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Abstract: In a recent paper (Luo H et al., 2022), we found that the peak amplitudes of diurnal magnetic variations, measured during

martian days (sols) at the InSight landing site, exhibited quasi Carrington-Rotation (qCR) periods at higher eigenmodes of the natural

orthogonal components (NOC); these results were based on ~664 sols of magnetic field measurements. However, the source of these

periodic variations is still unknown. In this paper we introduce the neutral-wind driven ionospheric dynamo current model (e.g., Lillis et

al., 2019) to investigate the source. Four candidates — the draped IMF, electron density/plasma density, the neutral densities, and the

electron temperature in the ionosphere with artificial qCR periodicity, are applied in the modeling to find the main factor likely to be

causing the observed surface magnetic field variations that exhibit the same qCR periods. Results show that the electron density/plasma

density, which controls the total conductivity in the dynamo region, appears to account for the greatest part of the surface qCR

variations; its contribution reaches about 67.6%. The draped IMF, the neutral densities, and the electron temperature account,

respectively, for only about 12.9%, 10.3%, and 9.2% of the variations. Our study implies that the qCR magnetic variations on the Martian

surface are due primarily to variations of the dynamo currents caused by the electron density variations. We suggest also that the time-

varying fields with the qCR period could be used to probe the Martian interior's electrical conductivity structure to a depth of at least

700 km.
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1.  Introduction
The radiation and coronal  mass  emitted by  the Sun are  not  con-

stant; they  exhibit  modulations  at  different  timescales.  One  ex-

ample  is  the  apparent  27-day  periodicity,  which  originates  from

anisotropic activities at the surface of the rotating Sun. This peri-

odicity  would  be  reflected  in  the  planetary  upper  atmosphere,

ionosphere,  and  dynamo  current.  The  Interior  Exploration  Using

Seismic Investigations, Geodesy and Heat Transport (InSight) mis-

sion, which successfully landed on Mars on 26 November 2018 at

4.50o N, 135.6o E, has not only provided the first crustal magnetic

field measurements  at  the  surface  on  Mars  but  has  also  mon-

itored  the  ionospheric  currents  by  measuring  the  time-varying

magnetic  field  at  the  InSight  landing  site  (Banfield  et  al.,  2019;

Banerdt  et  al.,  2020; Johnson  et  al.,  2020; Mittelholz  et  al.,  2020).

The time-varying magnetic fields offer opportunities to study sol-

ar  wind-induced  magnetosphere–ionosphere  interactions  and

also  to  probe  the  electrical  conductivity  structure  of  the  Martian

interior (Espley et al.,  2006; Johnson et al.,  2020). Periodic signals,

such  as  the  daily  magnetic  fluctuations  and  their  harmonics  and

short-period waves, were also detected by IFG (Chi PJ et al., 2019;

Johnson et al., 2020). However, the solar rotation period (~26 sols)

was not detected due to the short spans of (and gaps in) the data

(Johnson et  al.,  2020).  In  a  recent paper we found,  by organizing

the  magnetic  field  measurements  for  ~664  sols,  that  the  daily

amplitudes (peak-to-peak) of the magnetic variations show quasi-
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CR periodicity at higher eigenmodes of the NOC results (Luo H et

al.,  2022).  However,  the  sources  of  the  qCR  variations  were  not

fully discussed in that paper.

Many studies have suggested that magnetic variations at the Mar-

tian surface are generated by currents in the ionospheric dynamo

region (e.g., Fillingim et al., 2012; Lillis et al., 2019; Mittelholz et al.,

2020).  Although  currents  at  boundaries  such  as  the  magnetic

pileup  boundary  and  bowshock  boundary  (Ramstad  et  al.,  2020)

may also contribute to surface magnetic variations, their contribu-

tions  would  be  relatively  small.  The  dynamo  currents  are  well

known to arise from differential motions of the electrons and ions

in the ionospheric. In the dynamo region, the motion of the ions is

dominated by neutral  winds due to the higher  collision frequen-

cies.  In  contrast,  the  electrons,  with  much  higher  gyrofrequency,

move mainly  along  the  magnetic  field  (i.e.,  are  magnetized).  Be-

low (above)  the  dynamo  region,  the  elections  and  ions  drift  to-

gether with the neutral wind (magnetic field).

