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Abstract: Profiles of the Martian dayside ionosphere can be used to derive the neutral atmospheric densities at 130 km, which can also
be obtained from the Mars Climate Database (MCD) and spacecraft aerobraking observations. In this research, we explain the method
used to calculate neutral densities at 130 km via ionosphere observations and three long-period 130-km neutral density data sets at
northern high latitudes (latitudes > 60°) acquired through ionospheric data measured by the Mars Global Surveyor (MGS) Radio
Occultation Experiment. The calculated 130-km neutral density data, along with 130-km density data from the aerobraking observations
of the MGS and Mars Odyssey (ODY) in the northern high latitudes, were compared with MCD outputs at the same latitude, longitude,
altitude, solar latitude, and local time. The 130-km density data derived from both the ionospheric profiles and aerobraking observations
were found to show seasonal variations similar to those in the MCD data. With a negative shift of about 2 × 1010 cm−3, the corrected 130-
km neutral densities derived from MCD v4.3 were consistent with those obtained from the two different observations. This result means
that (1) the method used to derive the 130-km neutral densities with ionospheric profiles was effective, (2) the MCD v4.3 data sets
generally overestimated the 130-km neutral densities at high latitudes, and (3) the neutral density observations from the MGS Radio
Science Experiment could be used to calibrate a new atmospheric model of Mars.
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1.  Introduction
Early in the 1780s, Mars was found to have an atmosphere, based

on periodic changes in the area of the Martian polar crest and ter-

restrial observations of the edge of Mars (Herschel, 1784). This was

the  beginning  of  Martian  atmospheric  research.  When  Mariner  4

flew  by  Mars  in  1965,  the  Martian  atmosphere  and  ionosphere

were observed for the first time via radio occultation, and through

this method,  the  first  profile  of  the  Martian  ionosphere  was  de-

rived (Fjeldbo et al., 1966). With knowledge of the basic paramet-
ers of the Martian atmosphere, some single-circle circulation mod-
els were developed to characterize the Martian global circulation
(Zurek, 2017). In 1971, Mariner 9 became the first orbiter to make
long-term  observations  of  the  Martian  atmosphere,  followed  by
two Viking  probes  and  their  landers.  The  atmospheric  observa-
tions made by Mariner 9 and Viking 1 and 2 greatly improved re-
search on the composition of the Martian atmosphere and its sea-
sonal  changes,  CO2 circulation,  H2O  circulation,  dust  storms,  and
global  atmospheric  circulation  patterns  (Nier  and  McElroy,  1976;
Jakosky and Farmer,  1982; Ryan, 1985; Clancy and Lee,  1991).  On
the basis  of  these data and research studies,  classical  Martian at-
mosphere circulation models  (represented by the Laboratoire  de
Météorologie  Dynamique  Mars  Global  Circulation  Model  (LMD-
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MGCM) and Mars  Thermospheric  General  Circulation Model  (MT-
GCM))  were  considerably  improved  and  became  reliable.  As  the
20th century transitioned to the 21st century, the Mars Pathfinder,
Mars  Global  Surveyor  (MGS),  Mars  Odyssey  (ODY),  Mars  Express
(MEX), Mars Reconnaissance Orbiter, and Mars Science Laboratory
were successively  launched to Mars.  Observations from these or-
biters,  landers,  and  rovers  gave  researchers  a  global,  systematic,
and refined understanding of the Martian atmosphere. With these
detailed  and  plentiful  data,  the  scope  and  accuracy  of  Martian
global atmospheric circulation models were further improved. At
present, models such as the Mars General Circulation Model–Mars
Thermosphere  General  Circulation  Model  (MGCM-MTGCM)  and
the Mars Global Ionosphere–Thermosphere Model (M-GITM) have
been able to simulate the Martian atmosphere from the surface to
the  thermosphere  (González-Galindo  et  al.,  2006; Bougher  et  al.,
2015). As can be seen from the history of Martian atmospheric re-
search and Martian atmospheric modeling research, the develop-
ment  and  improvement  of  Martian  atmospheric  models  relies
heavily on the support of long-term, wide-ranging, and high-qual-
ity observation data.

