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The solar wind plasma upstream of Mars observed by Tianwen-1:
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Abstract On the great journey to Mars, China’s first planetary exploration mission, the Tianwen-1 came within 26 million
kilometers of Mars from 31 October 2020 to 25 January 2021 and was getting closer to its destination, the red planet, in search of
answers to the cataclysmic climate change that occurred in Martian history. Both the escape of the Martian atmosphere and the
loss of surface water were firmly influenced by solar activities. Tianwen-1 provided a unique chance to depict the solar wind
streams between Earth and Mars during the minimum of Solar Cycle 25. During the three-month cruise phase of Tianwen-1, the
solar wind flows were successively observed at Earth, Tianwen-1, and Mars. After the field of view correction and noise
reduction, the solar wind velocity and density measured by Tianwen-1 show good agreement with those at Earth and Mars. The
results indicate that the performance of the ion analyzer onboard the Tianwen-1 orbiter is reliable and stable. It is worth looking
forward to the joint observations of ion escape with other Mars probes in the following Martian years.
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1. Introduction

China’s first successful planetary exploration program, the
Tianwen-1, arrived at Mars on 10 February 2021. Tianwen-1

consists of an orbiter, a lander, and a rover named Zhurong.
Tianwen-1 aspires to disclose the missing links between
Martian ion escape processes and their consequences for
Martian climate change (e.g., Wan et al., 2020a; Zou et al.,
2021). Previously, the results based on former Martian
missions limited the ion escape rate to account for only a few
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centimeters thickness of global water (e.g., Barabash et al.,
2007). However, a burst of losses during intense solar ac-
tivity from later observations puts the issue of ion losses back
into a dispute (e.g., Jakosky et al., 2015a). Thus, the up-
stream solar winds which determine the space environment
of Mars are crucial for understanding the evolution of the
Martian atmosphere and water loss history (e.g., Lammer et
al., 2008; Nilsson et al., 2021).
Besides the quiet flow with different velocities, there are

also large-scale disturbances in the solar wind, such as the
interplanetary coronal mass ejections (ICMEs) and stream
interaction regions (SIRs). As propagating away from the
Sun, the boundaries of the SIRs probably evolve into inter-
planetary shocks, which can accelerate charged particles to
20 MeV(e.g., Richardson, 2018). The SIRs can also mod-
ulate the galactic cosmic rays arriving at planets (e.g., For-
bush, 1993; Simpson, 1998, and references therein) and the
Jovian energetic electrons in the heliosphere (e.g., Conlon
and Simpson 1977; Conlon, 1978; Ferreira et al., 2001). At
Earth, the SIRs are also geoeffective and responsible for
moderate and minor geomagnetic storms (e.g., Zhang et al.,
2006; Chi et al., 2018).
Solar wind between Earth and Mars has been measured

by the fly-bys of several previous spacecrafts, such as
Voyager 1, Voyager 2 (e.g., Gazis, 1994), and Pioneer 11
(e.g., González-Esparza and Smith 1996) in the 1970s,
Ulysses (e.g., Söding et al., 2001; Bavassano et al., 2001)
from the 1990s to the 2000s, the Mars Atmosphere and
Volatile EvolutioN (MAVEN) mission in the 2010s (e.g.,
Jakosky et al., 2015b). Unlike the Mars 2020 mission and
the Hope Mars orbiter (e.g., Wan et al., 2020b), which
were also launched in July 2020, Tianwen-1 is the only one
of the three Mars Exploration missions that measured the
solar wind plasma within 26 million kilometers upstream
of Mars during its cruise phase. Observations in the solar
wind through Tianwen-1 provide a valuable chance to
monitor SIRs and ICMEs at the beginning of the solar
cycle 25, it provides a unique chance to jointly measure the
solar wind from Earth to Mars through OMNI, Tianwen-1,
and MAVEN one after another during the same time
window.
Zhang et al. (2022) presented the first results of the solar

wind observation from MINPA and evaluated the blocking
effect due to the lander capsule. Their study mainly used the
energy flux of solar wind obtained by MINPA and showed
the solar wind plasma moments only for a SIR event from 21
November 2020 to 22 November 2020. Here we focus on the
calculation of the solar wind plasma moments with MINPA
datasets in section 2 and the comparison of the derived solar
wind velocity and density from MINPA observations with
those from other solar wind data sets, such as OMNI, Mars
Express, andMAVEN, which will be introduced in sections 3
and 4.

