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Abstract

Using the Stream Interaction Regions list from the Tianwen-1/Mars Orbiter Magnetometer (MOMAG) data
between 2021 November and 2021 December and from Wind observations, we present an accurate prediction for
the arrival time and in situ parameters of corotating interaction regions (CIRs) when the Earth and Mars have large
longitudinal separations. Since CIRs were detected earlier at Earth than at Mars during the period examined, we
employ Earth-based CIR detections for predicting CIR observations at Mars. The arrival time is calculated by the
Parker spiral model under the assumption of steady corotation of the Sun and coronal holes, while the in situ
parameters are derived from Wind data through radial dependent scaling laws. The CIR prediction results are
compared to the actual observations obtained from the MOMAG and Mars Ion and Neutral Particle Analyzer
instruments onboard Tianwen-1, as well as the Magnetometer and Solar Wind Ion Analyzer instruments onboard
MAVEN. The predicted arrival time is close to the observed values with relative errors less than 10%, and the
expected in situ data show a good consistency with the Martian measurements. The comparison results indicate
that the prediction method has good performance and will be helpful for comparative analysis with Tianwen-1
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observations at Mars in the future.

Unified Astronomy Thesaurus concepts: Space weather (2037); Heliosphere (711)

1. Introduction

Stream interaction regions (SIRs) are formed by the
interactions between the fast solar wind streams originating
from coronal holes and slow solar wind streams arising in the
streamer belt (Gosling & Pizzo 1999). Since the coronal holes
tend to be long-lived and often persist for many months
(Richardson 2018), SIRs tend to sweep past an observer at
regular intervals of approximately the solar rotation period
(ranging from 25 to 29 days; Jian et al. 2006). SIRs that recur
on two or more solar rotations can also be referred to as
corotating interaction regions (CIRs; e.g., Jian et al. 2006;
Richardson 2018; Chi et al. 2022). It is essential to highlight
that throughout this article, the term “CIR” is consistently
employed to denote the interaction between rapid and slow
solar wind, under the assumption that all events are stable and
in ideal corotation (Chi et al. 2022), regardless of whether they
recur more than one solar rotation.

Once CIRs sweep over the Earth, they can cause a sequence
of effects, such as moderate and minor recurrent geomagnetic
storms (Gosling & Pizzo 1999; Jian et al. 2006; Chi et al. 2018;
Richardson 2018; Chi et al. 2022), periodic oscillations in the
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ionosphere (Yu et al. 2021), and variations in the Earth’s
neutral density in the thermosphere (Zhang et al. 2021). In rare
cases, CIRs can also cause intense geomagnetic storms (Chi
et al. 2018). Unlike the Earth, Mars lacks global intrinsic
magnetic fields but possesses localized crustal fields that can
interact directly and indirectly with the solar wind, thereby
influencing the ionosphere (Connerney et al. 2015; Halekas
et al. 2017; Chi et al. 2023a). Some studies have investigated
the interactions between the solar wind and the Martian plasma
system. Sdnchez-Cano et al. (2017) found that small solar wind
structures can create larger perturbations than previously
expected in the Martian plasma system during solar minimum
and at aphelion. Energetic particles accelerated by shocks
associated with CIRs can also cause an enhancement in
ionospheric ionization (Morgan et al. 2010; Lee et al. 2017).
Due to the significant influence of CIRs on the heliospheric
environment, the prediction of CIRs or analysis of the properties
of high-speed streams has become a matter of great concern to
the space weather community. Williams et al. (2011) studied the
propagation of CIRs through the inner heliosphere using a series
of spacecraft and demonstrated a method for predicting the
arrival of CIRs at planetary bodies and other spacecraft from
ACE observations. Allen et al. (2020) analyzed the probability
of sequentially detecting SIRs/CIRs at different positions
by comparing SIRs/CIRs catalogs from STEREO-A/B (Jian
et al. 2019) and Wind (Jian et al. 2006; Chi et al. 2018).
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Chi et al. (2022) found that 58.9% of CIRs detected by
STEREO-B can be used to predict the observation of Wind on
Earth by calculating the summed correlation coefficient for the
magnetic field, velocity, and plasma density of CIRs between
two spacecraft. These studies indicate the potential capability of
solar wind monitors trailing Earth in its orbit to provide an early
warning of CIRs approaching at Earth several days in advance. It
is worth mentioning that the discussion in Chi et al. (2022)
suggested that an observer at 150deg in longitude (HEEQ
coordinates) can still provide an advanced warning for the solar
wind conditions on Earth.

