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Key Points:
Smaller-scale ionospheric irregularities were simulated in this model than in previous studies.●

Electric field shear between the topside and bottomside ionosphere occurs in the simulation when the plasma density is perturbed.●

Our simulations yield kilometer-scale irregularities that are comparable to those observed by MAVEN (Mars Atmosphere and Volatile
EvolutioN).
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Abstract: Recently, kilometer-scale Martian ionospheric irregularities have been measured by the Mars Atmosphere and Volatile
EvolutioN (MAVEN) mission (Fowler et al., 2020). In this study, we carried out a simulation of these irregularities, assuming a uniform
Martian zonal neutral wind and a cosinusoidal perturbation of the plasma density as the seeding source. Results show that a vertical
electric field shear could be induced by such a plasma density perturbation. We find that the vertical electric field shear causes a velocity
shear of the plasma between the topside and bottomside ionosphere, which in turn is able to produce kilometer-scale ionospheric
irregularities — irregularities of a smaller scale than were seen in previous simulations (Jiang CH et al., 2021). These kilometer-scale
variations with altitude, in plasma density and magnetic field profiles, are comparable to the MAVEN observations.
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1.  Introduction
The Mars  Atmosphere  and  Volatile  EvolutionN  (MAVEN)  space-
craft were  launched  in  November  2013.  One  of  the  orbiter’s  ob-
jectives is to study the structure of the Martian thermosphere (up-
per atmosphere) and ionosphere (Jakosky et al., 2015), in particu-
lar  the  poorly  understood  nightside  ionosphere  and  small  scale
structure of  the  planet’s  ionosphere.  It  is  well  known  that  iono-
spheric irregularities in the E and F regions of the terrestrial iono-
sphere  can  be  observed  frequently  by  remote  sensing,  in  situ
measurement, and airglow observation techniques, etc. The scale
of Earth’s ionospheric irregularities ranges from sub-meter to hun-
dreds of kilometers (Fejer and Kelley, 1980; Kelley, 2009; Peng YX
et  al.,  2021). The  large-scale  structure  (tens  to  hundreds  of  kilo-
meters) of  the  Martian  ionosphere  is  mainly  magnetically  con-
trolled  by  crustal  magnetic  field  sources  (Duru  et  al.,  2006; An-
drews et al., 2015). However, small-scale ionospheric irregularities
of Mars have not been studied sufficiently  to reveal  their  charac-
teristics and physical mechanisms.

Recently, Fowler  et  al.  (2017) reported  the  first  MAVEN  observa-
tions of small-scale ionospheric irregularities (at scales of 15−20 km
or less) in the Martian lower ionosphere. Harada et al.  (2018) also
report  observations  by  the  Mars  Advanced  Radar  for  Subsurface
and  Ionospheric  Sounding  instrument  on  the  Mars  Express  of

ionospheric irregularities/diffuse  echoes.  They suggest  that  grav-
ity waves at Mars might play a significant role in the formation of
these  ionospheric  irregularities. Fowler  et  al.  (2019)  have  further
investigated the  characteristics  of  small-scale  ionospheric  irregu-
larities.  They  found  that  the  horizontal  magnetic  field,  the  SZA
(Solar  Zenith  Angle)  around  75−120  degrees,  and  outside  of  the
strong  crustal  magnetic  field,  might  be  favorable  conditions  for
small  scale  ionospheric  irregularities.  Kilometer-scale  ionospheric
irregularities  were  further  reported  by Fowler  et  al.  (2020).
Through a linear model, Keskinen (2018) suggested that the Mar-
tian  ionosphere  in  the  dynamo region might  be  unstable  due to
electromagnetic  gradient  drift  instability.  Furthermore,
Jiang  CH  et  al.  (2021) carried  out  a  nonlinear  simulation  of  iono-
spheric  irregularities,  seeded  by  perturbation  zonal  winds,  in  a
neutral wind frame (the background zonal wind is set to be zero);
their  numerical  simulations  yielded  small-scale  irregularities  (less
than the 25 km wavelength of the perturbation wind) but failed to
produce  smaller-scale  (kilometer-scale)  variations  in  electron
density and magnetic field profiles comparable to those observed
by MAVEN.

The purpose of this study is to reproduce the kilometer-scale vari-
ations in electron density and magnetic field profiles. Our nonlin-
ear  model  assumes  a  uniform  zonal  neutral  wind  (not  perturba-
tive zonal winds) and the seeding source of ionospheric irregula-
rities  is  chosen  to  be  a  cosinusoidal  perturbation  of  the  electron
density,  which could be induced by gravity waves in the Martian
thermosphere (Yiğit et al., 2015; Terada et al., 2017). Details of our
model  and  associated  assumptions  are  described  in  Section  2.
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Results  from  the  model  and  analysis  are  presented  in  Section  3.

