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Abstract: The Mars lon and Neutral Particle Analyzer (MINPA) is one of the three scientific instruments onboard the Tianwen-1 orbiter to
investigate the Martian space environment. During Tianwen-1's transfer orbit to Mars, the MINPA was switched on to measure the solar
wind ions. Here, we present the first results of the MINPA observations in the solar wind. During cruise, nearly half of the MINPA ion field-
of-view (FOV) was blocked by the lander capsule; thus only the solar-wind ions with azimuthal speeds pointing towards the unblocked
FOV sectors could be detected. We perform a detailed comparison of the MINPA's solar wind observations with data from Earth-based
missions when MINPA reached its count-rate peak, finding a general consistency of the ion moments between them. The blocking effect
due to the lander is evaluated quantitatively under varying solar-wind velocity conditions. Despite the blocking effect, the MINPA’s solar

wind measurements during the transfer orbit suggest a good performance.
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1. Introduction

Tianwen-1 is a planetary spacecraft mission to Mars led by the
China National Space Administration (CNSA). Its goals are to in-
vestigate the planet’s surface geology and internal structure, to
search for evidence of present and past Martian water, and to
characterize the space environment and the atmosphere of Mars
(Wei Y et al., 2018; Wan WX et al., 2020a, b; Zou YL et al., 2021).
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Tianwen-1 consists of five equipment components: an orbiter, a
lander, a deployable camera, a drop camera, and the Zhurong
rover. The spacecraft has a total mass of nearly five tons and car-
ries thirteen scientific instruments. Tianwen-1 was successfully
launched from the Wenchang Spacecraft Launch Site on 23 July
2020 and entered a Mars orbit on 10 February 2021. The capsule
containing a lander and the Zhurong rover separated from the or-
biter and entered the Martian atmosphere on 15 May 2021. The
lander, which carried the rover, touched down safely in the Uto-
pia Planitia region on Mars. The orbiter has served as a telecom-
munications relay for the Zhurong rover while continuing to con-
duct its own orbital observations of Mars. Its target orbit for sci-
entific operations is 265 km x 12,000 km with an inclination angle
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of 93°,

To explore the Martian space environment, the orbiter is
equipped with three scientific instruments, including the Mars lon
and Neutral Particle Analyzer (MINPA, Kong LG et al., 2020), the
Mars orbiter Magnetometer (MoMAG, Liu K et al., 2020), and the
Mars Energetic Particle Analyzer (MEPA, Tang SW et al., 2020). The
MINPA was designed and implemented to detect ions and ener-
getic neutral atoms (ENAs) in the Mars space environment. Dur-
ing Tianwen-1's transfer orbit to Mars, MINPA was switched on
from 31 October 2020 to 26 January 2021 to measure solar wind
ions. Solar wind is the continuous supersonic plasma outflow from
the Sun filling the interplanetary space. Generally, the solar wind
can be classified into two types according to its speed, fast solar
wind and slow solar wind. The fast solar wind is usually connec-
ted to the coronal holes on the Sun, while the slow solar wind may
emanate from several possible regions, e.g., the edges of active
regions, the boundary of a coronal hole, and the quiet regions (He
JSetal, 2010; Feng XS et al., 2010; Liu YCM et al,, 2014; Abbo et al.,
2016). In the highly inhomogeneous solar atmosphere, the source
regions of the slow and fast streams may be adjacent to one an-
other and at the same latitude. Since the solar wind flows mainly
radially outward beyond the Aflvén zone when the flow speed
surpasses the local Alfvén speed, it is anticipated that, due to the
Sun’s rotation, the two streams from adjacent source regions will
interact with each other.

When a fast stream behind catches up with and overtakes a
slower stream, a compressive interaction region is produced,
forming a spiral pattern (as projected onto the solar equatorial
plane); such regions are thus known as stream interaction regions
(SIRs) (Forsyth and Marsch, 1999; Gosling and Pizzo, 1999; Richard-
son et al., 2018). If the source regions are long-lived, lasting for
over one solar rotation period, the SIR spiral pattern can co-rotate
with the Sun, leading to the formation of a co-rotating interaction
region (CIR) (Burlaga, 1995). Physically speaking, SIRs are promin-
ent large-scale structures in the solar wind that are a con-
sequence of spatial variability in the coronal expansion and solar
rotation. From in-situ data, SIRs can be identified as a density en-
hancement, a temperature rise, and a flow speed increase. During
portions of the transit, MINPA was switched on to measure the
solar wind ions, and several SIRs were encountered during those
times. Here, we present results of MINPA observations in the solar
wind during the transit, and show a detailed comparison between
the solar wind data obtained from MINPA and the Earth-based in-
struments, during an SIR event when MINPA reaches its highest
count rate. The blocking effect on the MINPA due to the lander
capsule during the transit is also evaluated.

