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ABSTRACT

Understanding the evolution of radial sizes and instantaneous expansion speeds of coronal mass ejections (CMEs) is crucial for
assessing their impact duration on Earth’s environment. We introduce a non-conventional approach to derive the CME’s radial
sizes and expansion speeds at different instances during its passage over a single-point in situ spacecraft. We also estimate the
CME’s radial sizes and expansion speeds during its journey from the Sun to 1 AU using the 3D kinematics of different CME
features, including the leading edge (LE), center, and trailing edge (TE). The continuous 3D kinematics of the CME is estimated
by employing the GCS and SSSE reconstruction methods on multi-point observations from coronagraphs and heliospheric
imagers combined with the drag-based model. We choose the 2010 April 3 CME as a suitable case for our study, promising
a more accurate comparison of its remote and in situ observations. We show that the introduced non-conventional approach
can provide better accuracy in estimating radial sizes and instantaneous expansion speeds of CMEs at different instances. We
examine the aspect ratio of the CME, which influences its expansion behavior and shows the discrepancy between its value in the
corona and interplanetary medium. Our study highlights significant inconsistencies in the arrival time, radial size, and expansion
speed estimates obtained from remote and in situ observations. We advocate for future studies leveraging multi-spacecraft in situ
observations and our non-conventional approach to analyze them to improve the comprehension of CME dynamics in the solar
wind.
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1 INTRODUCTION heliospheric imaging and in situ observations from unprecedented
locations closer to the Sun have made good progress in understand-

Co;on(zjﬂ Ilnass ej; Clt)lt)()lnsf(CMES) ;re t.het hltlfelfxlr.) uls1l(1) ns of t(lile m?ﬁ’r- ing the evolution of CME:s in the preconditioned ambient medium
netized plasma bubble trom the Sun into the heliosphere and are ey, ioq ot a1, 2009; Mishra et al. 2017; Méstl et al. 2022; Khuntia

primary drivers of adverse space weather effects (Schwenn 2006; et al. 2023; Berriot et al. 2024; Palmerio et al. 2024). However, due
Pulkkinen 2007; Webb & Howar.d 20.12;.Schr1J\./er et al. 2015). to difficulty in unambiguously tracking features at distances far from
CME:s are often remotely observed in white light, using coronagraphs . . S . s

. T . the Sun and further identifying them in in situ observations, it is still
(CORs) and heliospheric imagers (HIs), due to Thomson scattering challenging to establish the one-to-one association among the fea-

(l)g g él 0;;) sphe;l;cllfht t.)y ;I(l)ez)ge}e}itrons dmtthle ;glla; C(gf/[lg (Bllhrigs tures observed in these two sets of observations (Kilpua et al. 2017;
> Howard & Tappin 2009; Howard et al. 2013). CMEs can also vy, @ Teriaca 2023; Temmer et al. 2023).

be observed in in situ observations that can provide measurements o ] ) )
Predicting the arrival time of CMEs or magnetic clouds (MCs) at

of CME parameters along a 1D cut made by the in situ spacecraft IS -
through the CME (Burlaga et al. 1981; Crooker & Intriligator 1996; the Earth is important (Webb & Howard 2012; Vourlidas et al. 2019;
Temmer et al. 2023) for the onset of space weather phenomena while

Bothmer & Schwenn 1998). There have been several attempts to e e ’ .
the radial size, impact duration, momentum, and magnetic field can

use observations from multiple spacecraft, combined with modeling ’ ! ' !
efforts, to understand the 3D kinematics, global morphology, radial govern the intensity of the perturbations and recovery time for the
disturbed magnetosphere to restore its quiet state (Gonzalez et al.

size, and propagation behavior of CMEs (Sheeley et al. 1999; Xie ) )
et al. 2004; Jian et al. 2008; Lugaz et al. 2010; Nieves-Chinchilla ~ 1999; Wang etal. 2003; Srivastava & Venkatakrishnan 2004; Echer

et al. 2013; Winslow et al. 2015; Kilpua et al. 2019; Lugaz et al. et al. 2008; Wood et al. 2017). Despite the importance of radial sizes
2020a; Mishra et al. 2021b; Zhuang et al. 2023). In the current era, of CME:s on the Earth, only a handful of studies have investigated the
continuous evolution of radial sizes during the heliospheric journey
of CMEs (Savani et al. 2009; Wood et al. 2017). The radial dimension
* E-mail: anjali.agarwal @iiap.res.in of a CME is expected to be linked to its radial expansion. A faster
+ E-mail: wageesh.mishra@iiap.res.in propagating CME has a larger expansion speed and consequently can
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be of a bigger size (Owens et al. 2005). Although several attempts
have been made to estimate the lateral expansion speed of CMEs
closer to the Sun using coronagraphic observations and connecting
it to the radial propagation speed of CMEs (Schwenn et al. 2005;
Gopalswamy et al. 2009; Scolini et al. 2019; Balmaceda et al. 2020),
only limited studies are reported to derive the radial expansion speeds
from such observations (Savani et al. 2009; Patsourakos et al. 2010).
Understanding the evolution of radial sizes of CMEs can help us
better understand the physical processes governing the expansion, a
relative decrease in the thermal and magnetic pressure content inside
the CMEs and solar wind, and the increasing separation between
different features/substructures (leading edge, center, and trailing
edge) of the CMEs.