It is well known that the interplanetary magnetic field (IMF) along

with the solar wind exhibit CR periodicity as the solar rotation im-

parts a spiral  shape to the magnetic field lines (e.g. Lyons,  2003).

Since Mars  has  no  intrinsic  magnetic  field,  the  IMF  could  be  dir-

ectly draped on the Martian ionosphere. Therefore, it is expected

that the CR periodicity of the magnetic field could also appear in

the  Martian  ionosphere.  Indeed,  both  the  draped  IMF  intensity

and direction  show  CR  periodicity  at  the  Martian  induced  mag-

netosphere/ionosphere, with synodic period between 26−27 days

(e.g. Brain  et  al.,  2006).  Using  Mars  Global  Surveyor  (MGS)  orbit

phase observations from 2000 to 2006, Mittelholz et al. (2017) in-

vestigated  the  global  external  magnetic  fields,  identified  26-day

periodic signals, and attributed them to the alternating polarity of

the draped, compressed IMF in the 26-day CR cycle. Based also on

five years of MGS measurements, Brain et al. (2006) found that the

draping  direction  also  varies  on  timescales  associated  with  the

solar  rotation  period  at  a  given  latitude  band  in  the  northern

hemisphere.

The ionosphere’s electron density is one of the critical parameters

in inducing  its  dynamo  current.  Both  temporal  and  spatial  vari-

ations  of  the  ionospheric  irregularities  (e.g.，Yao  MJ  et  al.,  2019;

Jiang CH et al., 2022) may contribute to the variation in the iono-

spheric  dynamo  current  and  in  turn  result  in  the  magnetic  field

variations on the Martian surface. Therefore, periodic variations of

the  electron  density  may  also  result  in  corresponding  dynamo

currents with the same period. Since the Martian ionospheric peak

electron density is strongly correlated with solar radiation, such as

F10.7 (e.g. Withers and Mendillo, 2005), the peak electron density at

the dynamo region should also have the same solar rotation peri-

od as the solar radiation. Based on observations from the Mars Ex-

press, Nielsen  et  al.  (2006) found  that  the  maximum  electron

density  at  sub-solar  points  varies  in  time  with  the  solar  rotation

period, which indicates contribution from ionizing solar radiation.

Using MGS satellite measurements, Venkateswara Rao et al. (2014)

studied  statistically  the  electron  density  variation  at  the  Martian

high latitude ionosphere. They found that electron density exhib-

its variation with solar rotation period at nearly all altitudes. In ad-

dition,  the  amplitude  of  the  electron  density  variations  was

3.5%−6% of  the  local  electron  density.  Thus,  according  to  Equa-

tion (1),  one could expect  that  the dynamo currents,  also,  would

vary with solar rotation period.

The  neutral  densities  (CO2,  N2,  CO,  O,  etc.)  are  believed  also  to

have solar rotation periodic variations in Mars’s thermosphere and

ionosphere. In a recent paper (Hughes et al.,  2022), Mars thermo-

spheric densities (125−250 km altitude) were investigated statist-

ically  using  2015−2020  data  from  MAVEN’s  NGIMS  instrument.

The authors found that the 27-day periodic variation of  the solar

Extreme Ultra Violet (EUV) radiation has a strong impact on Mars’

thermosphere  densities.  They  also  found  that  the  effects  were

stronger  at  higher  altitudes  and  that  the  relative  change  of  the

neutral densities can reach ~20% at the 175 km altitude.

On Earth, variations in the length of the solar rotation period have

long  been  noted  in  data  from  geomagnetic  stations,  e.g. Briggs

(1984),  who  suggested  that  the  electron  density,  as  well  as  the

tides wind,  were  sources  of  the  CR  variations  observed  at  geo-

magnetic  stations  under  Solar  quiet  (Sq)  conditions.  However,

based on natural  orthogonal  component  analysis, De Michelis  et

al. (2010) found that CR variations recorded at the L’ Aquila obser-

vatory  appeared  mainly  in  the  second  principal  component,

which corresponds  to  magnetospheric  currents  such  as  the  par-

tial ring current and the field-aligned current (Xu WY and Kamide,

2004). Therefore,  even  at  Earth,  sources  of  magnetic  field  vari-

ation  at  the  surface  that  correlate  with  solar  rotation  period  are

under debate.