Currently, the main methods of detecting the Martian neutral  at-
mosphere  include  aerobraking,  in  situ,  spectrometer,  and  radio
occultation observations. The density data derived from aerobrak-
ing measurements  onboard  the  MGS  and  ODY  have  aided  re-
search exploring gravity waves, nonmigrating waves, and instabil-
ity in the Martian upper atmosphere (Bougher et al., 2001; Wilson,
2002; Fritts et al., 2006). In the recent Mars Atmosphere and Volat-
ile  EvolutioN  (MAVEN)  mission,  aerobraking  measurements  and
Neutral Gas  and  Ion  Mass  Spectrometer  (NGIMS)  in  situ  observa-
tions captured the neutral density of different species at a height
as  low as  135 km during the deep-dip phases  (Dong et  al.,  2015;
Mahaffy et al., 2015). Limited by the orbit design, the aerobraking
and  in  situ  observations  have  so  far  been  able  to  derive  density
data only at an altitude higher than 100 km, and long-term high-
latitude  observations  are  still  rare  (Keating  et  al.,  1998, 2003,
2007). The Spectroscopy for Investigation of Characteristics of the
Atmosphere of Mars (SPICAM) onboard MEX and the Imaging Ul-
traviolet  Spectrograph  (IUVS)  onboard  MAVEN  have  respectively
observed Martian atmospheric pressure and temperature profiles
at 60–130 km and 100–150 km through stellar occultation (Forget
et al.,  2009; Gröller et al.,  2015). These spectrometer observations
have been very useful  in  research on the upper atmosphere,  but
the coverage of this observation is still  poor at local times and in
local  seasons.  Apart  from  IUVS/MAVEN  and  SPICAM/MEX,  the
Thermal  Emission  Spectrometer  (TES)  on  the  MGS  and  the  Mars
climate sounder on the Mars Reconnaissance Orbiter can also use
spectrometer  observations  to  derive  temperature  profiles  and
dust, water ice, and dry ice profiles in the lower and middle atmo-
sphere, and these data have played an important role in the study
of  Martian  climate  evolution  (Kleinböhl  et  al.,  2009).  In  addition,
radio  occultation  observations,  as  an  effective  and  inexpensive
technique  for  acquiring  the  atmospheric  neutral  density,  have
been widely used in almost all the Mars probes. However, only the
neutral densities of the lower and middle atmosphere can be de-
rived  from  radio  occultation  observations.  For  example,  in  the
MGS  radio  occultation  experiment,  only  the  neutral  density  data
at 0–50 km were reliable (Hinson et al.,  2004), although radio oc-

cultation measurements are an important means of  studying the
planetary  ionosphere.  It  can  be  concluded,  based  on  the  above
discussions,  that  to  date,  long-term  observations  of  the  Martian
upper atmospheric densities in high-latitude regions are still rare.

Without  a  strong  magnetic  field,  particles  from  the  solar  wind
would interact directly with the Martian atmosphere and cause in-
stability and loss of the upper atmosphere. At the same time, vari-
ation in the solar radiation could easily change the thermal struc-
ture of the upper atmosphere (Jain et al., 2016). Furthermore, the
waves and activities of the lower atmosphere (e.g., gravity waves,
dust  storms,  etc.)  could affect  the structure of  the Martian upper
atmosphere and ionosphere (Withers and Pratt, 2013; Qin JF et al.,
2019a). For these reasons, the upper atmosphere of Mars is quite
unstable and unpredictable. Hence, at present, the classic models
of the  Martian  atmosphere  are  still  problematic  in  their  simula-
tions  and  prediction  of  the  upper  atmospheric  densities.
Moreover,  a  phenomenon exists  in  which the Martian pole  areas
might be heated by the adiabatically sinking airflow, which is con-
trolled  by  global  circulation  (Lewis  et  al.,  2007; Medvedev  et  al.,
2013), and this mechanism makes the density of the high-latitude
upper atmosphere more difficult to simulate and predict.

As  explained  above,  Martian  atmospheric  circulation  models  do
not perform  well  in  the  region  of  the  high-latitude  upper  atmo-
sphere,  and  long-term  observations  of  this  region  are  not  rich
enough to  support  research  on  and  simulations  of  the  upper  at-
mosphere. Thus, the study and modeling of the Martian upper at-
mosphere  are  of  great  importance  to  current  and  future  Mars
projects, given that fluctuations in the upper atmosphere can sig-
nificantly  affect  low-orbit  detectors  and  aerobraking  landers  and
that the  ionosphere  embedded  in  the  middle  and  upper  atmo-
sphere can affect communication between the landers and orbit-
ers.  For  this  situation,  the  coupling  between  the  Martian  neutral
atmosphere  and  ionosphere  was  researched  and  a  method  was
proposed to calculate Martian neutral densities at 130 km (the av-
erage altitude of the main peak height of the Martian ionosphere)
through ionospheric profiles (Zou H et al., 2005, 2006, 2011). With
this method, three long-period ionospheric observations from the
MGS  radio  occultation  experiment  were  used  to  estimate  the
neutral  densities  at  130 km in the northern high-latitude regions
(Zou H et al.,  2016).  In this research, we compared the calculated
densities  with  the  outputs  of  the  Mars  Climate  Database  (MCD,
which  is  based  on  the  LMD-MGCM)  and  then  found  a  way  to
modify the outputs of MCD v4.3.

To verify the method used by Zou H et al. (2016) to calculate 130-
km neutral densities by using ionospheric profiles and their tech-
nique for modifying MCD v4.3, in this research, we compared two
other relatively short-term measurements of 130-km neutral dens-
ities —  those  made  by  the  MGS  and  ODY  aerobraking  observa-
tions in the northern high latitudes — with the unmodified versus
modified MCD  v4.3  outputs.  The  seasonal  coverage  of  aerobrak-
ing data is  at  260°–300°  solar  latitude (Ls),  whereas  the coverage
of  the  MGS  radio  occultation  measurements  is  at  Ls  70°–230°.  In
this  way,  we  could  further  determine  whether  the  technique  for
modifying  MCD  v4.3  could  be  used  in  the  dust  storm  season  (Ls
180°–360°),  during  which  Martian  global  dust  storms  frequently
appear  and  the  upper  atmosphere  becomes  more  unstable  at
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high latitudes. Moreover, by comparing the trends of aerobraking

data with the MCD outputs, we were able to obtain useful inform-

ation on the LMD-MGCM simulation of the high-latitude upper at-

mosphere during global dust storms.

The data  and atmospheric  model  used in  this  research are  intro-

duced in Section 2, and the method used to derive neutral densit-

ies  at  130 km from ionospheric  profiles  is  explained in Section 3.