There have been several attempts to estimate the radial sizes of
CME:s at different distances from the Sun. Using multi-spacecraft
(Voyager 1 & 2, Helios 1 & 2, and IMP 8) in situ observations,
Burlaga et al. (1981) estimated the radial size of MCs. In another
attempt, using multi-spacecraft (IMP, Pioneer 11, and Pioneer 10) in
situ observations, Crooker & Intriligator (1996) found that MCs can
have highly distended cross sections, with longitudinal dimension
exceeding radial dimension by at least a factor of 8. These studies
are based on analyzing a few selected cases measured in situ and
do not provide a connection to the estimates of CME characteristics
derived from imaging observations. There are also statistical studies
estimating the radial sizes of CMEs on the Earth over different solar
cycles (Zhang et al. 2008; Mitsakou & Moussas 2014; Kilpua et al.
2017; Mishra et al. 2021a). Notably, the local in situ measurements
cannot differentiate if the measured characteristics of the CME are
inherent or due to the evolution of CME in the surrounding medium
or if it is merely the effect of spacecraft trajectory through the CME.
Further, such studies pose limitations as detecting the same feature
of a CME at multiple spacecraft, which are often not radially aligned,
is rarely possible.

There are interesting studies, but only a handful, combining multi-
viewpoint remote observations and in situ measurements from ra-
dially aligned spacecraft to investigate the radial dimension and ex-
pansion of CMEs up to 1 AU (Nieves-Chinchilla et al. 2012, 2013;
Lugaz et al. 2020a). Earlier studies have often focused on tracking a
CME bright leading edge in the imaging observations (coronagraphs
or HIs), with only a few tracking the cavity or filament of a CME
to derive their 3D kinematics (Liu et al. 2010; DeForest et al. 2011;
Colaninno et al. 2013; Mishra & Srivastava 2013; Mostl & Davies
2013; Mishra et al. 2014; Temmer et al. 2014; Mishra & Srivas-
tava 2015; Rouillard et al. 2020). Also, several models (empirical,
analytical, and MHD) have mostly attempted to investigate the evo-
lution of the CME leading edge (Gopalswamy et al. 2000; Odstrcil
et al. 2004; Schwenn et al. 2005; VrsSnak et al. 2010; Scolini et al.
2019; Mayank et al. 2024). Investigating the evolution of different
substructures (leading edge, center, and trailing edge) of a CME can
provide a better understanding of the relative forces acting on them,
the evolution of their propagation and expansion speeds, and their
radial dimensions.

Progress toward accurately estimating the evolution of radial sizes
of CMEs will be crucial for estimating the expansion speeds, arrival
times of various substructures, and the longevity of space weather
events. Given the limited number of studies focusing on the ongoing
changes in the radial size and expansion speed of CMEs (Savani
et al. 2009; Nieves-Chinchilla et al. 2012), it is imperative to analyze
more cases and interpret the findings in the context of earlier studies.
Additionally, different substructures, such as the leading edge (LE),
center, and trailing edge (TE), of CMEs/MCs may exhibit different
characteristics in different instances (DeForest et al. 2011; Mishra
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& Srivastava 2015). However, most existing studies utilizing remote
observations and modeling primarily examine only the arrival time of
the CME leading edge and compare it with in situ observations (Liu
et al. 2010; Mishra & Srivastava 2013; Scolini et al. 2019; Mayank
et al. 2024). Furthermore, the conventional approach estimates the
radial expansion speed of CMEs as half of the difference between
the leading edge and the trailing edge speed measured at a certain
location of the spacecraft (Crooker & Intriligator 1996; Owens et al.
2005; Jian et al. 2008; Richardson & Cane 2010). Since the arrival of
the leading edge and trailing edge of the CME at 1 AU are often sep-
arated by several hours, the conventional approach cannot accurately
provide the instantaneous expansion speed at the arrival of any CME
substructures (LE, center, and TE) at a certain in situ spacecraft.

This paper focuses on a non-conventional analysis approach to
single-point in situ observations to estimate the CME’s radial size and
instantaneous expansion speed. We describe our non-conventional
approach as considering different accelerations of each substructure
of the CME, which implies that the CME has a non-zero constant ex-
pansion acceleration during its passage at the in situ spacecraft. These
estimates from the non-conventional approach are compared with the
radial size and expansion speeds derived from multi-point remote ob-
servations combined with the drag-based model. To demonstrate the
concept of our study, we selected a CME of 2010 April 3. Earlier stud-
ies have focused on estimating the arrival time and propagation speed
of only the leading edge (LE) of this CME (Liu et al. 2011; Mishra
& Srivastava 2013; Colaninno et al. 2013; Mishra et al. 2014; Wood
et al. 2017). Also, studies have undertaken the geo-effectiveness of
this CME and its shock (Mostl et al. 2010; Xie et al. 2012; Hess &
Zhang 2017). Different models have been implemented to examine
the kinematics and thermodynamic properties of the CME (Wood
et al. 2011; Mishra et al. 2020). It is evident that the 2010 April 3
CME has been studied extensively in the literature from different per-
spectives, but none of the earlier studies have focused on examining
the evolution of radial sizes.