In  this  paper,  based  on  nearly  an  entire  martian  year’s  worth  of

magnetic field measurements from InSight, we have attempted to

investigate  correlations  between  solar  rotation  periodicity  and

magnetic field variations in order to infer their possible causal re-

lationship(s)  by  introducing  an  analytical  model  that  imbeds  the

periodic ionospheric parameters to calculate ionospheric dynamo

currents and corresponding magnetic field variations measured at

the InSight landing site. To our best knowledge, this is the first re-

port of and study about CR period variations of the magnetic field

at the Martian surface. 

2.  Data and Method
Calibrated  0.2  Hz  InSight  IFG  magnetic  field  data  (Banfield  et  al.,

2019)  from  sol  15  to  sol  668  are  used  in  this  study. Figure  1a

presents the summation of eigenmodes 2−5 of the peak-to-peak

amplitude of  the H component in each sol,  as  a  function of  solar

longitude (Ls) and true local solar time. The thick lines in Figure 1a

indicate the  10-sols  running  average  of  the  peak-to-peak  amp-

litude. We note that the amplitude varies with a quasi-CR period,

with an average peak-to-peak variation amplitude of about 10 nT.

Figure 1b shows the corresponding FFT amplitude spectra, exhib-

iting quasi-CR peaks at about 27.2 days.

The model used in this study is somewhat similar to that of Lillis et

al. ( 2019). According to the theory, the dynamo current can be ex-

pressed as (Lillis et al., 2019):

JJJwind = B[σpUUU × bbb + σhUUU
⊥], (1)
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UUU⊥

bbb σp σh

where  is the neutral wind vector component perpendicular to

the background magnetic field,  is the unit vector of B,  and 

are  the  total  Pedersen  and  Hall  conductivities,  and  they  can  be

written as:
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where Ne is  the  electron  density,  and  are  the

cyclotron frequencies of the ion and electron, respectively. 

is a  dimensionless quantity which represents the relative import-

ance between electron-ion interactions and electron-neutral colli-

sions.  is also a dimensionless quantity reflecting the im-

portance  of  electron-ion  interactions  to  ion-neutral  interactions.

Other quantities, such as  and , can be determined according

to Chapter  4  of Schunk and Nagy (2009).  The periodicity  of  both

the magnetic field and the conductivity could bring about period-

ic dynamo currents.

Here  we  consider  several  factors  different  from  those  covered  in

Lillis  et  al.  (  2019).  First,  we  consider  the  dynamo  currents  to  be

varying in the horizontal plane by introducing a three-dimension-

al grid of the magnetic field from MAVEN observations above the

InSight landing site instead of the MHD results used in Lillis et al.

(2019). We have computed a  statistical  average of  MAVEN meas-

urements  over  the  InSight  landing  site  with  different  local  times

below 200 km altitude. Since MAVEN could not make continuous

measurements above the InSight landing site at all local times, we

have simply set the above statistical average value as the same for

all solar longitudes (Ls) from 0−360° of InSight. Although there are

seasonal variations  of  the  magnetic  field  in  the  Martian  iono-

sphere, we believe those variations  will  not  influence the follow-

ing  modeling  results  in  the  CR  time  scale.  Second, Ergun  et  al.

(2015) gave  the  first  direct  in  situ  measurements  of  the  electron

temperature  at  Mars,  based  on  data  from  the  MAVEN  Langmuir

probe  instrument.  They  investigated  the  altitude  profile  of  the

electron temperature and gave an analytical form:

Te =
TH + TL

2
+
TH − TL

2
tanh (z − Z0

H0
) , (4)

where TL (0.044 eV; 510 K) represents the asymptotic value of Te at

the  lowest  altitudes, TH (0.271  eV;  3140  K)  is  the  high-altitude

asymptotic value of Te, Z0 (241 km) is the altitude of the most rap-

id  change  in Te,  and H0 (60  km)  is  the  scale  height  of  the  rapid

change. In our study, we use the electron temperature calculated

according  to  the  formula  above.  Finally,  since  the  dynamo

region's lower boundary greatly influences the integrated current

density (Mittelholz et al., 2020), Both its upper and lower boundar-
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Figure 1.   (a) The summation of eigenmodes 2−5 of the peak-to-peak value of the H component in a sol as a function of sols; (b) The

corresponding normalized FFT amplitude spectrum. The dashed vertical line indicates the quasi-Carrington Rotation period. This figure was

adapted and reconstructed from Luo H et al. (2022).
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ies  are  calculated  by  electrons/ions  gyro-frequency  and  elec-
trons/ions-neutral collision(s).

To investigate which ionospheric parameter contributes the most

to the solar rotation period of the surface magnetic variations ob-

served at the InSight landing site, we artificially superpose a peri-

odic fluctuation to the background ionospheric parameters. In ad-

dition  to  the  magnetic  field,  the  other  background  ionospheric

parameters above the InSight landing site with different solar lon-

gitudes are given by the Mars Climate Database 5.3 (Millour et al.,

2017),  with  an  averaged  EUV  level  and  no  dust  storm  scenario.

This  database  was  constructed  by  the  Laboratoire  Meteorologie

Dynamiques  Mars  Global  Circulation  Model  (LMD-MGCM;

Forget et al., 1999; González-Galindo et al., 2013). Four categories

of  input  parameters—the  draped  IMF,  the  electron  density/

plasma density,  the neutral  densities,  and the electron temperat-

ure with CR period—are devised to investigate which one is more

important  in  inducing  the  observed  periodic  fluctuations  at  the

Insight  landing  site.  For  the  CR  fluctuation  amplitude,  according

to the spectral analysis of the magnetic field at 50−60 degrees of

the  Martian  ionosphere  (e.g., Mittelholz  et  al.,  2017), the  amp-

litude of magnetic field variations is about 10% of the local mag-

netic  field  intensity.  For  the  electron  density,  both Nielsen  et  al.

(2006) and Venkateswara Rao et al. (2014) found evidence of a sol-

ar rotation period, and they also gave the amplitude of the fluctu-

ation at M2 peak as approximately 3.5%−6% of the local electron

density at Martian high latitude (63°N−81°N). Here in this study we

set the amplitude of the fluctuation to be 5% of the local electron

density.  5% of  the  CR period fluctuations  are  also  superposed to

the electron temperature. 10% of the local neutral densities (CO2,

O, N2, CO) are set as the amplitude of the CR variations (Hughes et

al., 2022). Since there is no observational evidence of the solar ro-

tation periodicity in the neutral wind velocity in the Martian iono-

sphere, we do not include such fluctuations in the model. 

3.  Results
Figure  2 shows  background  input  ionospheric  parameters  along

with  artificial  fluctuations  at  the  altitude  of  130  km,  where  the

strongest  current  density  is  usually  located  (Lillis  et  al.,  2019;

Mittelholz  et  al.,  2020).  From left  to  right,  the magnetic  field,  the

electron density, the neutral densities, and the electron temperat-

ure, with different local true solar time and solar longitude (Ls) are

demonstrated. The  magnetic  field  has  long  been  known  to  pos-

sess a solar rotation period in both the IMF and the induced mag-

netosphere  of  Mars  (e.g. Brain  et  al.,  2006).  Because neither  MGS

or MAVEN  could  make  continuous  measurements  above  the  In-
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Figure 2.   The model input parameters in this study at 130 km above the InSight landing site as a function of Ls and true local solar time: the

draped IMF (a), the electron density (b), the neutral densities (c), and the electron temperature (d).
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Sight landing site with different local  times and for a whole mar-
tian year, we have added periodic variations of 10% of each mag-
netic  field  component. Figure  2a shows  that  the  peak  magnetic
field intensity appears at dayside, indicating a pileup effect of the
interplanetary magnetic field on the solar side.