2. Data and methods

The Mars Ion and Neutral Particle Analyzer (MINPA) in-
strument onboard the Tianwen-1 orbiter is designed to detect
ions and energetic neutral atoms (ENA) in the Martian space.
MINPA is able to distinguish different ion species, such as
H+, He+, O+, O2

+, and CO2
+, and resolve proton and oxygen

atoms from ENA measurements. MINPA provides ion data
in the energy range of 2.8 eV to 25.9 keV, with a time re-
solution of 4 seconds (Kong et al., 2020). From July 2020 to
October 2021, the scheduled MINPA working plan carried
out a continuous measurement from 31 October 2020 to 25
January 2021 and three testing measurements on 23 March,
24 March, and 9 April 2021. Considering that Tianwen-1
arrived at Mars on 10 February 2021, MINPA has observed
the solar wind during its first 3-months of measurements
with a detection mode of 64 energy steps one mass step (only
protons). The instrumental field of view is 360°×90°, di-
viding the hemispheric viewing field into 16 azimuthal an-
gles (note as φ, each sector is 22.5° wide) multiplying 16
deflection angles (note as θ, each sector is 5.63° wide).
Figure 1 presents the orbits of Earth, Tianwen-1, and Mars,

in the Heliocentric Aries ecliptic (HAE) coordinate system,
in which the x-axis points from the center of the Sun to the
first point of Aries, the z-axis is perpendicular to the ecliptic
plane and pointing northward, and the y-axis completes a
right-hand system (e.g., Fränz and Harper, 2002).
Besides the solar wind observation from Tianwen-1, we

also used the solar wind observations near Earth and Mars.
The hourly solar wind velocity and density near-Earth (King
and Papitashvili, 2005) were obtained from the GSFC/SPDF

Figure 1 Positions of Tianwen-1 during the cruise phase from 31 October
2020 to 25 January 2021. The blue, black, red, and orange dots denote
positions of Earth, Tianwen-1, Mars, and the Sun in the HAE coordinate
system respectively. Small arrows mark the motion directions. The unit in
each axis is the astronomical unit (AU), equal to the average distance
between Earth and the Sun.
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OMNIWeb. The solar wind velocity and density near Mars
were from the Solar Wind Ion Analyzer (SWIA) and the
Supra Thermal And Thermal Ion Composition (STATIC)
instrument onboard MAVEN. SWIA and STATIC are ‘top
hat’ electrostatic analyzers with a time resolution of
4 seconds. SWIA has no discrimination of ion species but
has a good spatial resolution of protons from 25 eV to
25 keV (Halekas et al., 2015). STATIC provides ion data in
the energy range of 0.1 eV to 30 keV, distinguishing ion
species such as H+, O+, O2

+ (McFadden et al., 2015). SWIA
also provides ion moments data such as density and velocity
in the MAVEN Level-2 database. In the discussion section,
this work also used 12 years’ observations of the solar wind
near Mars measured through the Ion Mass Analyzer (IMA)
from the Analyzer of Space Plasmas, and Energetic Atoms 3
(ASPERA-3) set onboard Mars Express (Barabash et al.,
2006). IMA distinguishes different ion species from 10 eV to
30 keV, and provides ions moments data sampled over
192 seconds.

2.1 Noise reduction

The MINPA instrument is one of the seven scientific pay-

loads onboard the Tianwen-1 orbiter. Zhang et al. (2022)
conclude that nearly half of the signals are shadowed, which
is responsible for the low-density values of the observations.
The electronic noises need to be reduced to provide a more
accurate plasma moment dataset. Figure 2 provides an ex-
ample of the solar wind data measured on 1 November 2021.
The looking direction of MINPA and the platform’s status
were also described in Zhang et al. (2022). During Tianwen-
1’s cruise phase, the contamination of instrumental noises is
centered around 180° in azimuthal angles, and the noises
could be removed through:

Data Data
Data

i=  , (1)signal raw
i noise

where i is the number of bins, we used 90 bins here to cover
azimuthal angles from 135° to 225° in the looking direc-
tions.
After the reduction, observations of the solar wind’s beam

are centered near the top of the MINPA field of view region.
However, as mentioned above, nearly half of the signals are
still shadowed. This effect is responsible for the low-density
values calculated from the cruise datasets, which need fur-
ther analysis and are discussed in section 2.2.