Selecting the extensively studied CME of 2010 April 3 offers nu-
merous advantages: (i) Since our approach is to estimate radial sizes
of the CME utilizing its 3D kinematics of different substructures at
varying distances from the Sun, we can validate our estimates of
the CME LE kinematics against previously established studies. (ii)
Earlier studies focused on estimating the kinematics of this CME
LE only; our estimates of 3D kinematics for both the center and TE
will enhance our comprehension of the distinct kinematics exhib-
ited by various substructures of the CME. (iii) The chosen CME,
characterized by high speed and minimal deceleration beyond coro-
nagraphic heights, promises to be an ideal candidate for a reasonable
comparison between remote and in situ observations. This implies
the possibility of minimal inconsistency in the estimates from the
remote and in situ observations to demonstrate one of the best per-
formances of the conventional methods in forecasting the radial size,
expansion speeds, and impact duration of CMEs at 1 AU. (iv) This
non-decelerating CME could also be a good candidate for validating
the kinematics obtained from methods applied to HIs observations
by comparing it to those obtained from coronagraphic observations,
given more challenges in reliably tracking CMEs and estimating their
kinematics away from the Sun.

The utilized in situ observations and their analysis using our non-
conventional approach are described in Section 2.1. The kinematic
evolution of different substructures of the CME as obtained from re-
mote observations is described in Section 2.2. The inconsistencies in
the estimates from both sets of observations are noted in Section 2.3.
The role of the aspect ratio of the CME in governing the radial size
and expansion speeds of the CME is outlined in Section 2.4. Section



3 summarises our results and discusses the factors that can bring
some uncertainties in our findings.

2 OBSERVATIONS OF SELECTED CME AND ANALYSIS
METHODOLOGY

We investigate the evolution of radial sizes of the selected 2010 April
3 CME at different instances using in situ and remote observations.
In this work, we utilized the in situ observations of the CME from
Wind spacecraft near 1 AU (Ogilvie & Desch 1997) and identified the
CME boundaries based on the magnetic field and plasma parameters
described in Section 2.1. We focus on our non-conventional approach
to the in situ observations from single-point spacecraft to estimate
the radial sizes and instantaneous expansion speeds as described in
Section 2.1.1. For investigating the continuous evolution of the CME,
we use its remote observations from white light coronagraphs Large
Angle and Spectrometric COronagraph (LASCO) onboard SOlar
and Heliospheric Observatory (SOHO), coronagraphs (CORs) and
heliospheric imagers (HIs) observations onboard twin Solar TErres-
trial RElations Observatory (STEREO) spacecraft (Brueckner et al.
1995; Kaiser et al. 2008; Howard et al. 2008; Eyles et al. 2009).

In the following, we first describe the in situ observations-based
estimates of CME radial sizes and speeds at different instances when
LE, center, and TE of the CME arrive at 1 AU. Thereafter, we describe
the remote observations of CMEs to estimate the 3D kinematics of
the CME using conventional 3D reconstruction methods. The esti-
mated 3D kinematics of different substructures (LE, center, and TE)
of the CME are used to derive the radial size and instantaneous ex-
pansion speed of the CME. The derived radial size and instantaneous
expansion speed from remote observations are compared with the
estimates from in situ measurements at 1 AU. Our analysis focuses
on the inconsistencies in the estimates from both sets of observations
and investigates the possible reasons for the same.

2.1 In Situ Observations of the CME

For the in situ observations of the 2010 April 3 CME, we employ data
from the Wind spacecraft in GSE coordinate located close to 1 AU (at
the L1 point). Figure 1 illustrates the in situ observation of the CME;
the panels from top to bottom show the magnetic field magnitude, 6,
¢, speed, proton density, proton temperature, and plasma beta. We
estimate 6 using the magnitude of the total magnetic field and normal
component of magnetic field (B;) as 6 = sin~! (%). Since ¢ rotate
in the ecliptic plane (from 0° to 360°), therefore, ¢ is estimated using
magnetic field components By and By as for By > 0 and By, > 0,
¢ = tan_l(g—i); for By < 0and By >0, ¢ = tan_l(g—i) + 180°; for
By <0and By < 0,¢ =tan™' (52)+180°: for By > 0 and By <0,
¢ = tan~! (32) + 360°.

We scrutinize in situ data to discern the boundaries of CME or
magnetic cloud (MC), employing multiple signatures simultaneously
as described by Zurbuchen & Richardson (2006). Figure 1 illustrates
the arrival of the CME shock at 08:28 UT on April 5, with the sheath
duration of the CME depicted by a fill area in transparent red. The
CME/MC LE reaches Wind at 13:43 UT on April 5, while its TE
reaches Wind at 13:20 UT on April 6. Consequently, the transparent
yellow fill area denotes the 23.6 hours of duration of the MC. Our
estimates of the MC boundaries are in good agreement, within 1
hour, with several earlier studies (Mostl et al. 2010; Liu et al. 2011;
Mishra & Srivastava 2013; Mishra et al. 2014). This figure explores
the rotation of 6 and ¢ within the MC boundary to observe cloud
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Figure 1. The top to bottom panels show the variation of the magnitude of the
magnetic field, latitude and longitude of magnetic field vector, proton speed,
proton density, proton temperature, and plasma beta. Transparent fill areas
with red and yellow represent the sheath and magnetic cloud duration during
the passage of the CME on in situ spacecraft at 1 AU.

orientation, which is the North-West-South (NWS) direction. In the
fourth panel, a linear decrease in speed between the MC boundary
signifies the expansion of the cloud.