As  is  expected,  the  electron  density  shows  peaks  at  the  subsolar
point  (Figure  2b). In  addition,  the  peaks  show  clear  seasonal  de-
pendence,  with  more  significant  electron  density  in  perihelion,
which is consistent with observations from Mars Express (Duru et
al.,  2019) and with MAVEN observations (Withers et  al.,  2015). Al-
though  there  are  no  continuous  observations  above  the  InSight

landing  site,  statistical  studies  based  on  data  from  MGS  indicate

that Martian high-latitude ionospheric Ne concentrations at nearly

all  altitudes  (90−220  km)  reflect  the  solar  rotation  period  (Ven-

kateswara Rao et al., 2014).

The  electron  temperature  (Te) is  an  essential  parameter  for  elec-

tron-neutral  and  electron-ion  collision  frequency  calculations

(Schunk and Nagy, 2009) and is therefore critical to modeling the

ionospheric  dynamo  at  Mars  (e.g., Withers  et  al.,  2014; Cui  et  al.,

2015; Fallows et al., 2015a, b).

The amplitude of the solar rotation periodicity of Te, though there
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Figure 3.   The simulated peak-to-peak value of the H component in a sol at InSight landing site as a function of Ls under the conditions of all the

input parameters: draped IMF with CR period (a), electron density with CR period (b), neutral densities with CR period (c), and electron
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Rotation period.
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are  no  direct  measurements,  is  also  set  to  be  5%  of  the  local Te

over a martian year. As seen in Figure 2c, the Te at 130 km altitude

is also stronger in autumn and winter. However, the local time de-

pendence is not as straightforward as the electron density.

Figure 3 shows simulation results of the daily amplitude (peak-to-

peak)  of  the H component  at  the  InSight  landing  site,  with  the

above  four  input  categories  as  a  function  of  solar  longitude  (Ls).

Figures 3a−3d demonstrate the results for the periodic variations

of the ionospheric draped magnetic field, the electron density, the

neutral  densities,  and  the  electron  temperature,  respectively.  In

addition to their clear seasonal dependence, the fluctuations with

CR period are quite different for the four categories. The first cat-

egory  (draped  IMF  with  CR  periodicity)  shows  ~3  nT  amplitude

variation  over  the  solar  rotation  period.  The  second  category

(electron density  with  CR  periodicity)  exhibits  the  most  remark-

able fluctuations with the solar  rotation period;  the amplitude of

the  electron  density  fluctuations  is  greater  than  10  nT,  which  is

comparable  to  the  observations  in Figure  1.  The  third  category

(neutral  densities  with  CR  periodicity)  shows  nearly  the  same

amplitude as the first category (~2 nT). The fourth category (elec-

tron temperature  with  CR  periodicity)  shows  only  small  fluctu-

ations near Ls = 120 degree. In order to determine each category’s

relative  quantitative  contributions  to  the  total  CR  periodicity  of

the surface  magnetic  field  variations,  we  calculate  the  corres-

ponding normalized FFT amplitudes for each category (Figure 3e).

The FFT spectra are calculated for the interval Ls from 0 to 360 de-

grees.  After  the  quantitative  calculation,  the  electron  density/

plasma density,  the  IMF,  the  neutral  densities,  and electron tem-

perature account  for  about  67.6%,  12.9%,  10.3%,  and  9.2%,  re-

spectively. Results from Figures 2 and 3 indicate that the variation

of  the  electron  density  in  the  Martian  ionosphere  is  the  main

factor accounting for the CR fluctuations of the daily amplitude of

the H component at the Martian surface. 

4.  Discussions 

4.1  The Conductivity Variation at the Martian Ionosphere

Due to Changes of Electron Density
According to  Equations  (2)  and  (3),  the  Pedersen  and  Hall  con-

ductivities are both proportional to the plasma density (assuming

that  the  electron  density  equals  the  ion  density)  in  the  Martian

ionospheric  dynamo  region.  Therefore,  variations  in  the  electron

density at a specific position in the Martian ionosphere would in-

duce  corresponding  variations  of  the  conductivities. Figure  4

shows the  total  Pedersen  (left  panel)  and  Hall  (right  panel)  con-

ductivities at 130 km at different local times as a function of the Ls.