2. MINPA Observations

The MINPA instrument integrates ion and ENA measurements in-
to one sensor head to share one electronics box. MINPA utilizes a
standard toroidal top-hat electrostatic analyzer (ESA) followed by
a time-of-flight (TOF) mass spectrometer to measure ions with en-
ergies from 2.8 eV up to 25.9 keV and ENAs from 50 eV to 3 keV.
For the ENA measurement, highly polished silicon single crystal
substrates with an Al,Os film coating are adopted (Scheer et al.,
2007, 2009) to ionize neutral particles before they enter the ESA

and TOF. MINPA provides a 360° x 90° field of view (FOV) with
22.5° x 5.4° angular resolution for the ion measurement and a
360° x 9.6° FOV with 22.5° x 9.7° angular resolution for the ENA
measurement. The TOF mass spectrometer can resolve H*, He?*,
Het, O*, 02+, and COZ* ions and H and O (=16 amu group) ENAs.
For the solar wind observations during transit to Mars, the ion en-
ergy range was adjusted to be from 45 eV up to 24.2 keV, with 64
logarithmic energy steps and a time resolution of 4.1 seconds.
Due to the ramp-downs of high voltages during the spacecraft
maneuvers, the ion measurement unit of the MINPA was oper-
ated intermittently; no mass resolution data were collected dur-
ing these spacecraft activities.

The color-coded background in Figure 1a shows the ambient sol-
ar wind radial velocity V; at 15:00 UTC on 23 November 2020 from
a heliospheric magnetohydrodynamics (MHD) model. This model
was first proposed by Florinski et al. (2013), and more details of
this model and the simulation setups can be found in Guo XC and
Florinski (2014, 2016), Guo XC et al. (2019), Wang YX et al. (2020),
and this report’s Supplementary Material. All physical quantities
are presented in the Heliographic Inertial (HGI) coordinate system,
which is Sun-centered and inertially fixed with respect to an X axis
along the intersection line between the ecliptic plane and solar
equatorial plane. The Z axis is along the solar rotation axis (posit-
ive for northward) and the Y axis completes the right-handed set.
In this study, we adopt the corresponding spherical coordinates
(r, 6, ¢).

In Figure 13, the blue and yellow regions denote slow and fast sol-
ar wind, respectively. One can unambiguously identify four SIRs at
the transition between the blue region ahead and the yellow re-
gion behind. The red curve represents Tianwen-1's Earth-Mars
transfer orbit; the blue curves denote the locations of the intermit-
tent MINPA measurements. The locations of Earth, Tianwen-1
(blue circle), and Mars at 15:00 UTC on 23 November 2020 are dis-
played in Figure 1a. At that time, Earth and Tianwen-1, with 15.7°
azimuthal separation, were located in the same SIR.

The spacecraft axis referring to Figure 1b points towards the Sun
in the transfer orbit. Figures 1b and 1c show the MINPA and part
of the spacecraft viewed from the north and from the Sun at 15:00
UTC on 23 November 2020, respectively. The green and blue
shadows denote the unblocked and blocked FOV sectors of the
MINPA ion unit, respectively. Sixteen elevation FOV, each of them
5.62° wide, span the 90° pole-to-equator range. Sixteen azimuthal
FOV sectors, each sector 22.5° wide, are implemented by sixteen
anode pairs, thus covering the complete 360° azimuthal angle (for
more details refer to Kong LG et al. (2020)). As shown in Figure 1b,
MINPA is mounted on the —e, side of the lander capsule. Nearly
half of its FOVs (180°-360° azimuthal angle) are thus blocked by
the capsule while in transit; solar wind ions directed towards
those FOV sectors thus could not be detected by MINPA. In the
following, we present the results of the MINPA observations in the
solar wind during its transit to Mars.