Using the conventional approach (Owens et al. 2005), we used the
in situ measured speeds of the LE and TE of 2010 April 3 MC, and
estimate the expansion speed (Vexp = VLEVT) of the MC as 136.5

km s~!. The conventional approach assumes a constant expansion
speed throughout the entire passage of the MC over a specific in
situ spacecraft. Consequently, the calculated expansion speed is not
instantaneous at different instances corresponding to the arrival of
different features of the MC. In the following Section 2.1.1, we
outline our non-conventional approach, which enables us to estimate
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Figure 2. The schematic illustrates the evolution of an expanding CME
during its passage over the in situ spacecraft. The magenta circles represent
the geometry of a CME in the plane of an in situ spacecraft. The blue, green,
and maroon vertical lines denote the LE, size center, and TE of the MC,
respectively. The location of in situ spacecraft at 1 AU is marked on the
horizontal black line with two additional distances, one greater than 1 AU (1
AU + x;) and one lesser than 1 AU (1 AU - x;). The top to bottom panels
represent the arrival of LE (L), center (C), and TE (T) at 1 AU at different
instances of 1, t2, and t3, respectively. The left-right arrow represents the
distance traveled by different features and the evolution of the CME radial
dimension during any two instances.

the radius of the MC at distinct instances (at the arrival of LE,
center, and TE) and determine the instantaneous expansion speed
from single-point in situ measurements.

2.1.1 Non-conventional Approach to Examine the Evolution of
Radial Size and Expansion Speed from Single-point In Situ
Observations

We demonstrate a non-conventional approach to examine the evo-
lution of radial size and instantaneous expansion speed at different
instances during the passage of the MC over the in situ spacecraft. The
conceptual representation of this approach is illustrated in Figure 2.
Irrespective of the assumed CME structure, the in situ spacecraft will
provide 1D measurements of the CME plasma parameters along its
trajectory through the CME. Even in the case of a flank encounter
of the CME with the in situ spacecraft (i.e., without the intersection
of the spacecraft along the nose of the CME), the sampled region of
the CME can be classified into leading, center, and trailing portions.
For simplicity of explaining our non-conventional approach, we can
assume the CME flux rope as a circle in the plane of spacecraft (the
orbital plane of the spacecraft, which is the ecliptic plane in our study
as we are using in situ observations of WIND at L1).

For the schematic representation, the magenta-colored circle in the

MNRAS 000, 1-16 (2024)

figure shows the MC in the ecliptic plane. The circular MC shown in
the top, middle, and bottom panels shows the arrival of LE, center,
and TE at 1 AU at the instances of ¢, 5, and 73, respectively. The
blue, green, and maroon vertical solid lines touching/intersecting the
circle denote the LE, center, and TE of the MC, respectively. The
LE, center, and TE of the MC are denoted with symbols L, C, and
T, respectively, and those with subscripts 1, 2, and 3 represent the
scenario at three different instances ¢{, #, and t3. The location of
the in situ spacecraft at 1 AU is indicated on the horizontal black
line. The marking of 1 AU distance on the horizontal line is clear
with two additional distances, one greater than 1 AU (1 AU + x»)
and another lesser than 1 AU (1 AU - x;). The radius of the cloud
at the arrival of LE, center, and TE at 1 AU (i.e., at 1, tp, and #3)
is Ry, Ry, and Rj, respectively. The increasingly bigger size of the
circular MC at #1, 5, and #3 denotes the expansion of the MC. The
figure also shows the distance traveled by each feature (L, C, and T)
between any two instances, such as 1 to fp, 5 to t3, and ¢ to 3. The
center considered in this approach is the size center that divides the
in situ sampled radial size of the MC equally into two parts. In the in
situ observations, one can also mark the time center, which equally
divides the MC’s duration into two parts. In Section 2.1.2, we would
describe the situation where the arrival of the time center and size
center of MCs at in situ spacecraft can differ. Hereafter, we refer to
the size center as the center.

In contrast to the conventional approach, the instantaneous (at
t1, tp, and t3) expansion speed of the MC, assuming its constant
acceleration, can be estimated using the propagation speed of differ-
ent features at the same instance (any of ¢, 75, and #3). However, the
single-point in situ measurements of the MC provide the propagation
speeds of different features at different instances. In our approach,
we estimate the speeds of a particular feature (any of L, C, and T') at
different instances using the in situ measured speed of that particular
feature at a single instance. For this purpose, we use the first equation
of motion as:

VE(tj) = VE(t) +artj;

where the subscript F' stands for features (any of L, C, and T)
and duration ¢j; is the difference between two instances as t; — t;
(for j > i). Thus, Vg (¢;) and VE(t;) denotes the speed of features
at time ¢; and at time #; and af is the constant acceleration of the
respective feature during the passage of MC at in situ spacecraft. The
estimated speeds of different features at the same instance can be
used to calculate the instantaneous expansion speed of the MC.