The  main  results  comparing  the  aerobraking  data  with  the  MCD

outputs are  shown  in  Section  4,  followed  by  a  discussion  in  Sec-

tion 5 and the conclusions in Section 6.

2.  Data and the Model

2.1  MGS Radio Occultation Data
The ionospheric profiles used to derive neutral densities at 130 km

were from radio occultation observations made by the MGS dur-

ing  November  2000–July  2001,  November  2002–July  2003,  and

November 2004–July 2005 (corresponding to Ls 65°–175° in Mar-

tian year [MY] 25, Ls 85°–200° in MY26, and Ls 120–230° in MY27).

All these  data  could  be  found  in  the  Planetary  Data  System.  Ac-

cording  to Hinson  et  al.  (1999), MGS  radio  occultation  measure-

ments  can  acquire  an  electron  density  higher  than  103/cm3 at

80–200  km,  meaning  that  the  main  peak  height  profiles  of  the

Martian ionosphere could be measured precisely.

Depending on the period of the MGS orbit and the geometric re-

lationship between Mars and the Earth, 8–12 profiles of the iono-

sphere with similar latitudes, solar longitudes, solar zenith angles

(SZAs),  local  times,  and  discrete  longitudes  could  be  observed

each day. Figure 1 shows the main parameters of the ionospheric
profiles  (peak  altitudes  and  scale  heights  at  the  peak  altitudes)
and  observational  geometric  (SZAs,  local  times,  longitudes,  and
latitudes)  of  the  three  data  sets.  Note  that  all  these  observations
were  made  in  the  northern  high  latitudes  (60°–90°N),  with  the
continuous local time, SZA, latitude, and evenly dispersed longit-
ude varying with Ls.

2.2  MGS and ODY Aerobraking Data
Mars Global Surveyor aerobraking observations began in Septem-
ber 1997 and ended in March 1999. During this operation, the or-
bit  duration  of  the  orbiter  diminished  from  about  45  hours  to
about 2 hours. According to Tolson et al. (1999), each of the accel-
erometers onboard MGS was able to measure a velocity variation
of at least 0.332 mm/s, providing a sensitivity 38 times higher than
those of  the Viking probes.  At this  sensitivity,  the neutral  density
data derived  from  the  MGS  aerobraking  observations  had  an  ac-
curacy of 3% (below 140 km). In the Planetary Data System, both
7-s-averaged  density  data  and  40-s-averaged  density  data  are
provided, but only the former were used in this research.

Because we focused on the neutral density at 130 km in the north-
ern  high-latitude  regions  in  this  study,  only  the  relatively  long-
term aerobraking  observations  made  at  the  northern  high  latit-
udes  were  adopted.  These  kinds  of  observations  were  made  by
the  MGS  at  Ls  282°–299°  in  MY23,  as  shown  in Figure  2.  During
that period, the perigee height of the MGS orbits stayed as high as
120  km,  meaning  that  the  inbound  and  outbound  observations
shared  similar  latitudes,  longitudes,  local  times,  and  SZAs  (see
Figure 2).
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Figure 1.   Main parameters of the MGS radio occultation observations (Zou H et al., 2016).
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The  ODY  aerobraking  observations  began  in  October  2001  and
ended in January 2002. During the operation, the orbit duration of
the orbiter diminished from about 18 hours to about 2 hours. Ac-
cording  to Tolson  et  al.  (2005),  because  of  a  change  in  the
sampling rate  of  the  accelerometers  during  the  mission,  the  un-
certainty varied from 0.07 to 0.5 mm/s2 in 1-s count times, equival-
ent  to  a  neutral  density  uncertainty  of  0.15  to  1.1  kg/m3 (thus  a
number density uncertainty of 0.2 to 1.5 × 1010/cm3). The density
data  adopted  in  this  research  had  an  uncertainty  of  less  than
1010/cm3.

Mars  Odyssey  aerobraking  was  measured  at  northern-latitude
neutral densities of 130 km at Ls 263°–304° in MY25 (see Figure 3).
What must be emphasized is  that the perigee height of  the ODY
orbits remained lower than 100 km during this period, causing the
inbound and  outbound  observations  to  have  very  different  latit-
udes,  local  times,  and  SZAs  (see Figure  3).  Another  consequence
of such a low perigee is  that  with the potential  effect  of  a  rise in
temperature (which happened in every aerobraking phase) on the
accuracy of the accelerometers, inbound and outbound data may
have had different  systematic  errors  (Tolson et  al.,  2005).  For  the
reasons  above,  the  ODY  inbound  and  outbound  data  series  are
distinguished in this research.

2.3  MCD v4.3
The  MCD,  a  database  of  Martian  climate  and  environment,  is

based  on  the  simulation  outputs  of  LMD-MGCM  under  different

solar radiation  conditions  and  dust  scenarios.  This  database  in-

cludes  Martian  atmospheric  temperature,  pressure,  wind  field,

and  neutral  density,  as  well  as  the  mixing  ratios  of  water  vapor,

water  ice,  and different  neutral  components  in  the region below

250 km (Millour et al., 2008).