In addition to the studies on the time lags of CIRs between
different planetary bodies or spacecraft, several analyses have
also been carried out to study the in situ parameters of CIRs.
Allen et al. (2021) explored the radial evolution of the CIR by
scaling the plasma and field measurements according to the
interplanetary magnetic field (IMF) theoretical radial depen-
dencies and shifting the measurements in earlier times using the
Parker Solar Probe and STEREO-A observations. Venzmer &
Bothmer (2018) and Geyer et al. (2021) performed statistical
studies to inspect the evolution of SIRs covering distances
ranging from 0.29-0.98au and 1-1.5au, respectively,
which derived exponents for the changes in solar wind
parameters. These works support the prediction of in situ
parameters of CIRs between spacecraft at different heliocentric
distances.

Since most prior studies have focused solely on the
propagation time and radial evolution of CIRs, which have
often been based on a small longitudinal difference, this work
intends to investigate whether the arrival time and in situ
parameters of CIRs can be simultaneously predicted over large
longitudinal and heliocentric distance differences. This assess-
ment will provide ample early warning for CIRs and lead to a
more comprehensive understanding of CIRs’ propagation
characteristics. Chi et al. (2023a) presented an SIR list based on
in situ observations from Tianwen-1 (Wan et al. 2020) at Mars
between 2021 November and 2021 December, when the
longitudinal difference between Earth and Mars was about
160 deg. Using the SIR list, we find two Earth—-Mars correlated
CIRs by checking the time lags and comparing the Wind
observation. Then, the prediction for arrival time and in situ
parameters of CIRs with large longitudinal separation is
performed. To compare the measurements between the two
planets, in situ observations from Wind, Mars Atmosphere and
Volatile EvolutioN (MAVEN; Jakosky et al. 2015), and
Tianwen-1 are used in this study. The layout of the paper is
as follows. Section 2 describes the instruments and data we use
in this work. A detailed description of the events selection and
prediction methods is presented in Section 3, as well as the
calculation results and analysis. The conclusions and discus-
sions of this work are given in Section 4.

2. Instruments and Data

In this study, we adopt data from the Wind (Acuna et al.
1995), which was launched on 1994 November 1 and has been
stationed at L1 since 2004. One-minute resolution bulk solar
wind plasma data from the Solar Wind Experiment (Ogilvie
et al. 1995) and magnetic field measurements from the
Magnetic Field Instrument (Lepping et al. 1995) are used to
calculate the CIRs arrival time and in situ parameters on Mars.

The solar wind parameters near Mars have been continu-
ously monitored by MAVEN since 2014 and by Tianwen-1
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since 2021 November (Chi et al. 2023a; Wang et al. 2023). The
Tianwen-1 spacecraft is China’s first Mars exploration mission,
launched on 2020 July 23, with a primary mission target of
studying environmental characteristics around Mars. The Mars
Orbiter Magnetometer (MOMAG; Liu et al. 2020) onboard
Tianwen-1 monitors the magnetic fields around Mars to learn
more about its space environment and how it interacts with the
solar wind. The Mars Ion and Neutral Particle Analyzer
(MINPA; Kong et al. 2020) on board Tianwen-1 is designed to
detect the ions and energetic neutral atoms in the Martian
environment. Since 2021 November, MOMAG and MINPA
have been continuously measuring local magnetic field
conditions and detecting the particles around Mars, respectively
(Wang et al. 2023). The reliability of MOMAG has been
verified by Zou et al. (2023), and the analysis of the
background signal in MINPA also suggested that the solar
wind velocity data from MINPA have good reliability (Wang
et al. 2024). The MAVEN spacecraft was launched on 2013
November 18 and has been investigating the interactions of the
Sun and solar wind with the Martian magnetosphere and upper
atmosphere for more than 9yr. The Magnetometer (MAG;
Connerney et al. 2015) and the Solar Wind Ion Analyzer
(SWIA; Halekas et al. 2015) on board MAVEN measure the
intensity and direction of the magnetic field, density, temper-
ature, bulk flow velocities, and dynamic pressure around Mars.

Since the orbits of Tianwen-1 and MAVEN are different, the
observations from MAVEN are complementary to those
measured from Tianwen-1 (Chi et al. 2023a). Hence, we use
the combination of solar wind measurements from Tianwen-1
and MAVEN to evaluate the prediction results derived from
Wind. The IMF vector data from Tianwen-1/MOMAG and
MAVEN/MAG, and the solar wind plasma data from
Tianwen-1/MINPA and MAVEN/SWIA are used in this
study. Note that we remove the data from the period when the
MAVEN and Tianwen-1 spacecraft were not exposed to
background solar wind. The selection criteria for undisturbed
solar wind periods are based on the descriptions in Chi et al.
(2023a) and Wang et al. (2023). The velocity data from
Tianwen-1/MINPA without solar wind signals in the energy
spectrum (Wang et al. 2024) are also removed.