Further, using the demonstrated non-conventional approach, we
estimate the radial size of the MC at different instances and the
distance traveled by different features between any two instances (as
labeled in Figure 2). The distances traveled by LE, center, and TE
from #1 to t, are Ry, Ry, and 2R| — Ry, respectively. These traveled
distances can be expressed using the second equation of motion as:

1
Ry =VL(t))t21 + EaLtgl

1
Ry = V(1) + Eactgl

1
2R| — Ry = Vr(t))ty) + EaTtgl

Similarly, the distances traveled by LE, center, and TE from 7,
to t3 are 2R3 — Ry, R3, and R, respectively. Further, the distances



traveled by LE, center, and TE from # to t3 are 2R3, R| + R3,
and 2R, respectively. Therefore, our non-conventional analysis ap-
proach can be used for estimating the radial size of MC, propagation
speeds of different substructures, and instantaneous expansion speed
at a particular instance, even when relying solely on single-point in
situ spacecraft measured speeds of different substructures at differ-
ent instances. In the following, we estimate the propagation speeds,
instantaneous expansion speeds, and radial size of the MC using the
non-conventional approach at different instances of the arrival of LE,
center, and TE at 1 AU.

2.1.2 Estimates From Non-conventional Approach to Single-point
In Situ Observations at Different Instances

As described in Section 2.1.1, we refer to the size center as the cen-
ter. Several earlier studies have considered no difference between
the arrival of the time center (arrival time of half of the MC’s total
duration) and the size center (arrival of half of the MC'’s total radial
size) of the MC at the in situ spacecraft. This is because such studies
assumed the constant expansion speed of the CME during its passage
at in situ spacecraft (Owens et al. 2005; Gulisano et al. 2010; Reg-
nault et al. 2024). We emphasize that the arrival of the size center
and time center could often be different, especially for highly ac-
celerating/decelerating CMEs having a larger expansion speed. We
note this difference for our selected CME/MC in the left panel of
Figure 3, where the arrival of the size center (green dashed line)
at 1 AU precedes the time center (black dashed line) of the MC by
approximately 1 hour. The radial size of the MC at the arrival of LE
at 1 AU is estimated as 76.8 R by integrating the speed with time
during the MC passage over the in situ spacecraft. This is the most
reliable estimation of radial size, considering the nose encounter of
the MC with the in situ spacecraft.

We note a difference between the arrival time of the size center
and time center for this CME, despite it showing the signatures of
minimal deceleration and expansion at the in situ spacecraft. This
suggests that the difference between these two centers would be
much larger for CMEs experiencing a larger expansion and accelera-
tion/deceleration. Since the conventional method assumes no accel-
eration while estimating the expansion speeds, their estimates would
not be appropriate, especially for such CMEs. Our non-conventional
approach would be valid in treating such CMEs because a constant
acceleration/deceleration of the CME substructures is already con-
sidered for estimating the radial size and speeds at different instances.
The selection of this CME was to show that the conventional method
is not even reliable for the case where one expects it to be. This CME
is one of the candidates to show the best achievable performance
of the conventional method in estimating the expansion speed, and
the performance of the conventional method for other CMEs with
deceleration/acceleration/expansion will worsen further.

We demonstrate a larger difference (4 hours) in the size and time
center of a virtual MC as depicted by the yellow solid line in the left
panel of Figure 3 profile. The virtual MC has identical boundaries
and a time center as the actual MC but has a steeper slope of linearly
decreasing speed than the actual MC. A greater disparity between
the size and time center of virtual MC suggests its more substan-
tial expansion during MC’s total duration (Lugaz et al. 2020b). It
becomes apparent the size center and time center for MCs are not
synchronous and are dependent on the expansion speed of the MCs.
This dependency can be further substantiated through in situ obser-
vations of faster-expanding CMEs from spacecraft approaching the
Sun.

Moreover, to apply our non-conventional approach to single-point
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in situ observations, we require the acceleration of LE, size center,
and TE on their arrival at 1 AU. However, in the absence of in
situ measurements of the same substructures (features) at multiple
instances, it is difficult to accurately calculate their acceleration on
their arrival at a time. Additionally, Temmer & Bothmer (2022) has
shown that LE is not a sharp feature but has some thickness. In
this spirit, we consider some thickness of each feature of MC and
use the in situ measured speed within the thickness to derive the
constant acceleration. We divide the speed profile of the MC into
three equal segments based on MC radial size, as shown in the right
panel of Figure 3. The blue, green, and maroon solid lines represent
the linear fitting for the speed of the LE, center, and TE segments.
The derived constant acceleration for each feature (-5.1 m s =2 for LE,
-1.8 m s~ 2 for the center, and -1.6 m s72 for TE) is shown with the
dashed line of the same color as the corresponding fitting. Using the
estimated acceleration of different features in our non-conventional
approach, we estimate the propagation speed of the LE, center, and
TE at different instances. Furthermore, we estimate the radial size
and instantaneous expansion speed of the MC at the arrival of LE (at
t1), center (at tp), and TE (at #3) at 1 AU.