Section 4 compares results from our model with results from oth-

er simulations  and  observations.  Section  5  summarizes  our  con-

clusions. 

2.  Model Description

O+
2
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Similar to the model of terrestrial ionospheric irregularities (Jiang

CH et al., 2020), Jiang CH et al. (2021) developed a two-dimension

nonlinear  model  to simulate ionospheric  irregularities  at  Mars.  In

their model, the ion species and neutral species in the Martian dy-

namo  region  are,  respectively,  and  CO2. Their  model  solves

continuity and momentum equations for  and electrons assum-

ing a  divergence-free current  and a  horizontal  background mag-

netic  field.  The  diamagnetic  effect—the  sum  of  magnetic  and

plasma  pressure  tends  to  be  constant  (Lühr  et  al.,  2003)—was

used to calculate the variation of magnetic field. The background

electric field was set to be zero, and only the perturbation electric

field was considered. In this model, the X, Y, Z directions represent

the zonal, meridional, and vertical directions, respectively. A two-

dimensional Cartesian (X, Z) grid was applied in this study. The ho-

rizontal magnetic field is parallel to the Y direction. The grid con-

sists of 101 points in the zonal direction (X) and 201 points in the

vertical direction (Z), with grid spacing of 500 m in the X and 200

m  in  the Z directions. Periodic  boundary  conditions  were  im-

posed  in  the X direction.  Transmittive  boundary  conditions  were

imposed in the Z direction. The running time step is set to 0.01 s in

the  simulation.  Details  of  the  model  and  numerical  schemes  are

described in Jiang CH et al. (2021).

Unlike  the  study  by  Jiang  CH  et  al.  ,  the  initial  seeding  source  in

this  study  is  a  cosinusoidal  perturbation  of  the  electron  density.

England  et  al.  (2017)  reported  atmospheric  gravity  waves  in  the

Martian thermosphere with scale sizes in the tens to hundreds of

kilometers.  Therefore,  we set the wavelength of the perturbation

in our model at 25 km. MAVEN observations of the Martian iono-

sphere (Fowler, et al., 2017) have shown that large relative fluctu-

δne/ne
δB/B

O+
2

ations  (10–50%)  in  plasma  density  ( )  and  magnetic  field

( ) can occur. Therefore, we find it reasonable to set the amp-

litude of perturbation density to 5% in this simulation when grav-
ity  waves  occur  in  the  Martian  thermosphere  (Fritts  et  al.,  2006;
Yiğit  et  al.,  2015; Terada  et  al.,  2017; Keskinen,  2018). The  back-
ground zonal wind is set to be 100 m/s and is kept uniformly hori-
zontal. The  initial  magnetic  field  strength  is  set  to  be  10  nT.  Be-
cause ionospheric irregularities are observed to occur primarily at
solar zenith angles of ~90−130 degrees,  in this model we set the
peak  density  to be 3 × 103 cm−3 and the corresponding scale

height to be 15 km. The background plasma density and magnet-
ic  field  in  this  model  are  comparable  to  MAVEN  observations
(Fowler et al., 2017, 2019). 

3.  Results
Figure 1 shows the profiles of the plasma density (left panel), elec-
tric  potential  (middle  panel),  and  magnetic  field  (right  panel)  at
the beginning (t = 1s) of this simulation. The initial plasma density
is  subject  to  a  cosinusoidal  perturbation,  which  is  the  seeding
source of ionospheric irregularities. Due to the assumption in this
model that the sum of magnetic and plasma pressures tends to be
constant when the magnetic field is horizontal, the magnetic field
fluctuations therefore occur out of phase with the plasma density.
It  can  be  seen  from Figure  1b that the  electric  potential  fluctu-
ations occur  at  the  beginning  stage.  The  electric  potential  distri-
bution in  the uniform wind is  different  from that  in  the previous
simulation  (Jiang  CH  et  al.,  2021).  In  the  Martian  ionosphere,  the
ion-neutral collision  is  greater  than  the  corresponding  gyrofre-
quency but inverse for electrons. Neutral winds could lead to the
separation of the ions and electrons in the dynamo region. There-
fore, plasma density fluctuations could plausibly induce a polariz-
ation electric field in the Martian ionosphere. We have found that
both  vertical  and  zonal  electric  fields  could  occur  in  the  plasma
density fluctuations.  In  particular,  stronger  electric  potential  per-
turbations  emerge  at  the  bottomside  ionosphere  due  to  greater
ion-neutral  collisions.  Obviously,  the  vertical  electric  field  shear
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Figure 1.   Plasma density (left), electric potential (middle) and magnetic field (right) distribution simulated at the beginning stage (t = 1 s).
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could  thus  be  produced  between  the  bottomside  and  topside

ionosphere.  Because  the  electrons  are  mostly  magnetized  in  the

Martian  ionosphere  but  not  the  ions,  to  further  demonstrate  the

distribution  of  the  electric  field  we  have  assumed  that  the  posi-

tive ions can move away with neutral winds but not the electrons.