Figure 2 Observations of the solar wind on 1 November 2020. (a) & (b) provide the raw data measured through MINPA, and (c) & (d) show signals after
the noise reduction. Grids represent the 16×16 solid angles, and the colors denote the measured differential energy fluxes in units of eV/(eV·sr·s·cm2).
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2.2 Calculation of the plasma moments

A general introduction to plasma moment calculation can be
found in several textbooks (e.g., Hutchinson, 2002; Wuest et
al., 2007). Methods used in this work follow a paper pub-
lished by Fränz et al. (2006), which has been widely ap-
proved by application to observations by Mars Express (e.g.,
Dubinin et al., 2007; Wei et al., 2012) and MAVEN (e.g.,
Dubinin et al., 2020; Fan et al., 2020).
The plasma moments of a given particle species could be

integrated through the distribution function, f(v), in velocity
space as:

M v vmf d v= ( ) , (2)i i 3

where M is a tensor of order i, m is the mass of the given
particles, d3v is the volume element in velocity space. Then
the number density (zero-order), the mass flux density vector
(first-order), the momentum flux density tensor (second-or-
der) is:

M vn mf d v=  = ( ) , (3)0 3

M V v vn mf d v=  = ( )( ) , (4)1 3

M P VV v v vn mf d v=  + = ( )( )( ) , (5)2 3

where n is the number density, V is the bulk velocity, P is the
pressure tensor. And the plasma temperature could be cal-
culated through nkT = Tr(P)/3, where k is the Boltzmann
constant. The relation between the distribution function and
the differential flux j(E,Ω) for particles of energy (E) within a
differential solid angle Ω is:

v r v r vj E m f E
m f( , ) = ( , ) = 2 ( , ). (6)

2

2

Using eq. (6), eqs. (3) and (4) could be rewritten as

n m
E j E E = sin d d 2 ( , , )d , (7)

nV j E E = cos d sin d ( , , )d , (8)x
2

nV j E E = sin d sin d ( , , )d , (9)y
2

nV j E E = d sin cos d ( , , )d , (10)z

where φ and θ are azimuthal angles and deflection angles,
respectively.
The plasma moments could also be calculated by assuming

that the particle’s phase space densities (PSD) fulfill the
Maxwell-Boltzmann distribution in velocity space:

r vf n m
k( , ) =  2 e . (11)

m v V
kT

3
2

( )
2

2

Using eq. (6), eq. (11) could be rewritten as

( )

r vf j E m
E n m

E( , ) = ( , )
2 = 2 e . (12)

t

E E

E2
3
2

m

t

2

Fitting the measured spectrum allows determining the
particles’ number density, thermal energy Et, and mean en-
ergy Em, respectively. A more detailed analysis could be
found in Fränz et al. (2006), which presented “the first
electron and ion moment maps (density, velocity, and tem-
perature) of the Martian plasma environment, using data
from the ELS and IMA sensors of the ASPERA-3 experi-
ment on board Mars Express” (Fränz et al., 2006).
Nevertheless, the accuracy of the calculated moments

through each method is restricted by MINPA’s sheltered field
of view. Figure 3 provides an example of the solar wind
observations on 12 December 2020. From 6:00 to 19:00 UT,
the solar wind plasma signals near 1 keV energy show clear
enhancements, expecting an instrumental cessation hap-
pened between 14:29 UT to 15:43 UT. However, most of the
obstructed energy fluxes and the blurry signals could still be
seen near 2:00 or 21:00 UT. The PSDs measured through
MINPA at 07:16 UT, 10:58 UT, and 17:53 UT are shown in
Figure 4. Data are sampled over 4 seconds. Black lines are
measured data while the others are fitted assuming a Gaus-
sian distribution around the maximum of the spectrum.
Generally, the sheltered field of view limits the width and
intensity of fluxes. As a result, both the fitted peak and width
might be underestimated, and it is necessary to compare the
solar wind measurements of Tianwen-1 with other datasets
such as the OMNI near Earth or MAVEN near Mars. The
moment data are corrected for the influence of the spacecraft
speed but without taking into account of the effect of the
spacecraft potential.