Figure 2 shows the results of all the MINPA’s solar wind observa-
tions from 31 October 2020 to 25 January 2021. The omnidirec-
tional differential energy flux shown in Figure 2a has a character-
istic feature of cold solar wind ions with total kinetic energies from
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Figure 1. Tianwen-1 transfer orbit from Earth to Mars and MINPA field-of-view (FOV) in the solar wind. (a) lllustration of the solar wind in
Heliographic Inertial (HGI) coordinates. Background colors show the solar wind'’s radial velocity V; on the solar equatorial plane at 15:00 UTC on
23 November 2020; and the locations of Earth, Tianwen-1 (blue circle), and Mars at this time are also marked. The red curve denotes Tianwen-1's
transfer orbit, while the blue curves represent the locations where the MINPA operated in the solar wind mode. (b) Top view (from north to south)
and (c) view from the Sun towards Tianwen-1. The green and blue shadows denote the unblocked and blocked FOV sectors of the MINPA ion
unit, respectively. Nearly half of the MINPA’s FOV sectors are blocked by the lander capsule.

~500 eV to ~2 keV in the spacecraft frame. To compare with real-
time solar wind data from other missions, we plot the OMNI solar
wind bulk energies in Figure 2a, while the detailed OMNI para-
meters are presented in Figures 2e—2h. The OMNI data set is
primarily a 1963-to-current compilation of near-Earth solar wind
magnetic field and plasma parameter data from several space-
craft in geocentric orbits, including ISEE3, Wind, and ACE (King and
Papitashvili, 2005). Here, we use the 5-min high-resolution OMNI
data. The unambiguous SIRs are marked in Figure 2f. An interplan-
etary coronal mass ejection (ICME) hit Earth on 10 December
2020, and a recent study by Mittelholz et al. (2021) analyzed its im-
pact on the magnetic field at the Mars surface using the InSight
data. Unfortunately, MINPA was turned off during this time inter-
val and missed this ICME event. As shown in Figure 2f, the overall
OMNI solar wind speed varies from 250 km-s~' to 670 km-s~'; and
the typical ion energies observed by MINPA are consistent with
the varying OMNI ion bulk energies, as shown in Figure 2a.

As the direction of the MINPA 0° polar angle points towards the

Sun (see Figure 1b), the radial directed solar wind ions are pre-
dominantly detected by the MINPA FOVs within the 30° polar
angle, as shown in Figure 2b. MINPA has nearly zero count in the
FOV sectors blocked by the lander capsule, with azimuthal angles
from 180° to 360° (Figure 2c). The black vertical line in Figure 2 in-
dicates the time interval when MINPA reached its highest count
rate during the transfer orbit. For this case, we estimate the ion
plasma moments from the integral of the measured phase-space
densities and present a detailed comparison between MINPA and
OMNI data in the following.

Figure 3 presents the detailed observations of MINPA with its
highest count rate from 16:00 UTC on 21 November to 10:00 UTC
on 22 November 2020, when an SIR swept past Earth and Tian-
wen-1. As shown by the OMNI data, this SIR event is characterized
by a rapid solar wind speed increase (Figure 3e), a small local
density peak (Figure 3d), an enhancement of the proton temper-
ature (Figure 3i), and a deflection of the solar wind in the trans-
verse direction (Figures 3f and 3g). MINPA detected solar wind
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Figure 2. MINPA solar wind observations from 31 October 2020 to 25 January 2021 during the transfer orbit and OMNI solar wind data from
Earth-based missions. (a) MINPA ion omnidirectional differential energy flux and OMNI solar wind bulk energy (black curve). MINPA ion energy
flux spectrogram along instrumental (b) polar and (c) azimuth angles. (d) MINPA ion count rate. OMNI solar wind data of (e) ion number density
N;, (f) radial velocity V;, () azimuthal velocity Vy. (h) Azimuthal transverse angle @gy, defined by arctan (V/V;). The blue bars on top of panel (a)
denote the MINPA operating time intervals. The green and cyan bars at the bottom of panel (h) represent different months (October, November,
and December of 2020 and January of 2021). The black vertical line in (a)—(h) highlights the interval in the whole transfer orbit when MINPA

reached its count-rate peak.