The in situ measured speed of the CME LE on its arrival at 7
(13:43 UT on April 5, as shown with a blue vertical dashed line in
the left panel of Figure 3) at 1 AU is 803 km s~!. Further, using
our non-conventional approach with the first equation of motion
(described in Section 2.1.1), we estimated the speed of different
features at different instances where in situ measurements are not
available. These estimates are listed in the non-bold font in the last
three columns of the middle panel of Table 1. From the table, we
note that the speed of the CME LE at the arrival of the center and
TE at 1 AU using our non-conventional approach is 603 and 365
km s~ 1, respectively. The in situ measured speed of the center on its
arrival at 7o (00:30 UT on April 6, as shown with a green vertical
dashed line in the left panel of Figure 3) at 1 AU is 635 km 571
while its estimated speed at the arrival of the LE and TE at 1 AU
are 704 and 553 km s~ !, respectively. The measured speed of the TE
on its arrival at 73 (13:20 UT on April 6, as shown with a maroon
vertical dashed line in the left panel of Figure 3) at 1 AU is 530 km
s~ ! while its estimated speed at the arrival of the LE and center at 1
AU are 672 and 607 km s~ 1, respectively. The decrease in speed of
LE from #; to #3 is much larger and becomes even smaller than the
speed of the following features (center and TE) at the same instances
as shown in the last three columns of the middle panel of Table 1.
This incorrectly implies the decreasing size of the MC, and therefore,
speed estimates for LE are inaccurate. This could be possible because
of the overestimated deceleration of LE used in the non-conventional
approach. Therefore, the instantaneous expansion speed of the CME
at tp and 73 is estimated using the center and TE propagation speed,
as mentioned in the third column of the bottom panel of Table 1.

We also estimate the distance traveled by CME fea-
tures/substructures during any two instances using our non-
conventional approach with the second equation of motion as de-
scribed in Section 2.1.1. The estimates of distance traveled by the
LE from ¢ to t,, t to 3, and #1 to t3 are Ry, 2R3 - R, and 2R3,
respectively, as labeled in Figure 2. The estimated value of R,, 2R3
- Ry, and 2R3 are 38.9 Rp, 31.9 Ro, and 70.8 Re, respectively. The
estimates of distance traveled by the center from #{ to #p, t, to 3,
and 71 to 13 are Ry (37 Ro), R3 (39.2 Rp), and Ry + R3 (76.2 Rp),
respectively. The estimates of distance traveled by the TE from #; to
1y, ty to 13, and ¢ to t3 are 2R - Ry (35.4 Rp), Ry (37.5 Rp), and
2R (72.9 Rp), respectively.

Moreover, the radial size (2R1) of the MC at the arrival of LE at
1 AU is directly estimated using the in situ measured speed during
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Figure 3. The left panel shows the in situ measured speed profile for the selected CME. The vertical solid red line marks the arrival of the shock associated with
the 2010 April 3 CME. The blue, green, black, and maroon vertical dashed lines denote the LE, size center, time center, and TE of the MC, respectively. The
yellow solid line denotes the speed profile of the virtual MC with a steeper slope, and the yellow vertical dashed line shows the arrival of the size center of the
virtual MC. The right panel shows the in situ measured speed during the MC of the 2010 April 3 CME on the y-axis (left), while the y-axis (right) shows the
acceleration. The speed profile is divided into three equal segments (transparent fill areas with blue, green, and maroon) based on the size of the MC. The blue,
green, and maroon solid lines represent the linear fitting of the speed profile in each segment for the MC LE, center, and TE, respectively, while the dashed line

represents the slope (acceleration) of the linear fitting of the speed.

Arrival Time of CME Features at 1 AU (UT)

GCS+SSSE . At

CME Feature +DBM In Situ (hr)
LE (at#)) 5 Apr 14:28 5 Apr 13:43 0.75
Center (at t) 6 Apr 15:22 6 Apr 00:30 14.87
TE (at t3) 9 Apr 01:37 6 Apr 13:20 60.28

Speed of CME Features at Different Instances (km s~ 1

GCS+SSSE+DBM In Situ + Eq. of Motion
Instance VLE Veenter VTE VLE Veenter VrE
131 639 466 293 803 704 672
t 596 435 274 603 635 607
2] 556 406 256 365 553 530
Expansion Speed at Different Instances (km s~ 1)
GCS+SSSE In Situ
Instance +DBM + Eq. of Motion AVexp
131 173 Vi - Ve = 99 74
t 161 Ve - Vr=28 133
13 150 Ve - Vr =23 127

Table 1. The top panel shows the arrival time of different features (LE,
center, and TE) of 2010 April 3 CME at 1 AU from GCS+SSSE+DBM meth-
ods to remote observations, actual arrival time from in situ measurements,
and difference in estimates from the remote and in situ observations. The
middle panel shows the propagation speed of different features at different
instances (1, t, and #3) estimated from GCS+SSSE+DBM methods and our
non-conventional approach (as described in Section 2.1.2) to analyzing the in
situ measurements or directly from in situ measurements (bold). The bottom
panel shows the instantaneous expansion speed of the CME at different in-
stances from GCS+SSSE+DBM methods and our non-conventional analysis
approach to in situ measurements, and the difference in estimates from the
remote and in situ observations.
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the passage of the MC (from its LE to TE) at 1 AU. The radial size
of the MC is estimated as 76.8 Ry, which means that the estimate
of Ry (MC’s radius at 71) is 38.4 Rg. Furthermore, the estimated
values of R using our non-conventional analysis approach on the
center and TE of the MC are 37 Rg and 36.45 Rg (2R =729 Rp),
respectively (as shown in the last column of Table 2). This suggests
that Ry using our non-conventional approach on the center and TE
of the MC closely matches with the most reliable estimate directly
from the in situ measurements of speed and duration of the MC. This
shows that our non-conventional analysis approach is reliable if the
acceleration of the CME’s features/substructures is estimated with
reasonable accuracy. Using the estimated or measured acceleration
of CME’s features, such an approach could provide a more accurate
estimate of the radial size and speeds at different instances, especially
for CMEs that experience considerable acceleration/deceleration.