All the data used in this paper are shown in the radial—
tangential-normal (RTN) coordinate system, with the x-axis
pointing from the Sun center through the spacecraft (radial), the
z-axis pointing along the projection of the solar north pole
(normal), and the y-axis completing the right-handed coordi-
nate system. In addition, all data have been processed using a
10 minute averaging method.

CIRs are characterized by in situ observations according to
the criteria of a distinct increase in the solar wind velocity
profile, a significantly enhanced magnetic field intensity, a first
increase and subsequently a decrease in proton density, an
increase in proton temperature, and a maximum of total
pressure at the stream interface (Jian et al. 2006, 2019; Chi
et al. 2018). At one au, the average duration of one SIR is about
36.7 £ 0.9 hr, the speed difference (AV) is 230 £ 5km s !
and the mean maximum magnetic field intensity is 15.5 £
0.3 nT (Jian et al. 2006). At Mars, SIRs have an average length
of 37.0+15hr, AV is 178 £8km sfl, and the mean
maximum magnetic field intensity is 11 &1 nT (Huang et al.
2019).
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Figure 1. Positions of Mars, Mercury, Sun, Venus, and Earth in HEE
coordinates from 2021 November 1 to 2021 December 17. The red dots, green
dots, gold dot, blue dots, and black dot present the positions of Mars, Mercury,
Sun, Venus, and Earth, respectively. The orbital track from light to dark
indicates the time from earlier to later. The gray dashed curves show the orbits
of the planets.

3. Observations and Analysis
3.1. Event Selection

Chi et al. (2023a) identified three SIRs at Mars observed by
Tianwen-1 and found that the first (beginning at 2021-11-
18T13:00; SIR-1) and third (beginning at 2021-12-16T06:00;
SIR-3) SIRs have similar increasing solar wind velocity trends,
magnetic field intensities, and 27.7 days gaps in arrival time,
which indicate that these two fast solar wind streams are from
the same coronal hole and are observed in two adjacent solar
rotations. In other words, SIR-1 and SIR-3 are two CIR events
(CIR-1M and CIR-2M, respectively; M represents Mars).
Based on this finding, we searched for measurements from the
Wind spacecraft between the beginning of CIR-1M and CIR-
2M to determine whether the CIRs could be observed near
Earth since most CIRs are well formed at 1 au (Huang et al.
2019).

Figure 1 shows the position of Mars, Mercury, Sun, Venus,
and Earth in heliocentric Earth ecliptic (HEE) coordinates from
2021 November 1 to 2021 December 17. The orbital track from
light to dark indicates the time from earlier to later. Between
2021-11-18T13:00 and 2021-12-16T06:00, the Wind observed
several CIR events. Considering that the angle between Mars
and Earth during this period is about 140-160 deg, the arrival
time of the CIR at Earth should be roughly 15 days earlier than
that at Mars (Lee et al. 2017). Therefore, we could identify the
only event among these CIRs that is considered to correspond
to CIR-2M, i.e., CIR-2E (E represents Earth), which has a
velocity profile and magnetic field variation trend similar to
those of CIR-2M and begins at 2021-11-30T13:42. CIR-2E has
a duration of about 19 hr, while the duration of CIR-2M is
22 hr. These CIRs have much shorter durations than the typical
duration of CIRs both on Earth and on Mars (Jian et al. 2006;
Huang et al. 2019). The small difference in the duration of
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CIR-2E and CIR-2M indicates that CIRs did not expand
significantly from Earth to Mars, which is consistent with
previous findings (Huang et al. 2019; Geyer et al. 2021).

Since the corresponding observation of CIR-2M was
obtained by Wind, it can be easily inferred that the counterpart
of CIR-1M at Earth can also be found, i.e., CIR-1E. The arrival
time of CIR-1E should satisfy two criteria: (i) approximately
one solar rotation earlier than CIR-2E; (ii) approximately
15 days earlier than CIR-1M. Using these criteria, we found the
observations of CIR-1E successfully, which is about 29.0 days
earlier than those of CIR-2E and about 16.9 days earlier than
those of CIR-1M. The duration of CIR-1E is the same as CIR-
IM, which is about 24 hr. The beginning and end of these two
CIRs at Earth, the time of Stream Interface (SI) and the mean
values of the total magnetic field intensity (B), the southern
component of the magnetic field (B,), the solar wind velocity
(Vsw), the proton temperature (7,,), the plasma density (V,,), and
the dynamic pressure (Py,) in the CIRs are listed in Table 1.
The mean values of these parameters of CIR-1E are close to
those of CIR-2E.