After  decades  of  research  and  optimization,  the  MCD  has  been

updated  to  version  5.3.  However,  when  we  first  attempted  to

compare MGS Radio Science data with MCD outputs in the work

by Zou H et al. (2011), the MCD had been updated only to version

4.3. To  maintain  consistency  in  the  research,  the  MCD  v4.3  out-

puts were again adopted in this  research.  Furthermore,  although

we attempted  to  use  the  latest  version  of  the  MCD  in  this  re-

search, the outputs of MCD v5.X showed completely different sea-

sonal variations than those from the MGS observations. This situ-

ation is also discussed in Qin JF et al. (2019a, b).

According to Millour et al. (2008), MCD v4.3 is able to provide sim-

ulated  atmospheric  density  data  under  minimum,  average,  and

maximum  solar  radiation  conditions  as  well  as  cold,  warm,  and

dust storm  dust  scenarios  for  MY24.  In  this  research,  the  condi-

tions were set to the maximum solar radiation conditions and the

dust  storm  scenario  of  MY24,  for  consistency  with Zou  H  et  al.

(2016).
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Figure 2.   Main parameters of the MGS aerobraking observations.
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3.  Method of Calculating Neutral Densities at 130 km
According to Chapman theory, the maximum electron density of a
planetary  ionosphere  is  thought  to  happen  in  the  atmospheric
level where τ = 1, that is, in the case of Mars,

τ = σ⋅∫ ∞

l0
Nmdl = σ⋅sec χ⋅∫ ∞

h0

Nmdh = σ⋅sec χ⋅Nm (hm)⋅Hn (hm) = 1, (1)

σ χ
hm Nm

l
Hn

where  represents  the  mean  cross  section  of  CO2,  represents
the SZA,  represents the ionospheric main peak height,  rep-
resents  the  neutral  density,  represents the  path  of  solar  radi-
ation in the atmosphere, and  represents the scale height of the
neutral atmosphere.

χ n0(cos χ)b n0

bMars

The consistency between the theory-based Chapman ionosphere
and the  vicinity  of  the  actual  main  peak  of  the  Martian  iono-
sphere has  been  researched  at  length.  Theoretically,  the  mag-
nitude of the peak electron density for a given solar radiation at a
SZA of  is equal to , where  is the subsolar maximum

electron density and b is 0.5 for an ideal Chapman ionosphere (i.e.,
a molecular ion-dominant ionosphere). Zhang et al.  (1990), Breus
et  al.  (2004),  and Zou  H  et  al.  (2006),  respectively,  calculated  the
value of b in the Martian ionosphere by using data from Mariner 9,
Viking orbiters, and the MGS, and they all  found  quite close
to  0.5  (0.57  for Zhang  et  al.,  1990,  0.5  for Breus  et  al.,  2004,  and
0.44  for Zou  H  et  al.,  2006).  According  to  these  results,  the  main
peak  of  the  Martian  ionosphere  is  quite  close  to  a  Chapman-like

ionosphere,  meaning  that  Equation  (1)  is  effective  in  the  main
peak region of the Martian ionosphere.

n

h

Further  derivations  and verification of  Equation (1)  can be found
in Breus  et  al.  (2004).  Equation  (1)  shows  the  coupling  between
the neutral atmosphere and the main peak of the ionosphere. Fur-
thermore,  according to Breus  et  al.  (2004),  the electron density 
near the main peak height of  the Martian ionosphere can be ap-
proximately described as a quadratic function of height :

n (h) = a + bh + ch2, (2)

a = nm (1 −
h2
m

4H2
n
) b =

nmhm
2H2

n
c = −

nm
4H2

n

Hn

h nm

in  which , , ,  represents  the

neutral scale height at height , and  represents the peak elec-
tron density.

Hn hm
Hn

χ σ
hm

On  the  basis  of  Equation  (2),  assuming  that  the  neutral  scale
height is a constant in the regions near the main peak of the iono-
sphere, the mean neutral scale height  and peak altitude  can
be acquired from the ionospheric profiles. When  is derived and

 and  are defined, according to Equation (1), the neutral density
at height  can be calculated, which is

Nm ≈
cosχ

σ ⋅ Hn (hm) . (3)

Because  the  main  peak  height  of  the  Martian  ionosphere  is
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Figure 3.   Main parameters of the ODY aerobraking observations.
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Hn

hm

around 130 km, it is acceptable to use the mean scale height  as

the scale height between 130 km and .  We then get  a  130-km

neutral density:

N130 = Nm ⋅ exp (hm − 130
Hn

) . (4)

4.  Comparisons Among the Calculated 130-km Density

Data, Aerobraking Data, and MCD v4.3 Outputs
Through  the  method  above,  we  were  able  to  derive  the  neutral

density  at  130 km from the ionospheric  profiles  observed by the

MGS radio occultation measurements. All the parameters needed

to  calculate  neutral  densities  at  130  km  could  be  acquired

through  the  MGS  radio  occultation  observations,  except  for  the

mean cross section of CO2,  which was set as 2.3 × 1017cm2 in this

research,  for  consistency  with  previous  research  (Wang  and

Nielsen, 2003; Zou H et al., 2005, 2011, 2016). The calculated 130-

km neutral density data were then compared with MCD v4.3 130-

km neutral  density outputs,  which shared the same latitude,  lon-

gitude, Ls, and local time with MGS observations (shown in Figure 1).