ions entering the high elevation in FOV sectors 1-2, in the un-
blocked half of azimuthal sectors (Figure 3c). As shown in
Figures 3a—3b, the intensity of the solar wind energy flux de-
creases gradually with time, and the polar angle spread becomes
narrower. The azimuthal angles with the energy flux peaks vary
from ~90° to ~180° (see Figure 3c). To further understand those
observations, we show the phase-space densities of 1069 eV ions
for two data points (at the times indicated by the two vertical lines
in Figures 3a-3i). For the first point, a local maximum of phase-
space density shown in Figures 3j is observed by a FOV at ~11°
polar angle and ~110° azimuth angle, suggesting that MINPA has
a nearly complete coverage of solar-wind proton distributions.
This can happen only when the solar wind has a positive azimuth-

al speed V,, and a negative Vg, which are consistent with the solar
wind velocity from OMNI at the time of Figure 3j (see Figures
3e-3h). From then on, V, turns from positive to negative, and the
solar-wind ions are directed from the unblocked to blocked FOV
sectors. As an example, the observed phase-space density peak in
Figure 3k locates at the 180° azimuth-angle boundary of the un-
blocked FOVs. As the solar wind continues to turn towards -V,
directions, most of the ions are blocked by the lander capsule,
which agrees well with the rapid decrease of the detected solar
wind fluxes (Figures 3a—3c).

The nearly complete measurement of solar wind ions in part of
the SIR event shown in Figure 3 allows us to perform a compre-
hensive comparison of the solar wind data between MINPA and
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Figure 3. MINPA solar-wind observations during an SIR event. Panels show MINPA measured omnidirectional energy flux as a function of

(a) energy, (b) polar angle, and (c) azimuth angle. Solar wind parameters of (d) N, (e) Vi, (f) Vg, (9) Osw, (h) Vg, and (i) Ti. The black curves in (d)—
(i) show the corresponding OMNI data; the red curves in (d)—(f) are MINPA ion moments. The green curve in panel (d) shows the inferred
number density at Tianwen-1. We show V, only with MINPA N; larger than 3 cm3, indicated by the cyan bar in (d)—(f). Panels (j) and (k)
present the phase-space density skymaps of 1096 eV ions viewed from the Sun at times marked by the two vertical black lines in (a)—(i).

OMNI. We compute the ion plasma moments from the integral of
the phase-space densities measured by the MINPA; the number
density and the radial and azimuthal speeds are presented by the
red curves in Figures 3d-3f, respectively. The MINPA radial speed
has an increasing tendency similar to that from the OMNI data.
Even though a significant part of the ion distribution functions are
blocked by the lander capsule, V; from MINPA is still relatively reli-
able because of the low-temperature nature of solar-wind pro-
tons. The time delay between MINPA and OMNI V, is close to zero
from the least squares fitting method. This time delay is much
shorter than the usual solar wind propagation time (~30 hours)
from the Earth orbit (1 AU) to Tianwen-1 (~1.34 AU), which is at-
tributed to the spiral shape of the SIR, which enable the simultan-
eous observation at Earth and by MINPA (see Figure 1a). This neg-
ligible time delay suggests that we can compare the OMNI data
with the solar wind data recorded at Tianwen-1.

Because the solar wind number density roughly satisfies an in-
verse square falloff with increasing heliocentric distance (Liu D et
al, 2021), the OMNI number density should be decreased by a
factor of 0.55 when reaching Tianwen-1. As shown in Figure 3d,
the MINPA number density (red curves) is clearly different from
the inferred OMNI number density (green curve). When MINPA
has a nearly complete coverage of the solar wind distribution (the
cyan-colored region in Figure 3), the number density from MINPA
is in good agreement with the inferred value. In the second inter-
val of MINPA measurement in the time of Figure 3, the MINPA
number density is much smaller than the inferred value. The co-
existence of the density variation of MINPA and the deflection of
the solar wind transverse speed provides a good opportunity to
assess the blocking effect by the lander capsule quantitatively.