To further confirm whether CIR-1E and CIR-2E are
correlated CIRs, in addition to confirming their time lags, we
compared their in situ parameters from Wind, as shown in
Figure 2. CIR-2E has been moved forward by 29.0days to
align its beginning with that of CIR-1E, and the measurements
of these two CIRs have not been stretched or compressed since
their durations are similar. Figures 2(a)—(e) show the total
magnetic field intensity (|B|), N component of the magnetic
field in the RTN coordinate system (B,,) from Wind, solar wind
speed, plasma density, and proton temperature. The black
asterisk indicates CIR-1E, and the red asterisk indicates the
time-shifted CIR-2E. As the arrows show, the vertical orange
solid lines represent the beginning and end of CIR-1E, while
the vertical dashed lines with the same color represent the
beginning and end of CIR-2E. Note that the beginning of these
two CIRs are overlapped. The vertical blue solid line represents
the SI of CIR-1E, which is close to that of CIR-2E with a
vertical blue dashed line. The comparison in Figure 2 shows
that the magnetic fields, solar wind velocities, plasma densities,
and proton temperatures of CIR-1E and CIR-2E not only
exhibit very consistent trends but also exhibit little difference in
value, while the high-speed stream in CIR-1E has a greater
velocity than that in CIR-2E, and the maximum proton
temperature of CIR-2E is relatively larger.

Since the in situ parameters of CIR-1E and CIR-2E are close
to each other, and the time lags between them are approxi-
mately one solar rotation, it is credible to derive that they are
correlated CIRs. In total, a comprehensive scenario of these
CIRs during the period of study can be described as follows:
the high-speed stream from the coronal hole interacted with the
slow solar wind and formed the CIR, which was observed by
Wind (CIR-1E) near Earth; about 16.9 days later, the CIR also
swept the spacecraft (Tianwen-1 and MAVEN) near Mars
(CIR-1M); one solar rotation after the CIR-1E, the CIR was
observed by Wind once again (CIR-2E), and was sequentially
detected at Mars (CIR-2M). These two Earth-Mars correlated
CIRs (CIR-1 and CIR-2) will be used to perform the prediction
for CIR at Mars based on observation from Earth in this work.

3.2. Prediction Method

It is assumed that a stable CIR structure has formed overall
from Earth orbit to Mars orbit before the period of study, and
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Table 1
Beginning and End Times of CIRs Detected by the Wind Spacecraft on Earth

Symbol Begin Time of the CIR End Time of the CIR Time of Stream Interface Mean Values in the CIR
B Bs Vsw 7;]) N]z Pdp
(UT) UT) (nT) (nT) (kms™h (10° K) (cm ) (nPa)
CIR-1E 2021-11-01T15:00 2021-11-02T15:20 2021-11-01T21:00 6.85 —1.34 497.5 1.66 9.94 1.59
CIR-2E 2021-11-30T13:42 2021-12-01T08:34 2021-11-30T19:51 8.05 0.92 445.61 2.08 12.01 1.74

this structure ideally corotates with the Sun. In addition, there
are no other structures, such as coronal mass ejections (CMEs),
that interact with the CIR. Under these assumptions, the front
edge of the CIR is similar to the Parker spiral (Richardson
2018). Spacecraft at different positions on the same Parker
spiral can observe the CIR at the same time. According to the
descriptions in Hundhausen (1972), the Parker spiral equation
in a spherical coordinate system (R, ¢, 6) rotating with the Sun
can be expressed as

R - Ry =

V@W

G @~ %, (1)
where ¢, represents the initial position at a reference
heliocentric distance Ry, v, represents the radial solar wind
velocity, which is thought to be a constant (Hundhausen 1972;
Richardson 2018), and {2 represents the solar rotation angular
velocity. From Equation (1), it can be derived that an observer
at Mars orbit observing one CIR simultaneously as the Earth
should have longitude lags behind the Earth due to the
curvature of the Parker spiral. The value of the longitude lags

() is
&) = ey — Do = —(Rno — Reo)- 2)

SW

The symbols in Equation (2) with subscript O represent
parameters at initial time fy,, which is the arrival time of the
CIR at Earth, w = Qsinf is the solar rotation speed at the
latitude () of coronal hole, subscripts E and M represent the
parameters at the Earth orbit and Mars orbit, respectively. In
addition, considering that the orbital radii of Mars and Earth are
relatively stable, we assume that AR = Ry;o — R iS a constant
value during the period we investigate. Hence, the time lags of
the CIR between Earth and Mars consist of two parts, one is
from the difference in longitude (A¢), and the other is from ¢,,.
The arrival time of the CIR at Mars is

Ag + ¢, _ A¢ w AR

to + + , 3
W — wy

teal = to +

w — wy, W — Wy Vsw

where w, represents the relative motion of the Mars to the Earth
(Allen et al. 2020). Equation (3) is used to predict the arrival
time of CIRs at Mars based on parameters from Earth in
this work.