Figure 4a displays the comparison between the calculated 130-km

neutral  densities  from  the  MGS  radio  occultation  measurements

and  those  simulated  from  MCD  v4.3  over  three  periods  (Novem-

ber  2000–July  2001,  November  2002–July  2003,  and  November

2004–July 2005). As can be seen, during all three periods, the cal-

culated  130-km  neutral  densities  and  simulated  densities  shared

analogous variations, and the former held the constant lower than

the latter.  This  situation allowed us  to  modify  the MCD v4.3  out-

puts through a simple linear function,

N130_corrected_MCD = AN130_uncorrected_MCD + B,

for consistency  with  the  observations.  By  conducting  a  linear  re-
gression on the calculated 130-km neutral densities and MCD out-
puts in November 2000–July 2001, we could solve that A = 0.97 ±
0.05 and B = (−1.94 ± 0.25) × 1010cm−3 (Zou H et al., 2016), nearly
equivalent to a negative shift of about 2 × 1010cm−3.  In total, 209
samples were used in the linear regression, and the p-values of A
and B were  much  lower  than  0.05.  As  discussed  by Zou  H  et  al.
(2016), the coefficients A and B were evidently dependent on the
value of the mean cross section of CO2. When the value was set as
2.3 × 1017cm2, A was close to 1, and B was close to −2 × 1010cm−3.
An increase in the CO2 mean cross section could cause a decrease
in A and an increase in B. Figure 4b shows a comparison between
the  calculated  130-km  neutral  densities  and  the  corrected  MCD
v4.3 outputs. Note that the results of the modified MCD v4.3 out-
puts were in good agreement with the calculated 130-km neutral
densities in three periods,  except for  Ls 135°–145° MY27,  when a
local  dust  storm  was  occurring  at  low  latitudes  and  the  130-km
neutral  densities  were  uplifted  (Qin  JF  et  al.,  2019a).  This  result
also showed that the 130-km neutral densities were not sensitive
to  the  solar  radiation  conditions.  The  correlation  coefficients
between  the  calculated  130-km  neutral  densities  and  the  MCD
outputs  shown  in Figure  4 were,  respectively,  0.886,  0.909,  and
0.817  for  the  data  from  November  2000–July  2001,  November
2002–July  2003,  and  November  2004–July  2005.  Modification  of
the MCD outputs did not change the correlation coefficients.

The  three  MGS  radio  occultation  observations  of  the  Martian
northern hemisphere at high latitudes were mainly concentrated
in the no-dust-storm season (Ls <180°) when there were few glob-
al  dust  storms.  To  verify  the  method  of  calculating  the  130-km
neutral densities and of modifying the MCD v4.3 outputs, we fur-
ther compared the 130-km neutral density data observed by MGS
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Figure 4.   (a) Calculated 130-km neutral densities derived from the MGS radio occultation observations in MY25–27 (diamonds) and uncorrected

MCD v4.3 outputs (dots); (b) calculated 130-km neutral densities derived from the MGS radio occultation observations in MY25–27 (diamonds)

and corrected MCD v4.3 outputs (dots).
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and ODY  aerobraking  measurements  during  the  dust  storm  sea-
son  with  both  the  unmodified  and  modified  results  from  MCD
v4.3.

As  mentioned  in  Section  2,  MGS  aerobraking  registered  130-km
neutral  densities  of  the  Martian  northern  high  latitudes  at  Ls
282°–299° (MY23), which belongs to a dust storm season. Figure 5
shows  MGS  aerobraking  observations  and  MCD  v4.3  outputs  for
neutral  densities  at  130  km.  The  MGS  aerobraking  data  were  5-
point running averaged.  As shown in Figure 5, the neutral  atmo-
spheric density at 130 km observed by MGS aerobraking showed
a typical periodic fluctuation. This fluctuation was also reflected in
the outputs from MCD v4.3. As shown in Figure 2, the latitude, loc-
al  time,  and  SZA  changed  only  moderately,  but  the  longitude
changed  violently  and  periodically  during  the  MGS  aerobraking
observations,  so  the  fluctuations  are  thought  to  be  the  effect  of
longitudinal  variations.  This  effect  of  longitudinal  variations  on
the upper atmosphere of Mars is discussed in detail in the work of
Keating et al.  (1998), which is also based on observations of MGS
aerobraking.  In  addition,  some sudden increases  (called  “bursts”)
in the neutral density at 130 km were observed by MGS aerobrak-
ing, such as those near Ls 285°,  295°,  and 296°.  These sudden in-
creases  in  observed  neutral  densities  may  have  been  caused  by
local  or  short-term dust storms.  Because the outputs of  the MCD
v.4.3 are based on dust  storm scenarios  in  MY24,  this  dust  storm
caused increases in  the neutral  densities  at  130 km in MY23 that
did not appear in the MCD results. As shown in Figure 5, the modi-
fied MCD  outputs  were  basically  consistent  with  the  MGS  aero-
braking observations, except for some diversity caused by the dif-
ferent dust scenarios, meaning that the method of modifying the
MCD v4.3 outputs was still effective during the dust storm season
at Ls 280° –300°. The correlation coefficient between the densities
observed  through  MGS  aerobraking  and  the  MCD  outputs  was
0.321, as shown in Figure 5.

Mars  Odyssey  aerobraking  measured  the  northern  high-latitude
130-km neutral densities at Ls 263°–304° in MY25. As discussed in
Section 2, because the ODY perigee height was far lower than 130
km  during  this  period,  the  inbound  and  outbound  observations
were  considerably  different  in  latitudes,  local  times,  and  SZAs.
Therefore, the  inbound  and  outbound  observations  were  com-

pared  separately  with  the  MCD  v4.3  outputs.  Additionally,  the

ODY aerobraking data were 5-point running averaged.