3. Results

During the cruise phase of Tianwen-1 from 31 October 2020
to 25 January 2021, MINPA finished its first 3-months of
measurements which accumulated unique solar wind plasma
data from 25,765,773 km to 3,559,077 km upstream of Mars.
Although the shadowing effect significantly amplified the
attenuation of the instrument’s field of view, MINPA could
still complete its survey of the solar wind and capture the
main property and variability of the solar wind. As for the
limitation of the instrumental solid angles, much fewer par-
ticles would come into the detection field in the quiet solar
wind. However, in the disturbed solar wind such as the SIRs,
a larger positive transverse angle led to more particles de-
tected by MINPA (Zhang et al., 2022). As illustrated in
Figure 5, the differential energy fluxes of the solar wind
show several strong enhancements, indicating that MINPA
encounters several large-scale solar wind disturbances.
After the preparation of picking fine PSD cases with a

sharp energy peak automatically, densities within the red
dash frames in Figure 5 are clustered and plotted in Figure
6b. The solar wind velocity and density are compared at
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different locations: OMNI near-Earth and MAVEN at Mars
while Tianwen-1 was approaching Mars. The solar wind
parameters from OMNI andMAVENwere shifted and scaled
to the position of Tianwen-1 spacecraft by assuming that the
velocity is a constant and the density is decreasing by R–2,
where R is the heliocentric radial distance. The longitudinal
and radial separations contribute to the time lag between
Earth and Tianwen-1:

t R R
v = + , (13)ET T E

SW

where ϕET is the angle between the Earth-Sun-Tianwen-1
lines,ω is the angular velocity of the solar rotation, RT and RE
are the heliocentric radial distance of Earth and Tianwen-1,
respectively; vsw is the speed of the solar wind provided by
OMNI datasets. The solar wind parameters at Mars observed
by MAVEN were shifted to Tianwen-1 in the same way:

t R R
v = + , (14)MMT T

SW

where ϕMT is the Mars-Sun-Tianwen-1 angle, RM is the he-
liocentric distance of Mars, vsw is the solar wind velocity
measured through MAVEN SWIA.
Tianwen-1 Observation from 31 October 2020 to 25 Jan-

uary 2021 shows that the interplanetary space environment
between Mars and Earth is mainly composed of solar wind
streams with different velocities and the SIRs with com-
pressed plasma forming when fast streams overtake the
preceding slower streams. The increase of the solar wind
velocity during SIRs is successfully illustrated by MINPA.
Note that this time shift method is not applicable for rela-

tively large longitudinal separations. Opitz et al. (2009, 2010)
suggest that the time shift method considering the long-
itudinal and radial separations (eqs. (13) and (14)) is applic-
able when a longitudinal separation is less than 65° during the
solar cycle 25. The included angle between Earth and Tian-
wen-1 ranged from 8° to 46° during the observation. We
believe that the estimated time shift from Earth to Tianwen-1
is basically reliable. The estimated results are also accurate

Figure 3 The energy spectrum of the solar wind observed on 12 December 2020. Colors denote the measured differential energy fluxes in eV/(eV·sr·s·cm2)
and the time given by the Coordinated Universal Time (UTC). The solid red line and blue dashed lines correspond to the fitting samples in Figure 4.

Figure 4 The PSD of H+ was computed from MINPA datasets at 07:16, 10:58, and 17:53 UT. Data are sampled over 4 seconds. The black lines computed
from the measured data. (a) & (c) The sheltered field of view results in bad fits shown as blue lines. (b) The red line denotes a good fit of a Gaussian
distribution. Parameters resulting from the fit are thermal energy (Et in eV), density (n in 1/cm

3), and mean energy (Em in eV).
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for the time shift from MAVEN to Tianwen-1 because they
have an included angle of ~1°. However, due to the shielding
effect, the solar wind densities from MINPA are highly un-
derestimated (Zhang et al., 2022), limiting more detailed
quantitative investigations of the solar wind properties.

4. Discussion

From 31 October 2020 to 25 January 2021, Tianwen-1 ob-
served quiet solar wind with different speeds and SIRs with

compressed plasma forming when fast streams overtake the
preceding slower streams. During the cruise phase of the
Tianwen-1 in the heliosphere, observations of SIRs appear
several times, such as on 19 December 2020 and 5 January
2021 in Figure 5 and Figure 6, respectively. On 23 January
2021, Tianwen-1 is very close to Mars, as Figure 1 shows,
providing a suitable chance to compare the solar wind ob-
servations between MINPA, SWIA, and STATIC. Figure 7
gives an example of the energy spectra based on each ob-
servation from 12:10 to 15:40 UT.
As shown by Figure 7a, the distance from Tianwen-1 to

Figure 5 Energy spectra from MINPA in the cruise phase from 31 October 2020 to 25 January 2021. Colors denote the measured differential energy fluxes
in eV/(eV·sr·s·cm2) and the time given by UTC. The red dashed frames provide the reliable periods of datasets with the same fine-fitting as shown in
Figure 4b.