It is worth noting that Equation (3) is not limited to
calculating the time of CIRs from Earth to Mars, and it can also
be used between any two planetary bodies or spacecraft.
Moreover, when the relative velocity is small, i.e., w, can be
ignored and Equation (3) can be simplified as

A¢ AR

fead =t + — + —, (4)
w Vsw

which has the same form as the calculation method of the CIR
propagation times in previous work (e.g., Richardson et al.
1998; Opitz et al. 2009; Williams et al. 2011; Richardson 2018;
Jian et al. 2019; Geyer et al. 2021; Chi et al. 2022).

In this study, CIRs are assumed to be large-scale structures
with stable distributions in the interplanetary space within Mars
orbit. The distributions of the magnetic field and plasma
parameters of CIRs are considered to be radially dependent
(Kivelson & Russell 1995; Allen et al. 2021). The ag)proximate
scaling laws can be expressed as follows: B, o r ~, B, x r
nocrfz, Tocr 3, where B, and B, denote the radial and
tangential components of the IMF in RTN coordinates. These
rules are proven by Allen et al. (2021) to be well applicable to
the radial evolution analysis of the CIRs. The radial solar wind
velocity is an important parameter to be used in calculating the
arrival time of CIRs and is considered to be a constant in this
study (e.g., Williams et al. 2011). The normal magnetic field
component (B,,) in the quiet solar wind is approximately zero,
while B,, is nonzero in the interaction region. Since the Parker
solar wind model (e.g., Hundhausen 1972; Kivelson &
Russell 1995) does not give the radial distribution law of B,,
an approximate method that B, o< ' is used in this work.

3.3. Calculation and Analysis

The arrival time or the front edge observation time is the
primary concern for CIR prediction, which can be calculated
using a model based on Equation (3). The initial parameters for
calculation are listed in the first column in Table 2, where ¢ is
the front of CIRs at Earth by Wind, i.e., the initial time; A¢
represents the longitudinal difference between Mars and Earth
at fy; w represents the angular velocity of CIRs corotating with
the Sun; w, represents the angular velocity of Mars relative to
the Earth; AR represents the heliocentric distance between
Mars and Earth at beginning; v, is the radial solar wind
velocity in the CIR front at Earth, i.e., the slow solar wind
before interaction region. It is worth noting that although the
equatorial rotation speed of the Sun is about 14.7 deg day '
(24.5 days for one solar rotation; Allen et al. 2020), the CIRs’
rotation period is considered to be different (e.g., 27.13 days for
one solar rotation; Owens et al. 2013; Chi et al. 2022).
Moreover, solar rotation is known to have a latitudinal
dependence (Allen et al. 2020), and the time window of one
solar rotation can range from 25 to 29 days (Jian et al. 2006). In
this study, the time lag between the beginnings of CIR-1E and
CIR-2E is about 29 days, which is used to calculate the solar
rotation speed for a more practical CIR prediction, i.e.,
w=12.41degday .

The calculation results of the prediction for CIRs arriving at
Mars are listed in Table 2. The second column shows the
theoretical time lags between the CIR arrival times at Earth and
Mars, and the third column shows the theoretical arrival times
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Figure 2. Comparison of CIR-1E and time-shifted CIR-2E from Wind. As denoted by arrows in panel (d), the vertical orange solid lines represent the beginning and
end of CIR-1E, and the vertical dashed lines with the same color represent the beginning and end of CIR-2E. The vertical blue solid line represents the SI of CIR-1E,

which is close to the SI of CIR-2E with the vertical blue dashed line.

of the CIRs at Mars. The actual observations from Tianwen-1
of these CIRs are listed in the fourth column (Chi et al. 2023a).
The last column shows the prediction deviation from the actual
observation (theoretical value minus the observation).

The prediction deviation shows that the predicted arrival
times for these two CIRs are earlier than the actual observation,
while the deviations are less than 30 hr and the relative errors
are 6.08% and 6.83%, respectively. These results are compar-
able with the conclusions in Williams et al. (2011), which
suggest that all CIRs they studied can be found within 1.5 days
of the calculation results.

As mentioned in Section 3.2, the approximate scaling laws
are applied to derive the in situ parameters at Mars orbit from
L1 point observation by Wind. Figure 3 shows the comparison
between in situ measurements at Mars and the value predicted
from the Earth for CIR-1. The red asterisks are Tianwen-1
observations, black asterisks represent MAVEN observations,
and blue diamonds represent the scaled and time-shifted Wind
observations, which are also indicated at the top right of
Figure 3. Note that the shift time (4-16.92 days) for Wind is
determined by the actual time lags between the fronts of CIR-
1E and CIR-1M, and the duration of CIR-1E is not scaled since
it is similar to the duration of CIR-1M. Comparison in Figure 4
is also conducted in the same way. In Figure 3, panels (a)-(i)
show the total magnetic field intensity (|B|), three components
of the magnetic field in the RTN coordinate system (B,, B;, and