2.2 Analysis Techniques for Remote Observations

The evolution of CME in the COR and HI images is shown in Fig-
ure 4. We utilized remote COR and HI observations of the CME
and applied conventional reconstruction methods to estimate the
CME kinematics. The methods used are Graduated Cylindrical Shell
(GCS) model (Thernisien et al. 2009) on the COR observations,
Stereoscopic Self-Similar Expansion (SSSE) method (Davies et al.
2013) on the time-elongation maps (J-maps) constructed from COR
and HI observations, and Drag-Based Model (DBM) (Vrs$nak et al.
2013). The DBM is used only beyond the heights where the CME
could not be tracked unambiguously in the HI observations.

2.2.1 Graduated Cylindrical Shell Model

We note that the CME of 2010 April 3 was observed in
SOHO/LASCO at 10:33 UT and appeared as a partial halo. STEREO-
A/CORI1 and STEREO-B/CORI observed the CME at 09:05 UT in
the SE and SW quadrants. For the 3D kinematics of the selected
CME, we implement the GCS model (Thernisien et al. 2006) on
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Figure 4. The top to bottom panels show the evolution of 2010 April 3 CME observed in COR2, HI1, and HI2, respectively, from STEREO-A in the left column
and STEREO-B in the right column. The contours of the elongation angle (green) and the position angle (blue) are overlaid on the images. The horizontal red
line is at the position angle of the Earth in the ecliptic, while the vertical red line in the top panel marks the zero-degree position angle.
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Figure 5. GCS fitting for 2010 April 3 CME using the simultaneous coronagraphic images from three viewpoints of STEREO-B/COR?2 (left), SOHO/LASCO
C2 (center), and STEREO-A/COR? (right). STB and STA represent the STEREO-B and STEREO-A spacecraft, respectively. The top and bottom panels show
coronagraphic images without and with GCS model-fitted red wireframes, respectively.

the contemporaneous coronagraphic images from the viewpoints of
SOHO, STEREO-A, and B. This model assumes the CME flux rope
to be in the shape of a hollow croissant, the structure of which can be
adjusted by the six free parameters: latitude (6) and longitude (¢) of
the CME, the half angle between the two conical legs (@), tilt angle
(y), aspect ratio (k) and height of the CME leading edge (/). The
leading edge of this CME is tracked from a height of 2.06 R, as ob-
served in the SECCHI/CORI1, up to a distance of 13.7 R, utilizing
the SECCHI/COR?2. Figure 5 depicts the GCS fitting in Stonyhurst
heliographic coordinate system. At the last tracked height, the other
five GCS parameters, 0, ¢, a, ¥, and « are -24°, 3°, 25°,9.79° and
0.37, respectively. Our model-fitted morphological and dimensional
parameters are consistent with the earlier studies, considering the
subjectiveness of the manual fitting using the GCS model (Mostl
etal. 2010; Liu et al. 2011; Mishra et al. 2020; Martini¢ et al. 2022).

It is always tricky to estimate the evolving speed of a CME from
the discrete (largely spaced) measurements of its height and time
profile (Liu et al. 2010; Mishra & Srivastava 2013; Colaninno et al.
2013). The shape of the speed (i.e., derivative) profile can often vary
by adopting different functions to fit the measured height-time data
points. We examine the effects of using different methods to estimate
the speed from the GCS model-derived height-time evolution shown
in the grey in the left panel of the top row of Figure 6. This plot
also shows the different fitting to the GCS model-derived height
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measurements, such as quadratic fitting (orange), cubic spline fitting
(blue), and fourth-order spline fitting (green). The right panel of
the top row shows the different speed profiles from various fittings.
The magnitude and trend of CME speeds from the different fitting
techniques are significantly different. These speeds are the CME
LE speed. We note that the polynomial fitting used for the entire
duration of the CME evolution can remove the actual short-term
fluctuations from the speed profile. In contrast to polynomial fit,
making a successive difference (shown in grey) of height-time points
for the derivative can bring unphysical fluctuations in the speed of
a CME. This implies the uncertainties involved in the kinematics
despite the accuracy of CME 3D height measurements from the
GCS model.

As a compromise, to retain a possible real change in the CME
speed over a few hours, we also use a moving box linear fitting to
the smoothed height-time points (shown in red in the left panel of
the top row of Figure 6) and derive the speed from the slope of
the linear fit. The number of data points (window size) used for
the smoothing and linear fit for estimating the speed at a particular
instance is shown by the schematic in the left panel of the bottom row
of Figure 6. In this panel, circles with different colors, marked with
numbering, show the sequence of measured heights corresponding
to different times. The panel also shows the sequence of moving
boxes, with different colors, consisting of several data points over



which smoothing and linear fit are done. The speed at any data point
marked with a certain color/number is estimated using the smoothing
box of the same color/number. The number of data points in each
moving box is shown, which in our case is smaller at both ends to
get the number of speed points equal to the number of data points in
the heights. The speed derived from the moving box linear fit (red)
is also shown in the right panel of top row of Figure 6.

