  of  the  Martian  bow  shock.  Our  results

indicate that Martian HFAs share the following properties:

(1) Martian HFAs are common transient structures, and their distri-

butions  exhibit  no  special  pattern  upstream  of  the  Martian  bow

shock.

(2)  The  duration  of  Martian  HFA  events  extends  from  tens  of

seconds to 3 minutes. The average duration is 63±39 s.

RM

(3) On average, the thickness of HFAs, estimated along the normal

direction of the associated discontinuity, is about 2.9±2.2 .

(4)  Consistent  with  terrestrial  HFAs,  Martian  HFAs  are  predomi-

nantly  detected when the  solar  wind speed is  much higher  than

the typical value of 369 km/s.

(5)  On  average,  the  ratio  of  ion  density  in  the  core  region  of

Martian HFAs to the ion density  in  the ambient  solar  wind is  0.2,

with over half of the events featuring ratios of below 0.1, revealing

a pronounced density depletion within these anomalies.

(6) HFAs can lead to an order of magnitude change in solar wind

dynamic  pressure  in  only  tens  of  seconds,  which  may  strongly

influence the heights of Martian IMB and ionopause.

Based on these properties, a schematic of Martian HFAs is shown
in Figure  8.  Our  study  suggests  that  HFAs  around  Mars  could  be
common structures upstream of the bow shock of unmagnetized
planets as well,  though their occurrence rate still  requires further
investigation. The formation mechanism of Martian HFAs appears
to  be  same  as  for  terrestrial  HFAs,  and  the  planetary  heavy  ions
seem not  to  play  a  key role  during the formation of  HFAs.  These
transient  structures  with  strong  dynamic  pressure  perturbations
may drive significant motions in the induced magnetosphere and
ionosphere of Mars. But how HFAs affect the interactions between
the  solar  wind  and  Mars  remains  an  open  question  for  future
global simulations or multiple spacecraft measurements, e.g.,  the
conjunction measurements of MAVEN and Tianwen-1 (Wan WX et
al., 2020). 
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