Figure 6 shows the comparison between the ODY aerobraking ob-

servations and the MCD simulation results. The outbound data are

plotted in Figure 6a, and the inbound data in Figure 6b. The blue

diamonds represent  aerobraking  observations,  the  red  dots  rep-

resent uncorrected MCD v4.3 outputs, the red asterisks represent

corrected MCD v4.3 outputs,  and the black crosses represent un-

corrected  MCD  v4.3  outputs  with  a  negative  shift  of  about  3  ×

1010cm−3,  which mostly agree with the ODY observations after Ls

290°.  In Figure 6,  we can see fluctuations and bursts  in  the ODY-

observed neutral  densities at 130 km similar to those in the MGS

aerobraking  observations.  For  the  outbound  observations,  the

corrected MCD v4.3  outputs  were quite  consistent  with  observa-

tions after Ls 295°, but the former were larger than the latter when

Ls < 290°. Similar phenomena are also shown in the MGS observa-

tions  in Figure  5. These  phenomena  may  be  related  to  deficien-

cies in MCD v4.3, as discussed in Section 5. For the inbound obser-

vations, the corrected MCD v4.3 outputs were still  somewhat lar-

ger than the observations. After subtracting 3 × 1010cm−3 from the

uncorrected MCD outputs,  the MCD results basically agreed with

the ODY observations after Ls 290°. We believe that the mismatch

between the corrected MCD outputs and the ODY inbound obser-

vations may  have  been  caused  by  both  an  ODY  aerobraking  ob-

servational error and some deficiencies in MCD v4.3, as discussed

in  the  next  section.  The correlation coefficient  between the  ODY

aerobraking-observed densities and the MCD outputs for the out-

bound data was 0.568, and that for the inbound data was 0.536.

As can be seen, the correlation coefficients between the MCD out-

puts  and  aerobraking  observations  for  the  ODY/accelerometer

(ACC)  and  MGS/ACC  (0.321,  0.568,  and  0.536,  respectively)  were

much lower than those for the MGS/radio occultation (RO; 0.886,

0.909, and  0.817).  Except  for  the  differences  in  observational  er-

rors and seasons (as discussed in Section 5),  one main reason for

the low correlation coefficients may be the shorter observational

durations in the cases of MGS/ACC and ODY/ACC.

Generally,  the MCD is  more suitable for simulating or forecasting

the  long-term  and  large-scope  averaged  variations  of  Martian
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neutral densities, such as those caused by seasonal variations, lat-

itude  variations,  and  global  dust  storms.  To  date,  simulations  of

the  atmospheric  waves  have  caused  variations  and  short-term,

local  dust  storms  have  caused  variations  in  the  Martian  neutral

densities that  are  still  not  clear;  in  addition,  a  series  of  interpola-

tion  processes  were  used  when  generating  the  MCD  outputs,  all

making the  MCD  unsuitable  for  simulating  short-term,  local  vari-

ations in the neutral densities (Millour et al., 2008).

In  our  case,  all  the  durations  of  the  MGS/RO  observations  were

longer than 100° Ls, whereas the durations of the MGS/ACC obser-

vations were only about 19° Ls and those of the ODY/ACC obser-

vations  were  shorter  than  40°  Ls.  Because  of  the  existence  of

short-term, local neutral density variations, which cannot be simu-

lated well by the MCD, as well as observational errors, the longer

the  observational  duration,  the  greater  would  be  the  proportion

of long-term neutral density variations in the total variations and

the higher the correlation coefficient would be. Some of the short-

term, local variations of accelerometer-observed neutral densities

could  be  removed  by  the  running  average  process.  When  the  5-

point running average was calculated, the correlation coefficients

for  MGS/ACC  and  ODY/ACC  increased  to  0.502  (for  MGS/ACC),

0.840 (for ODY/ACC outbound), and 0.766 (for ODY/ACC inbound).

5.  Discussion
The upper atmosphere of Mars is quite unstable. Variations in sol-

ar radiation, dust storm activities, strength of the atmospheric cir-

culation,  and waves in the lower atmosphere can all  significantly

affect the densities of the Martian upper atmosphere, resulting in

density  variations  at  different  seasons,  latitudes,  longitudes,  and

local times. In the dust storm season, modeling the Martian upper

atmospheric densities  will  be  more  difficult  because  of  the  fre-
quent  dust  storm  activity  and  consequent  variations  in  the
strength of atmospheric circulation (Conrath et al., 2000; Lewis et
al.,  2007; Medvedev  et  al.,  2013).  From  the  above  comparison
between aerobraking observations of  the MGS and ODY and the
modified  MCD  v4.3  outputs,  we  found  deficiencies  in  MCD  v4.3
when  simulating  Martian  northern  high-latitude  atmospheric
densities at 130 km during the dust storm seasons.