The input  parameters  are  the same as  mentioned in  Section 2.  It

was shown that the conductivities also exhibit  the CR periodicity

and would  be  the  direct  reason  for  the  CR  periodicity  of  the  dy-

namo current  and the  resulting surface  magnetic  field.  Based on

measurements by  the  Mars  Global  Surveyor  (MGS)  during  aero-

braking orbits early in the mission, Opgenoorth et al. (2010) found

that the  most  substantial  layer  of  Pedersen  conductivity  is  ob-

served between 120 and 130 km, and that Hall conductivity peaks

at about 130−140 km. The peak Pedersen and Hall conductivities

can  reach  0.1−1.5  S/m,  which  is  consistent  with  the  results  in

Figure 4. 

4.2  CR Effect at Martian Surface vs. at Earth’s Surface
A 27-day recurrence tendency in the Earth’s ionospheric dynamo

current and  its  corresponding  daily  variation  at  the  planet’s  sur-

face  have  been  observed  (e.g. Hibberd,  1981; Briggs,  1984).

However, the 27-day recurrence tendency of the Sq has appeared

to be too large to be accounted for purely by changes in conduct-

ivity. Briggs (1984) believed that changes in the amplitude of the

tidal winds were required to explain the observation. However, no

direct  evidence  for  such  periodic  variations  of  the  tidal  winds

was  reported  in  that  literature.  Based  on  the  MNOC  method,

De Michelis et al.  (2010) found that the variation in the Sq field at

the L’ Aquila observatory exhibited a solar rotation period, which

appeared  most  prominently  at  the  second  eigenmode.  The

second eigenmode was believed to be related to magnetospheric

current systems such as the partial  ring current,  the related field-

aligned currents (De Michelis et al., 2010), and/or the mid-latitude

return current of the substorm current system (Xu WY and Kamide,
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Figure 4.   The Pedersen (left panel) and Hall (right panel)

conductivities as a function of Ls and true local solar time at the

altitude of 130 km above the InSight Landing site. The electron

density is the only input parameter with CR period.
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2004). Both  the  ionospheric  dynamo  process  and  the  magneto-

spheric current  system may contribute  to  the solar  rotation peri-

odicity observed in the magnetic field at the Earth’s surface.

On the Martian surface, at the InSight landing sight, we found that
the  magnetic  field  variation  with  solar  rotation  period  could  be
accounted  for  mainly  by  the  ionospheric  dynamo  process.  The
volume  current  density  of  the  Martian  induced  magnetospheric
current, such as the induced magnetic pileup boundary (MPB) cur-
rent,  can reach several  hundred nA/m2 (Boscoboinik et  al.,  2020).
The thickness  of  the MPB can vary  from tens to  hundreds of  km.
We  simply  used  the  Biot–Savart  Law  to  estimate  the  magnetic
field  variation  at  the  surface,  generated  by  an  MPB  of  150  km
thickness  and  current  density  of  400  nA/m2.  We  found  that  the
magnetic field variation generated by such an MPB current would
be less than 1 nT. Nevertheless, we cannot exclude the possibility
that much  stronger  local  currents  exist  in  the  induced  magneto-
sphere  of  Mars.  With  the  successful  landing  of  the  Chinese  Zhu-
Rong  Rover  (Du  AM  et  al.,  2020),  magnetic  field  measurements
from two  stations  (InSight  and  ZhuRong)  will  be  used  to  distin-
guish  the  magnetic  effect  from ionospheric  dynamo current  and
induced magnetospheric  current,  since the disturbance field due
to a distant induced magnetospheric current should be very simil-
ar at the two stations and could thus be canceled out, but the ef-
fects produced by an overhead ionospheric current should remain
(Hibberd, 1981; Briggs, 1984; Xu, 1992; Chen et al., 2007).