3. Quantification of Blocking by the Lander Capsule
Figure 4 presents the unblocking ratios of the observed number

Zhang AB and Kong LG et al.: Tianwen-1 MINPA observations in the solar wind
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density to the background one as a function of the solar-wind azi-
muthal speed V,. Here, we assume that the —e, side of MINPA
FOV sectors are fully blocked by the lander capsule. The blue and
black dashed curves show the blocking ratios of two radial moving
(400 km-s~1 V;) Maxwellian distribution functions with ion temper-
atures of 15 eV and 25 eV, respectively. A small deflection (e.g., 5°)
of the transverse angle ®gyy yields a significant variance in the
blocking ratios. The black crosses show the number density ratios
of the MINPA results to the inferred OMNI ones and their variance
along the OMNI V,,. The cyan bar in Figures 3d—3f indicates the in-
terval with MINPA N; larger than 3 cm~3, where major parts of the
ion distributions are detected, and the red circles in Figure 4
present the blocking ratios of this interval using the MINPA V. In
general, the MINPA blocking ratios follow the trend of those of the
Maxwellian distributions, though most of them are lower than the
predicted ones. This difference is likely to reflect the reality that
the blocking of the FOV sectors in reality is slightly larger than one
half of the MINPA’s 2z FOV (Figure 1c). Besides, the MINPA's trans-
verse speeds (the cyan interval in Figures 3d—3f or the red circles
in Figure 4) are over-estimated due to the missing measurement
of the -V, part of the phase-space densities. When an SIR sweeps
past Tianwen-1, a positive azimuthal speed is beneficial for the
solar wind measurement by MINPA. Because of the largest posit-
ive transverse angle Qg (see Figure 2h) occurred in the time in-
terval of Figure 3, MINPA received its highest count rate. From
Figure 2, one can also find other intervals with relatively high
count rate when the solar wind has positive V. Despite the block-
ing effect, MINPA had a relatively good performance of the solar-
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Figure 4. Dependence of the capsule blocking effect on the
transverse component of the solar wind speed V. We assume that
the -e, side of MINPA FOV sectors are fully blocked by the lander
capsule. The black crosses represent the ratios of the MINPA number
density to the inferred OMNI number density, as a function of the
OMNI V. The red circles denote the ratios where the measured
MINPA N; is larger than 3 cm3 and use the MINPA V. The blue and
black dashed curves represent the blocking ratios of two Maxwellian
distribution functions with temperatures of 15 eV and 25 eV,
respectively.

wind measurement during the Earth—Mars transfer orbit.

4. Summary

Tianwen-1, China’s first spacecraft mission to Mars, was success-
fully launched on 23 July 2020 and entered a Mars orbit on 10
February 2021. During portions of the transit, MINPA was
switched on to measure the solar wind ions. Several SIRs were en-
countered during those times. The characteristic energies of the
ions observed by MINPA are similar to those from Earth-based
OMNI data set. The MINPA's 0° polar angle was oriented towards
the Sun; solar wind ions flowing radially were thus the ones pref-
erentially detected by unblocked MINPA sectors with polar angles
smaller than 30°. The azimuthal FOVs from ~180° to 360° were
blocked by the lander capsule. As a result, MINPA recorded nearly
zero count in those FOV sectors. We performed a detailed com-
parison between the solar wind data obtained from MINPA and
OMNI, during an SIR event when MINPA’s count rate was highest
during the transfer phase of Tianwen-1's journey to Mars. In the
intervals characterized by positive solar-wind transverse speed,
most solar wind ions were able to enter into the MINPA’s un-
blocked FOV sectors; data from such times confirm that the ion
number density and speed integrated from MINPA-measured
phase-space densities are consistent with the ion moments in-
ferred from OMNI data. When solar wind azimuthal speed turned
to be negative, the MINPA-measured solar wind counts dropped
dramatically. We used these data to quantify, under several azi-
muthal speed conditions, the effects of the lander capsule
on blocking MINPA. Despite the blocking, MINPA performed
relatively well in measuring the solar wind during Tianwen-1’s
trip to Mars.
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Supplementary Materials for “Tianwen-1 MINPA observations

in the solar wind”