Because the MGS/RO observations took place mainly  in  the non-
dust-storm seasons, the calculated 130-km neutral densities were
consistent  with  the  modified  MCD  v4.3  outputs  in  nearly  all  the
observation periods. The only exception (Ls 135°–145°, MY27) was
due  to  local  dust  storm  activity,  as  reported  by Qin  JF  et  al.
(2019a). These local dust storms caused variations in the upper at-
mospheric densities that could not be simulated well by the MCD
(Millour  et  al.,  2008),  causing  the  correlation  coefficient  between
MCD  and  MGS/RO  observations  in  MY27  (0.817)  to  be  slightly
lower than  those  in  MY25  and  MY26  (0.886  and  0.909,  respect-
ively).  Similarly,  the frequent occurrence of  local,  short-term dust
storms in the dust storm seasons was implicated in the large, sud-
den  increases  in  the  MGS/ACC-  and  ODY/ACC-observed  neutral
densities, which is likely one reason for the lower correlation coef-
ficients  in  the  accelerometer  observations  (0.321,  0.568,  and
0.536)  compared  with  the  MGS/RO  observations.  As  shown  in
Figures 5 and 6, both MGS and ODY aerobraking registered neut-
ral  densities  at  130  km  that  were  considerably  lower  than  the
modified MCD v4.3 outputs before Ls 295°. During dust storm sea-
sons,  the  upper  atmospheric  densities  are  mainly  controlled  by
global dust storm activities, which can be quantified by the glob-
al  average  atmospheric  opacity.  Because  observations  before
MY24  were  lacking,  only  the  atmospheric  opacity  data  in  MY24
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and in the period during ODY aerobraking observations could be
derived (Montabone et al., 2015). As shown in Figure 7, the global
average  atmospheric  opacities  in  MY25  were  universally  higher
than in MY24 during Ls 260°–300°. When the atmospheric opacity
is  elevated,  the  low and middle  atmosphere  will  become heated
and extend more dramatically, and the upper atmospheric densit-
ies  will  then  become  higher.  However,  the  ODY  aerobraking-ob-
served densities in MY25 were lower than the modified MCD v4.3
outputs,  which  were  based  on  MY24  dust  scenarios.  This  means
that MCD v4.3 tended to overestimate the effect of dust storms on
the northern high-latitude neutral densities at 130 km.

Because the  ODY  aerobraking  inbound  and  outbound  observa-
tions had different latitudes and local times, comparison between
the ODY  observations  and  the  modified  MCD  v4.3  outputs  al-
lowed  us  to  analyze  the  performance  of  MCD  v4.3  in  simulating
northern high-latitude  130-km  neutral  densities  at  different  latit-
udes  and  local  times.  These  data  sets  are  displayed  in Figure  8.
Figure  8a shows  ODY  observations  of  130-km  neutral  densities,
and Figure 8b shows unmodified MCD v4.3 outputs. Figure 8c and
8d show latitudes and local times. The blue symbols represent in-
bound observations, and the red symbols represent outbound ob-
servations.

Intuitively,  we  can  see  from Figure  8a that  the  variations  of  the
outbound observations are considerably larger than those of  the
inbound observations  before  Ls  290°.  As  mentioned,  these  sud-
den increases (such as Ls 270°–275° and Ls 287°–290°) may be the
effects of local or short-term dust storms. The difference between
inbound  and  outbound  observations  of  these  sudden,  dust-
storm-caused disturbances  can  be  related  to  the  latitude  vari-
ations. As shown in Figure 8c, when Ls < 290°, the outbound ob-
servations (red symbols) were mainly made at 60°–70°N, whereas
the  inbound  observations  (blue  symbols)  were  all  made  above
75°N. According to previous research, Martian dust storms can sig-
nificantly increase the strength of atmospheric circulation and can
then affect the atmospheric temperature and density at high latit-
udes by enhancing the atmospheric adiabatic sinking movement
in the polar regions. At Ls ~270°, the subsolar point was south of
the  Martian  equator.  Therefore,  the  latitude  where  the  northern
branch  of  the  circulation  airflow  sank  could  not  be  as  high  as
80°N.  Because  of  this,  in  the  outbound  observations,  the  neutral
densities  at  130  km  were  easily  affected  by  dust  storm  activities,

but in the inbound observations,  the neutral  densities at  130 km
were much less affected. After Ls 290°, both the inbound and out-
bound  observations  of  the  130-km  neutral  densities  became
stable,  even though at that time, the inbound observations were
made at  60–70°N.  This  can be explained by the decline in  global
dust storm activities (see Figure 7). At Ls ~293°, both the inbound
and  outbound  observations  were  taken  in  the  latitude  around
75°N, but the outbound observations were made at a local time of
about  16:00,  whereas  the  inbound  observations  were  made  at  a
local time of about 04:00. The difference in local time caused the
130-km neutral  atmospheric  densities  from the  outbound obser-
vations to be about 1010cm−3 greater than the densities from the
inbound observations. This is because in the dayside, the Martian
atmosphere is heated and expands, whereas in the nightside, the
Martian atmosphere cools down so that the 130-km neutral dens-
ities at 16:00 are greater than those at 04:00.