B,), the solar wind speed (Vi,), plasma density, the proton
temperature, the total pressure, and the plasma beta (3,). The
gray-colored band indicates the interval of the CIR-1M (from
2021-11-18T13:00 to 2021-11-19T13:00) inferred from the
Tianwen-1 data (Chi et al. 2023a), while the yellow vertical
solid line shows the SI of CIR-1M at 18:30 on 2021 November
18. The separation angle and separation distance at the start
time (2021-11-17T15:00:00) of Figure 3 between Mars and
Earth are 158.50 deg and 0.60 au, respectively. The change in
the separation angle is about 8.49 deg from 2021 November 1
to 2021 November 17, which shows that it is necessary to take
the relative angular velocity (w,) into account in the calculation,
and the almost constant separation distance also shows that it is
reasonable to assume that AR is constant.

As shown in Figure 3, the scaled Wind data are comparable
to the data obtained from the combination of Tianwen-1 and
MAVEN (the Martian observation). The maximum of the total
magnetic field from the scaled Wind data is close to the Martian
observation, while the former has steeper increasing and
decreasing trends. The three components of the magnetic field
are very consistent between the predicted and observed values.
However, the velocity difference between the fast and slow
solar winds is not as large as expected, i.e., the Martian solar
wind profile is flatter. The density profile of the scaled Wind
matches well in the CIR region with that of the Martian
observation, while some enhancement occurs before the CIR at
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Table 2
Comparison of CIRs Prediction Results with Observations

Initial Parameters Theoretical Time Lag

Theoretical Arrival Time at Mars
(days) uT)

Observation Time by Tianwen-1 Prediction Deviation
(U (hr)

to: 2021-11-01T15:00
A¢: 166.99 deg

w: 12.41 deg day "
w,: —0.53 deg day '
AR: 0.61 au

Vew: 341.53 km s™!

15.89 2021-11-17T12:18

2021-11-18T13:00 —24.69

fo: 2021-11-30T13:42
A¢: 151.68 deg

w: 12.41 deg day '
w,: —0.52 deg day ™"
AR: 0.59 au

Vew: 339.44 kms™!

14.61 2021-12-15T04:18

2021-12-16T06:00 —25.69

Note.
% From Chi et al. (2023a).

Mar. The total pressure calculated by the magnetic field
strength, density, and temperature also show similar maxima
but sharper profiles than Martian observations. As suggested in
Geyer et al. (2021), the discrepancies in |B|, Vi, and the total
pressure profile between the predicted and actual data may be
due to wave crest broadening with respect to the expansion of
the steam close to the SI. The predicted temperature is lower
than the observed value, especially in the high-temperature
region, which indicates that the proton temperature decays at a
slower rate (e.g., T r~ % in Marsch & Richter 1984) with
increasing heliocentric distance than expected if the solar wind
was adiabatic expansion (7" < 4 3.

Figure 4 shows a comparison between the scaled and time-
shifted Wind and Martian observations of CIR-2. The plot
setup is the same as that in Figure 3. The gray-colored band
indicates the interval of the CIR-2M (from 2021-12-16T06:00
to 2021-12-17T04:00; Chi et al. 2023a), while the yellow
vertical solid line shows the SI of CIR-2M at 19:40 on
December 16. For CIR-2, the profiles of the total magnetic
field, three components of the magnetic field, and the solar
wind velocity for the scaled Wind are well consistent with the
actual observations. The plasma density, proton temperature,
and total pressure for the predicted values all have the same
trends as those of the Martian observation, although the overall
values are lower.

As shown in Figures 3 and 4, the consistency of the magnetic
field and plasma parameters between the time-shifted scaled
Wind and the combination of the Tianwen-1 and MAVEN
indicates that the approximate scaling laws mentioned in
Section 3.2 can be used to predict the in situ parameters at Mars
based on the observations from the Earth. Moreover, this
finding provides strong evidence for the correlation of the CIRs
observed on both the Earth and Mars.

4. Conclusions and Discussions
4.1. Conclusions

Based on the SIR list in Chi et al. (2023a), which used the
Tianwen-1/MOMAG data between 2021 November and 2021
December, we present the corresponding two CIRs at Earth that
are observed in two adjacent solar rotations by checking the
arrival time of the CIRs both at Earth and at Mars. These two

events are confirmed once again to be the same CIR by comparing
their in situ measurements from the Wind. During the period of
study, the separation longitudinal angle between the Earth and
Mars decreases with time from about 167 deg to about 142 deg,
while their difference in heliocentric distance fluctuates around
0.6 au. These two Earth—Mars correlated CIRs provide us with an
opportunity to test CIR prediction between planetary bodies with
large longitudinal differences and different heliocentric distances.
In this work, prediction for arrival time and in situ parameters of
CIRs at Mars are performed by the observations at Earth, and the
results are compared between the predicted and actual values
using Tianwen-1, MAVEN, and Wind data. The conclusions are
summarized as follows:

1. The arrival time of CIRs at Mars is predicted by assuming
that the front of the CIR is Parker-spiral-like and
corotates steadily with the Sun. The relative angular
speed of Mars (about —0.5 deg day ') with respect to
Earth is also taken into account. As shown by the
calculation results, the time lags are about 15.89 days for
CIR-1 observing successively by spacecraft at Earth and
Mars with a longitudinal difference of about 166.99 deg,
a heliocentric distance of about 0.61 au, and a radial solar
wind velocity of about 341.53kms '. For CIR-2, the
time lags are about 14.61 days, while the longitudinal
difference is about 151.68 deg, the heliocentric distance is
about 0.59 au, and the radial solar wind velocity is about
339.44kms~". The predicted arrival times of two CIRs
are about 24.69 and 25.69 hr earlier than the actual
observations, respectively, while the relative errors are
about 6.08% and 6.83%, which are comparable with
previous studies (Williams et al. 2011; Jian et al. 2019).
Note that a 29 day Solar rotation is used according to the
time lags between the beginnings of two CIRs at Earth for
a more practical and accurate prediction in this study.

2. The magnetic field and plasma parameters of the CIRs at
Earth are scaled and time-shifted to predict the observa-
tions at Mars according to the approximate scaling laws
(Kivelson & Russell 1995; Allen et al. 2021), i.e.,
B, x r72, B, x ! B, x 7l ono rfz, Tocr 3. Com-
parisons between the predicted and actual values are
carried out to check the accuracy of this method. The
results show that the predicted values are generally in
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Figure 3. Comparison between the in situ measurement at Mars and the predicted value from the Earth for CIR-1. The black asterisks represent MAVEN observations,
the red asterisks are Tianwen-1 observations, and the blue diamonds represent the scaled and time-shifted Wind observations. The gray-colored band indicates the
interval of the CIR-1M (from 2021-11-18T13:00 to 2021-11-19T13:00) inferred from the Tianwen-1 data (Chi et al. 2023a), while the yellow vertical solid line shows
the SI of CIR-1M at 18:30 on 2021 November 18. The separation angle and separation distance between Mars and Earth at the start time of this figure are presented in
the title. The shifted time is about 16.92 days.

good agreement with the observed values, although solar wind observations as they enter the Martian magneto-
having some discrepancies. Similar comparisons for sphere (Chi et al. 2023a; Zou et al. 2023). Moreover, our
investigating the radial evolution of CIRs have also been method can also be applied to the analysis between any two

done by Venzmer & Bothmer (2018) and Geyer et al. planetary bodies or spacecraft. For example, the arrival time of
(2021), as discussed later. the CIRs at BepiColombo (Benkhoff et al. 2021) during its

This is the first study to predict the arrival time and in situ cruise phase can also be calculated based on the beginning of
parameters of the CIRs with longitudinal differences larger than CIR at Earth. For CIR-1, the results predicted by our model
150deg and radial differences of about 0.6au. The good show that the arrival time is 2021-11-08T04:30 at BepiCo-
prediction results show the feasibility of our method, which is lombo. During this time, the heliocentric distance of BepiCo-
conducive to achieving a more comprehensive study of Mars lombo was about 0.5 au, while its angular separation from
since there are fewer instruments available near Mars than near Earth was about 112 deg, positioning it midway between Earth
Earth, and spacecraft such as Tianwen-1 often lose reliable and Mars. By checking the data from the magnetometer
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Figure 4. Comparison between the in situ measurement at Mars and the predicted value from the Earth for CIR-2. The plot setup is the same as that in Figure 3. The
gray-colored band indicates the interval of the CIR-2M (from 2021-12-16T06:00 to 2021-12-17T04:00; Chi et al. 2023a), while the yellow vertical solid line shows
the SI of CIR-2M at 19:40 on December 16. The shifted time is about 15.68 days.

instrument on board the Mercury Planetary Orbiter (MPO- predicted results of both CIR-1 and CIR-2 at Mars are earlier.
MAG:; Heyner et al. 2021) of BepiColombo, we find that the The possible reason for the discrepancy may be the simplifica-
actual observation time of CIR-1 at BepiColombo is approxi- tion of the Parker spiral model used in our method. Since the
mately 2021-11-07T14:00 and the deviation of the arrival times CIR results from the interaction between the fast and slow solar
between the predicted value and observed value is 14.5 hr. Due winds, the interaction region becomes increasingly larger as the
to the lack of plasma data, further confirmation of the heliocentric distance increases (Richardson 2018), which
correlation between the observations at BepiColombo and indicates greater compression with increasing heliocentric
Wind could not be obtained. Nevertheless, our method distance. The deformation of the IMF structure outside of the
demonstrates the ability to identify CIRs within a large data set. Parker spiral causes the deviation of the prediction. Moreover,

the prediction results that the arrival time of CIR-1 is earlier
than expected at BepiColombo but later than expected at Mars
also indicate that the rotation of the CIRs is not constant (Allen