Accordingly,  in  the  higher  plasma  density  region,  more  ions  will

be blown  away  leaving  an  excess  of  electrons.  As  a  result,  elec-

trons in the lower plasma density region will be fewer, compared

with the higher density  region.  Furthermore,  the potential  in  the

higher  density  region  is  lower  than  in  the  lower  density  region.

This assumption is  consistent with the distribution of the electric

potential  shown in  Figure  1b.  However,  we should  keep in  mind

that  both  the  plasma  density  and  ion-neutral  collisions  will  play

significant roles in determining where the lower potential occurs.

Thus,  the  altitudinal  variations  of  plasma density  and ion-neutral

collisions could lead to altitudinal variations of electric potential. It

also should be noted that the overall electric potential is negative

in Figure 1. The negative potential is associated with the effect of

the  neutral  wind.  However,  the  potential  difference  (the  electric

field) plays a significant role in the movement of the  ions and

electrons in the plasma.

Figure 2 shows the nonlinear evolution of the plasma density sim-

ulated at t = 0, 100, 300, 500, 700, and 1000 s. It can be seen from

Figure 2 that at t = 100 s the lower plasma density moves upward

into the  higher  plasma  density  region.  Due  to  gradient  drift  in-

stability in the Martian dynamo region, the zonal electric field in-

duced  by  plasma  density  perturbations  and  neutral  winds  leads

the lower plasma density into higher density regions. After t = 300 s,

it  is  seen  clearly  that  velocity  shear  of  the  plasma  between  the

topside  and  bottomside  ionosphere  is  occurring.  The  topside

plasma  moves  eastward  but  the  bottomside  plasma  is  moving

westward. It also can be seen from Figure 1b that the vertical elec-

tric field shear occurs at the altitude of ~135 km. As a result, there

are plenty  of  smaller-scale  irregularities  in  the  bottomside  iono-

sphere (see t = 500, 700, and 1000 s in Figure 2). Figure 3 demon-

strates  the  evolution  of  the  associated  magnetic  field  in  the

present  simulation.  Similar  to Figure  2,  plenty  of  smaller-scale

magnetic irregularities  can  be  observed  in  the  bottomside  iono-

sphere  (at t =  500,  700,  1000  s).  According  to  the  results  of  the

simulation (see Figures 2 and 3), the scale of the irregularity is first

associated with the wavelength of the perturbation in the plasma.

Then,  the  most  important  factor  is  the  velocity  shear  of  the

plasma, which leads to Kelvin–Helmholtz instability. At the begin-

ning of the simulation (t = 100 s in Figure 2), the scale of the irreg-

ularity corresponds to the wavelength of the perturbation. When

the velocity shears of the plasma become stronger in the bottom-

side of the ionosphere, the scale of the irregularity becomes smal-

ler  (see t = 300,  500,  700,  1000 s  in Figure 2).  In other words,  the

perturbative electric field is  induced by the initial  plasma density

perturbation;  then  a  Kelvin–Helmholtz  instability  (caused  by  the

velocity shear of the plasma) leads to smaller-scale irregularity.

Figure  4 shows  the  variations  of  electron  density  and  magnetic

fields  with  altitude  (Figures  4a and 4b)  at  the  zonal  distance  of

20 km. The red and blue lines, respectively, represent the running

time of 700 and 1000 s. It can be seen from Figure 4 that there are

many  smaller-scale  ‘oscillations’  occurring  along  the  altitude.  As

the time progresses, smaller-scale perturbations occur at the top-

side ionosphere (see also Figure 2, at t = 700, 1000 s). 

4.  Discussion
MAVEN observations of small-scale ionospheric irregularities were

studied by Fowler et al. (2017, 2019), who reported many smaller-

scale (kilometer-scale)  ‘oscillations’  along  the  track  of  the  space-

craft  (in  both  the  vertical  and  horizontal  directions). Keskinen

(2018) was first to analyze these ionospheric irregularities linearly

(both  the  plasma  density  and  magnetic  fluctuations),  proposing

that the MAVEN observations might be explained by plasma elec-

tromagnetic gradient drift instability. Subsequently, Jiang CH et al.