From  our  comparison  between  the  ODY  observations  and  the
MCD  v4.3  outputs,  we  believe  that  the  simulations  of  MCD  v4.3
tended  to  underestimate  the  effect  of  latitude  variations  on  the
130-km  neutral  densities  under  high  dust  storm  activities  and  to
overestimate the effect under low dust storm activities. As shown
in Figure  8, before  Ls  275°,  the  local  time  difference  of  the  in-
bound and outbound observations was small but the difference in
latitude was quite large. As mentioned above, during this period,
the  ODY  observations  showed  great  diversity  between  the  130-
km neutral densities of the lower-latitude regions (outbound data
with  latitudes  of  60°–70°N)  and  the  high-latitude  regions  (in-
bound data with latitudes of > 75°N).  However,  the inbound and
outbound  densities  simulated  by  MCD  v4.3  were  very  close  to
each other before Ls 275°. From this fact, It can be speculated that
the effect  of  the  sinking airflow on 130-km neutral  densities  was
underestimated  by  MCD  v4.3,  so  the  northern  high-latitude  130-
km  neutral  density  variations  at  different  latitudes  under  high
dust  storm  activities  were  not  evident  in  the  MCD  v4.3  outputs.
During Ls  275–290°,  the  differences  between  inbound  and  out-
bound densities simulated by MCD v4.3 were basically consistent
with  those  observed  by  ODY  aerobraking.  These  differences  in
130-km densities are more relevant to the disparity between local
times than to the latitudes. As shown in Figure 8b, when Ls > 290°,
the MCD v4.3 outputs were highly dependent on the variations in
latitude  for  both  the  inbound  and  outbound  observations,  with
higher  densities  at  lower  latitudes.  However,  the  ODY-observed
130-km neutral densities in this period were very stable and not as
dependent as the MCD outputs on latitude variations.  This result
means that under low dust storm activities, the MCD v4.3 outputs
tended to overestimate the effect of latitude variations on north-
ern high-latitude 130-km neutral densities. We can also see that at
Ls  ~293°,  the  difference  between  the  inbound  and  outbound
densities  simulated by  MCD v4.3  agreed with  those  observed by
ODY,  meaning  that  MCD  v4.3  was  able  to  correctly  estimate  the
effect of local time variations on the northern high-latitude neut-
ral densities at 130 km.

As  shown  in Figure  6,  a  remaining  problem  is  that  the  modified
MCD v4.3  outputs  were  still  higher  than  the  ODY-observed  in-
bound densities.  However,  we can now link this mismatch to the
previous  analysis  of  the  MGS  and  ODY  aerobraking  observations
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and the MCD v4.3 outputs above. The effects of underestimating
the  latitude  on  130-km  neutral  densities  before  Ls  290°  and  of
overestimating the latitude after Ls 290° would both result in lar-
ger  than  expected  inbound  outputs  from  MCD  v4.3  during  Ls
260°–300°  so that  even after  modification,  the MCD v4.3  outputs
would  still  be  larger  than  the  ODY  inbound  observations.  Apart
from this interior defect of MCD v4.3, the systematic error in ODY
aerobraking measurements, as mentioned in Section 2.2, may also
play a part in this mismatch.

In general,  the  variations  in  Martian  northern  high-latitude neut-
ral  densities  at  130  km  are  quite  complex  and  are  controlled  by
many factors during the dust storm seasons. The models used to
simulate the upper atmosphere during this period need to be fur-
ther optimized, and relevant observation data need to be further
enriched. Nevertheless, we consider the 130-km neutral densities
calculated  from  the  MGS  radio  occultation  experiments  credible
enough to help calibrate and improve future Martian atmosphere
models.

6.  Conclusions
In this study, coupling between the ionosphere and neutral atmo-

sphere  was  used  to  derive  the  neutral  atmospheric  densities  at

130 km in the high-latitude region of the Martian northern hemi-

sphere from electron density profiles measured by the MGS Radio

Science  Experiment.  The  calculated  density  data  were  compared

with the neutral densities simulated by MCD v4.3 and those meas-

ured by aerobraking observations of the MGS and ODY.

We found that the calculated 130-km neutral atmospheric densit-

ies based  on  MGS  occultation  observations  were  in  good  agree-

ment with the MCD v4.3 simulations after modifying the MCD out-

puts  (i.e.,  after  subtracting  2  ×  1010cm−3 from  the  original

outputs). This modification still worked in adjusting the MCD v4.3

simulations  for  consistency  with  the  MGS  and  ODY  aerobraking

observations.  When  the  modified  MCD  v4.3  simulations  were

compared  with  the  MGS  and  ODY  aerobraking  observations,  we

found  that  MCD  v4.3  tended  to  overestimate  the  effects  of  the
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Figure 8.   (a) ODY aerobraking-observed 130-km neutral densities (blue: inbound observations; red: outbound observations); (b) MCD v4.3

simulated 130-km neutral densities (blue: inbound observations; red: outbound observations); (c, d) the latitude and local time of ODY

observations (blue: inbound observations; red: outbound observations).

Earth and Planetary Physics       doi: 10.26464/epp2020038 417

 

 
Qin JF and Zou H et al.: Estimating 130 km neutral densities on Mars

 



dust  storm  activities  and  underestimate  the  effects  of  latitude
variations on the 130-km neutral  densities  at  northern high latit-
udes  when  the  dust  storms  activities  were  frequent,  and  that  it
tended  to  overestimate  the  effects  of  latitude  variations  on  the
130-km neutral densities at northern high latitudes when the dust
storm activities declined.

This  research  illustrates  that  the  method  used  to  calculated  130-
km  neutral  densities  through  ionospheric  profiles  was  effective
and that the technique used to modify the MCD v4.3 outputs was
reasonable.  The MCD v4.3 simulations of  the high-latitude upper
atmosphere in  dust  storm seasons still  need to  be improved fur-
ther;  however, the calculated 130-km neutral densities from MGS
radio  occultation  measurements  are  trustworthy  for  calibrating
current and future atmosphere models of Mars.
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