Figure 6 Velocity (a) and density (b) of the solar wind protons from Tianwen-1 (light blue), shifted MAVEN (orange), and shifted OMNI (grey) datasets
from 31 October 2020 to 25 January 2021.
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Mars during this time is near 3.9×106 km. The angles of
Mars-Sun-Tianwen-1 are less than 1°. The Tianwen-1 and
MAVEN are nearly radial alignment. The solar wind speed is
420 km/s in Figure 6a. It takes 155 minutes for the solar wind
to propagate from Tianwen-1 to MAVEN. Thus, we choose
periods both satellites could measure the solar wind, from

12:55 to 13:00 UT for Tianwen-1 and from 15:30 to 15:35
UT for MAVEN. The region is marked within the red boxes
in Figure 7. The Helium ions in the solar wind observed
through MAVEN STATIC in Figure 7d are not discussed
here since no mass resolution data were available during the
cruise phase. The PSDs are shown in Figure 8. The fitted

Figure 7 Ion energy spectrum from (a) MINPA, (b) SWIA, (c) STATIC, and (d) ion mass spectrum from STATIC from 12:10 to 15:40 on 23 January 2021
UT. The second line of the x-label in (a) provides the distance of Tianwen-1 from Mars in units of 106 km. Colors denote the measured differential energy
fluxes in eV/(eV·sr·s·cm2) and the time is given by UTC. Red boxes give periods during which the PSDs are calculated in Figure 8.
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lines from the three different instruments are similar. The
fitting factors of the three panels are within a similar toler-
ance scope; the density measured by MINPA is lower than
the others, but its values are still comparable.
The results based on former Mars exploration missions

such as Mars Express and MAVEN showed that the solar
activities constrain ion escape rates (e.g., Nilsson et al.,
2010; Brain et al., 2017). Plasma measurements near the
Martian space could be obtained through Mars Express,
MAVEN, and Tianwen-1 during their respective observation
periods. We provide the records of the solar wind observa-
tions from Mars Express, MAVEN, and Tianwen-1 in Figure
9. Mars Express contributes eight-years observations on a
total of 2462 orbits from the middle of the solar cycle 23 to
the early half of the solar cycle 24 (Han et al., 2014). Ob-
servations of MAVEN start from October 2014, in a total of

8412 orbits, until October 2020, which also provide cross
corrections for the Tianwen-1 measurements in Figure 6.
Statistically, the mean velocity of the solar wind from 2005

to 2020 is near 400 km/s, as well as its mean density is 1-2
protons/cm3 from both Mars Express and MAVEN data in
Figure 9a and 9b. Similar conclusions are reported by
Ramstad et al. (2017) using 10 years of ASPRERA-3 IMA
data from 2007 to 2017 and Liu et al. (2021) using 6 years of
MAVEN SWIAmeasurements. These results suggest that the
observations from Tianwen-1 within 26 million kilometers
upstream of Mars from October 2020 to January 2021 in
Figure 9c are consistent with the solar wind observations
near Mars throughMars Express andMAVEN. As for further
observations of heavy ions from the Martian lower atmo-
sphere and energetic atoms, MINPA was restarted for its
second continuous survey since 13 November 2021.

Figure 8 The PSD of H+ computed from (a) MINPA datasets from 12:55 to 13:00 UT, 23 January 2021, and from (b) SWIA and (c) STATIC onboard
MAVEN from 15:30 to 15:35 UT, 23 January 2021. Data are sampled over 5 minutes; the black lines (dots) are the measured data. The red line denotes a good
fit for a Gaussian distribution. Fitted parameters are thermal energy (Et in eV), density (n in 1/cm

3), and mean energy (Em in eV).

Figure 9 Comparison of proton densities and velocities between long-term solar wind observations near Mars made by (a) Mars Express (from April 2005
to July 2013, a total of 2462 orbits) and (b) MAVEN (from October 2014 to October 2020, a total of 8412 orbits) and (c) 3 months of MINPA in-situ data in
the cruise phase during the transit to Mars (10 minutes averaged data).
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5. Conclusions

From 31 October 2020 to 25 January 2021, MINPA finished
its first 3-months measurements during the Tianwen-1’s
cruise phase, it provides a unique chance to jointly measure
the solar wind from Earth to Mars. After reducing noises and
filtering the sheltered datasets, we confirm the consistency of
the solar wind plasma observations between Tianwen-1,
OMNI, MAVEN, and Mars Express. In November 2021,
MINPA restarted again for its secondary measurements
within the Martian atmosphere after the cruise phase. We are
looking forward to observing escaping ions and a possible
multi-spacecraft campaign accompanied by Mars Express
and MAVEN in the coming Martian years.
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