It is not too difficult to spot that the expected arrival of CIR- et al. 2020) or the coronal holes have developed and evolved
1 at BepiColombo is later than the actual observation, while the (Richardson 2018; Chi et al. 2022), which is different from the

4.2. Discussions
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Table 3
Comparison of RMS Error Among Different Scaling Laws

No. Parameters RMS Error (Scaling Laws)

Venzmer & Geyer et al.
(Unit) Our Methods Bothmer (2018) (2021)
1 |B| T) 2.16 218 (X% 224 (193
B, (nT) 1.81 (73
B, (nT) 3.01 7Y
B, (nT) 3.14 7Y
Vew (kms™ 1) 7528 (%) 84.64 (%) 67.87
Density (cm™>) 472 (7Y 472670 471 M)
Temperature (10° K) 0.87 (r*§‘) 0.72 (%7 1.02 9%
Total Pressure (nPa) 118 x 1072 1.16 x 1072 129 x 1072
2 |B| (T) 1.41 1.56 1.62
B, (nT) 2.15
B, (nT) 2.39
B, (nT) 247
Vew (kms™h) 34.37 37.53 95.51
Density (cm ) 3.88 3.90 3.87
Temperature (10° K) 0.76 0.61 0.92
Total Pressure (nPa) 1.08 x 1072 1.10x 1072 123 x 1072

assumption we have made (see Section 3.2) and may result in
uncertainty in the rotational speed of the structure Allen et al.
(2020). Hence, multiple longitudinally spaced spacecraft such
as twin STEREO before 2015, can help determine the variable
rotational speed of the SIR/CIR (Allen et al. 2020). The solar
wind monitor located at 30 deg and 150 deg longitude ahead of
the Sun—Earth line (Solar Ring) has been proposed by Wang
et al. (2020), which will hopefully improve the capabilities for
CIR prediction.

Previous studies have identified CME events that occurred
during the study period (e.g., Chi et al. 2023a, 2023b; Yu et al.
2023). These CMEs may have cleared some of the ambient solar
wind plasma (Chi et al. 2020), leading to a rarefied and disturbed
solar wind; consequently, the prediction for the in situ parameters
of CIRs is affected. However, the prediction for the arrival time of
CIRs at Mars is unaffected because these CMEs did not interact
with the CIRs. In addition to the impact of CMEs, the
inconsistencies observed when comparing the scaled and time-
shifted Wind and Martian measurements could be due to the fact
that the approximate scaling laws outlined in Section 3.2 are not
entirely applicable to all parameters of the CIRs studied,
particularly the plasma density and proton temperature. These
rules are derived from the general solar wind magnetic field and
plasma parameters, and their validity could be limited when
applied to CIRs. Venzmer & Bothmer (2018) derived exponents
for the decrease or increase in solar wind parameters from 0.3 to
1 au based on data from Helios 1+2 and OMNI, while Geyer
et al. (2021) focused on the distance range of 1-1.5au by
comparing SIRs at Earth and Mars. To compare the capabilities of
the scaling laws in Venzmer & Bothmer (2018) and Geyer et al.
(2021) with our methods, the rms errors are calculated for two
CIRs, as listed in Table 3.

In Table 3, the parameters have the same meanings as
in Figures 3 and 4. The rms error is calculated by

¥ (Martian Observation — Scaled Value)?

N , where N represents the
number of data in one parameter. As shown by the comparison,
the scaling laws in the three methods for |B|, Density have
similar performances, while the law for Temperature in

Zhong et al.

Venzmer & Bothmer (2018) has better results. The exponent
for V,, in Geyer et al. (2021) achieves the smallest rms error in
CIR-1, but has the largest rms error in CIR-2. The total
pressure, the sum of thermal and magnetic pressure, is
determined by |B|, the density, and the temperature. Conse-
quently, the performance of these three parameters directly
impacts the rms error of the total pressure. As presented in
Table 3, the rms errors of the total pressure in our methods and
in Venzmer & Bothmer (2018) are comparable, while the rms
error in Geyer et al. (2021) is slightly higher. In total, there is
no single method among them that is perfect for all parameters
of both CIRs. Moreover, it is worth noting that although
Venzmer & Bothmer (2018) and Geyer et al. (2021) performed
statistical analysis of the radial evolution of CIRs, their studies
focused on the properties of all the CIRs that were averaged
without correlating the events at different positions. Hence, a
statistical study of correlated CIR events needs to be carried out
to investigate a better radially dependent scaling law for CIRs
in the future.
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