1. Heliospheric MHD Model

1.1 Model Description

The heliospheric MHD model used in this study was first pro-
posed by Florinski et al. (2013), where multiple populations of
plasma and neutral particles can be simulated simultaneously. An
improvement to the model with a new treatment of the inner
boundary conditions at 0.1 AU was implemented for prediction of
the large-scale structures from 0.1 to 5.5 AU in the inner helio-
sphere from 0.1 to 5.5 AU (Wang YX et al., 2020). The model uses
synoptic magnetogram maps as input to derive the inner bound-
ary conditions, based on empirical relations such as the Wang-
Sheeley-Arge (WSA) relation (Wang YM and Sheeley, 1990; Arge et
al., 2003). The performance of the model was validated by multi-
spacecraft data obtained from OMNI, Solar Terrestrial Relations
Observatory (STEREO), Ulysses, Juno, and MErcury Surface, Space
ENvironment, GEochemistry, and Ranging (MESSENGER) at differ-
ent latitudes and heliocentric distances, which have collectively
demonstrated the capabilities of this model in predicting the sol-
arwind in the inner heliosphere. The model simulates the back-
ground solar wind in the heliographic coordinate system (corotat-
ing with the Sun), and assumes a static photospheric magnetic
field during each Carrington rotation. This model thus simulates
the steady background solar wind. It does not include the effects
of solar wind transient events such as ICMEs. A more detailed de-
scription of the model can be found in Guo et al. (Guo X and
Florinski, 2014, 2016; Guo XC et al, 2019) and Wang YX et al.
(2020).

1.2 Simulation Setups
The model solves the ideal MHD equations in a three-dimensional
grid system, which is composed of a two-dimensional geodesic

unstructured grid on a sphere and a concentric nonuniform radial
grid (Florinski et al., 2013). In this study, the total grid number of
the nonuniform radial grid is 1004, while Level 7 geodesic grids
with a total of 40962 faces in the 2-D sphere are utilized to simu-
late the global heliosphere from 0.1 to 5.5 AU, covering the orbits
of the Earth, Mars, and the Tianwen-1 spacecraft studied in this
work. As a result, the equivalent grid resolution is about 1.25° in
both longitude and latitude, corresponding to a time resolution
of ~2.1 hours.

1.3 Simulation Results

Figure ST compares simulation results with solar wind number
densities (a) and radial velocities (b) observed at Tianwen-1
(MINPA) from October 31, 2020 to January 25, 2021. Note that the
MHD data cover only the time between October 31, 2020 and
December 25, 2020. The observed solar wind data at Earth (i.e.,
from OMNI data, in blue) are also added for reference. The MINPA
time resolution is 4.1 seconds, while the OMNI and MHD data
have a time resolution of about 1 minute. Here the original simu-
lation data, with a time resolution of ~2.1 hours generated by the
heliospheric model, are interpolated in order to adapt to the
OMNI resolution for direct comparison, which does not affect the
results and conclusions in this study. The solar wind number dens-
ity generally decreases with heliocentric distances (r) as r-2, while
the radial velocity remains nearly constant during the solar wind'’s
radial propagation in the inner heliosphere. As shown in Figure 1a,
during the time covered in Figure S1, Tianwen-1 was located at a
heliocentric distance of about 1.4 AU with a separation angle of
about 14° in heliographic longitudes relative to the Earth at 1 AU.

As mentioned above, Tianwen-1 was located at a heliocentric dis-
tance of about 1.4 AU, which means, theoretically, that the mag-
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Figure S1. Comparison of the solar wind number densities (a) and radial velocities (b) observed at Tianwen-1 with simulation results (in red). The
solar wind parameters at Earth (blue) are obtained from the OMNI database.
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nitude of the number density at Tianwen-1 during this period
should be about one half of that at Earth (i.e., from OMNI data). As
can be seen in Figure S1a, the number density measured by
MINPA is significantly lower than one half the values from OMNI
data, which is caused by the shielding effects by the lander cap-
sule. As expected, the magnitudes of the simulated density at
Tianwen-1 are in general lower than those observed at Earth, and
likely follow the r-2 law during certain periods such as December
14, 2020 to December 19, 2020. In addition, the general trend of
the simulated density agrees quite well with OMNI data during
periods such as between November 14, 2020 and November 24,
2020, although there are also some phase differences during this
time.
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As can be seen from Figure S1b, the solar wind's radial velocity is
comparable at Earth and at Tianwen-1, which is within expecta-
tions as mentioned above. The magnitudes and general trends of
velocity obtained from the MHD model, from OMNI and from
MINPA are consistent during some time periods, such as Novem-
ber 16, 2020 to November 24, 2020. Moreover, the velocity ob-
served at Tianwen-1 seems to follow the OMNI data, with some
phase differences during some periods. Nevertheless, large dis-
crepancies can be noted occasionally between the simulations
and observations, which could be caused by the limitations of the
model such as its grid resolution or the temporal effects, which
are not included in the heliospheric model (Wang YX et al., 2020).
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