The sol-to-sol daily variability in the Martian surface magnetic field

is expected to be more conspicuous than is observed at the Earth’s

surface.  One  vital  factor  is  that  the  Martian  ionospheric  dynamo

process  (see  Equation  (1))  is  more  dynamic  than  Earth’s  because

Mars lacks  a  global  dipole  field,  allowing  the  IMF  to  interact  dir-

ectly with the Martian ionosphere above the planet’s weak crustal

magnetic  field  (e.g., Brain  et  al.,  2006). That  is  the  case  at  the  In-

Sight  landing  site,  above  which  the  draped  IMF  and  the  crustal

field  are  comparable  in  the  dynamo  region  (Lillis  et  al.,  2019;

Mittelholz et al., 2020). Therefore, disturbance in the IMF could in-

fluence  the  total  magnetic  field  in  the  dynamo  region  and  may

result in dynamo currents in the Martian ionosphere that vary far

more than those in Earth’s ionosphere. This expectation has been

confirmed by MNOC analysis of the daily magnetic variation of In-

Sight observations for 16−668 sols (Luo et al., 2022), in which the

second  eigenmode  was  found  to  be  comparable  with  the  first

one.  Other  ionospheric  parameters,  such as  the  electron density,

the neutral wind velocity, and the density, are believed to contrib-

ute  less  to  the  sol-to-sol  variability  than  the  magnetic  field.

However, for the CR periodicity investigated in this study, we find

that electron density played a more important role than the other

ionospheric  parameters.  Therefore,  it  is  possible  that  on  longer

time scales, such as that of the CR period, it is the solar EUV radi-

ation, which  controls  the  electron  density  in  the  Martian  iono-

sphere,  that  is  the  main  influence.  On  the  other  hand,  magnetic

fields on shorter time scales, such as that of the diurnal and sol-to-

sol variability, may be attributed to the IMF variations.

It  should  be  noted  that  we  did  not  consider  the  CR  effect  of  the

neutral wind velocity on the daily variation on the Martian surface

because no observational evidence has thus far been reported for

CR fluctuations  of  the  neutral  wind  velocity  in  the  Martian  iono-

spheric dynamo region, though such periodicity is reported in the

Earth’s ionosphere (e.g., Guharay et al., 2020). 

4.3  Implication for Probing the Electric Conductivity of the

Martian Interior
One potential application of the periodic fluctuations at the Mar-

tian surface  is  to  use  this  phenomenon  to  probe  the  planet’s  in-

terior  electric  conductivity.  The  observed  time-varying  magnetic

fields  are  the  vector  sum  of  external  inducing  fields  and  internal

induced  fields.  The  interior  electric  conductivity  as  a  function  of

depth can  be  determined  by  separating  the  inducing  and  in-

duced magnetic fields and analyzing the relationship between the

two fields.  The  skin  depth  of  time-varying  magnetic  fields  de-

pends on both the frequency of the inducing fields and the interi-

or electrical conductivity structure. The Martian mantle conductiv-

ities are likely to be in the range 0.1−1 S/m (Verhoeven and Vacher,

2016; Smrekar et al., 2019). According to estimation from Johnson

et al. (2020), the magnetic fields fluctuations with CR period could

be used to probe the mantle conductivities at least to a depth of

700 km. Investigations of the upper mantle and the crust require

higher frequencies, such as the daily variations and pulsation sig-

nals. Concurrent  observations  at  different  frequencies  from  In-

Sight  and  ZhuRong  magnetometers  on  the  Mars  surface,  and

from  Tianwen-1  and  MAVEN  orbiting  instruments,  are  providing

unprecedented opportunities for future investigation of the interi-

or structure of Mars. 

5.  Conclusions
In this  study,  by modeling the effect  of  several  ionospheric  para-

meters with  CR  periodicity  on  the  surface  magnetic  field  vari-

ations, we conclude as follows:

(1)  Different  from the  Earth,  the  magnetic  field  variation  with  CR
period on  the  Martian  surface  mainly  originates  from  the  vari-
ations of the corresponding ionospheric dynamo currents.
(2)  The  ionospheric  electron  density/plasma  density  fluctuations
related  to  the  solar  rotation  contribute  the  most  (~68%)  to  the
magnetic field  variation on the Martian surface with the CR peri-
od.
(3) The  draped  IMF,  ionospheric  neutral  densities,  and  the  elec-
tron temperature, which also show CR periodicity, account for the
remaining  ~32%  of  the  surface  magnetic  field  variation  with  CR
periodicity.
(4) The joint observation from InSight and ZhuRong in the future
is  expected  to  be  useful  to  distinguish  the  sources  of  the  time-
varying  magnetic  field  on  the  Martian  surface  and  to  probe  the
conductivity structures in the Martian interior. 
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