(2021) carried  out  a  nonlinear  simulation  of  the  Martian  iono-

spheric irregularties  in  a  neutral  wind  frame  (setting  the  back-
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Figure 2.   Plasma density distribution simulated at t = 0, 100, 300, 500, 700, and 1000 s.
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ground wind  at  zero).  However,  the  neutral  wind  frame  simula-

tion did not reproduce the observed altitudinal (vertical direction)

kilometer-scale  ionospheric  irregularities. Fowler  et  al.  (2020) re-

ported that the kilometer-scale ‘oscillations’ structure in the irreg-

ularity  profiles  (vertical  direction)  can  be  observed  both  above

and below the ionospheric peak, and pointed out further that two

kinds of kilometer-scale irregularities appear in the Martian iono-

sphere.  The  density  and  magnetic  field  fluctuations  vary  in  and

out  of  phase.  In  the  present  simulation,  diamagnetic  effects  are

considered. Thus,  only  out  of  phase  irregularities  could  be  simu-

lated. Figure  4 reveals  many  kilometer-scale  irregularities  (out  of

phase  irregularities)  reproduced  in  the  profiles  of  the  plasma

density and magnetic field,  especially below ~155 km. Moreover,

the  scale  of  irregularities  becomes  much  smaller  around  150−

155 km. In the present simulation,  the kilometer-scale irregularit-

ies  in  the  profiles  of  the  plasma  density  and  magnetic  field  are

comparable to MAVEN observations.

Keskinen (2018) pointed out that the dynamo region of  the Mar-

tian ionosphere is unstable due to gradient drift  instability in the

neutral wind. In fact, the growth rates of irregularities in the Mar-

tian  ionosphere  depend  on  many  factors  including  the  neutral

wind,  the  amplitude  wavelength  of  the  perturbation  in  the

plasma,  the  background  plasma  density,  the  collision  frequency,

the  magnetic  field  strength,  etc.  By  calculating  the  growth  rates

from the perturbation in  the ionospheric  plasma density,  Keskin-

en  (2018)  found  that  the  growth  time  for  irregularities  ranged

from about 50 to 1000 s for the wavelengths of several kilometers

to  ~20  km. Figure  4 shows  that  in  our  simulation  many  smaller-

scale  (kilometer-scale)  ‘oscillations’  occur  along  the  altitude  at

running times of 700 and 1000 s. The growing time of the irregu-
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Figure 3.   Similiar to Figure 2 but for magnetic field.
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Figure 4.   Vertical profiles of plasma density and magnetic field in this simulation at the zonal distance of 20 km at t = 700 s (red), 1000 s (blue).
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larity in  this  simulation  is  consistent  with  the  linear  theory  pro-

posed  by Keskinen  (2018).  In  addition, Keskinen  (2018)  suggests

that the ionosphere is  unstable below the ionospheric peak,  also

pointed out by Fowler et al. (2019). In the present simulation, the

ionospheric peak is  set at  150 km. However,  we found that iono-

spheric  irregularities  could  reproduced  above  the  ionospheric

peak (150 km) at t = 1000 s. In the present simulation, the velocity

shear of the plasma (the background neutral wind is set to be uni-

form) could lead to the Kelvin–Helmholtz instability. Furthermore,

the Kelvin–Helmholtz instability produces kilometer-scale plasma

density and  magnetic  irregularities  below  and  above  the  iono-

spheric peak.  Although  the  nonlinear  model  of  Martian  iono-

spheric irregularities  presented  here  is  simplified  by  the  back-

ground parameters of the ionosphere and upper atmosphere, this

simplified model can help us understand the nonlinear evolution

of  ionospheric  irregularities  at  Mars.  It  is  encouraging  that  these

modeling results  are  comparable to MAVEN observations of  kilo-

meter-scale irregularities. 

5.  Conclusion
In this  study,  we carried out a numerical  simulation of kilometer-

scale  irregularities  in  the  Martian  ionosphere.  A  uniform  zonal

wind was adopted in this model. The seeding source is a cosinus-

oidal  perturbation of plasma density.  Modeling results show that

the vertical electric field shear can be produced by perturbation of

the plasma. The electric field shear in the ionosphere leads to a ve-

locity  shear  of  the  plasma  between  the  topside  and  bottomside

ionosphere. Kilometer-scale  altitudinal  (vertical  direction)  irregu-

larities  are  reproduced  in  the  present  simulation.  Results  show

that the simulated altitudinal variations of kilometer-scale irregu-

larities  in  plasma  density  and  magnetic  field  are  comparable  to

those seen in MAVEN observations. 
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