We notice different speed profiles, especially at both ends of the
data points, in the right panel of the top row of Figure 6 from different
fittings of height-time measurements. In the beginning (~ 2 Rg), the
speed is in the range of around 300 to 650 km s~! while it is in the
range of around 650 to 950 km s~ ! at the last tracked height (~13.7
Ro). Such a difference in the speeds shows the possible uncertainties
involved in estimating the transit time of the CME for the transit
distance (distance between the last tracked height of the CME LE and
the L1 point) of around 200 R from the coronagraphic height to L1
point. The right panel of the bottom row of Figure 6 shows transit time
(T) on the X-axis, taken by the CME for a transit distance of 200 R
at various speeds shown on the Y-axis. The transit time is determined
by employing a constant speed at the last tracked height to encompass
the specified distance (200 Rg). It is clear that uncertainties in the
speed by £100 km s~ can give rise to 10-20 hours of error in arrival
time for a typical fast and slow speed CME. This plot depicts that
the change in speed by equal magnitude (+100 km s~!) gives the
non-equal change in the arrival time. Therefore, it suggests that the
change in arrival time due to a change (+100 km s~1) in speed is
smaller for faster-speed CMEs. This CME is well identified in the
in situ observations at 1 AU, and its in situ measured arrival time
(arrival time of the CME LE identified from in situ magnetic field and
plasma measurements) is at 13:43 UT on April 5. Based on the in situ
measurements, the CME transit time is around 49.32 hours, marked
with a vertical black dashed line, implying an average CME speed
of around 800 km s~! between the last tracked height and 1 AU. It
should be noted that comparing arrival times from remote and in situ
measurements can bring additional inconsistency because the CME
radial propagation direction estimated from remote observations is
not strictly in the ecliptic plane where in situ measurements are taken.
It could be possible to correct the 3D speeds to get its component
along the Sun-spacecraft line in the ecliptic plane before comparing
with in situ measurements, but such a correction is not done for the
selected CME as it will not much affect the estimates because the
propagation of the selected CME is closely along the Sun-Earth line.

We also estimated the radius of the CME flux rope as R = (ﬁ) h

where « is the aspect ratio derived from the GCS model and # is the
3D height of the LE. The continuous evolution of radial expansion
speed is estimated using the radius of the flux rope. The height of the
size center and TE of the CME are estimated tobe 27— R and & — 2R,
respectively. Using estimated size center and TE heights, we obtain
the size center and TE speed by employing the moving box linear fit
technique. The 3D kinematics plot for the CME’s different features
(LE, center, and radius) is shown in Figure 7. This figure, from the
top to bottom panels, shows the height, speed, and acceleration of
different features. The unfilled circle is used to denote the estimates
from the GCS model, and different colors (blue, green, and yellow)
are used to mark the different features of the CME (LE, size center,
and radius). The error in the derived kinematics of each feature is
represented by transparent fill areas over the data points with the
same color as used for the data points of the corresponding feature.
The error bars are derived by considering an error of 10% in the
measurements of the height at each data point.

From the uncertainties in the derived speeds, it is clear that the
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3D speed of the CME at coronagraphic heights and assuming it to
be constant for the remaining interplanetary journey of the CME can
bring large errors in estimating the arrival time of even the CME LE.
This can also bring errors in the estimates of expansion speed and
radial sizes of the CME. Therefore, to make a reasonable comparison
of the estimates from remote observations with those from in situ ob-
servations, we further examine the continuous evolution of different
substructures of the CME and derive its radial size at varying dis-
tances from the Sun. For tracking the CME beyond STEREO/COR2
field of view (FOV), we utilize the HI1 and HI2 observations and
implement the SSSE method to derive the 3D kinematics that further
has been used as inputs to DBM, as described in Section 2.2.2.

2.2.2 Implementing SSSE Method on STEREO/HI Observations

The tracking of LE of a CME in HI observations has often been done
using J-maps, i.e., time-elongation maps (Sheeley et al. 1999; Davies
et al. 2009; Mishra & Srivastava 2013). We constructed the J-maps
along the ecliptic plane using the running difference images from
the COR2, HII1, and HI2 onboard STEREO-A and B. The details
of the procedure to construct the J-maps are exactly the same as
described in Mishra & Srivastava (2013). We tracked the CME LE
using J-maps and derived its elongation-time profile. We employed
the SSSE reconstruction method developed by Davies et al. (2013)
to estimate the 3D height-time profile of the CME LE. SSSE method
treats the CME cross section as a circle in the ecliptic plane with a
certain half-angular width (1), which propagates self-similarly away
from the Sun. In our study, the half-angular width of the CME is
derived from the GCS parameters, represented as A = a cos(y) + &,
where 6 = sin~! « signifies the thickness of the legs of the CME’s
hollow croissant shape. The tilt angle of the CME affects the angular
width solely through the cos(y) factor, influencing the angle between
the legs (@). The changes in tilt do not impact the thickness of the
legs in the ecliptic plane. An earlier study has shown that the assumed
angular width and geometry of the CME, taken as inputs to the model
deriving kinematics, can have a significant effect on the estimated
kinematics and arrival time of the CME (Rollett et al. 2016). Based
on GCS model estimates, in our study, the calculated A approximates
40° for the CME of 2010 April 3.

We applied the SSSE method and derived the 3D height of the
CME from 4.2 R to 70.8 Rg. The limited tracking of the CME is
because it becomes unidentifiable in the HI2 images of STEREO-B
due to interference from the intense background Milky Way galaxy.
For estimating the 3D speed and acceleration from height-time mea-
surements, we use the moving box linear fitting technique described
in Section 2.2.1. The obtained 3D kinematics is shown in Figure 7.
The speed of the CME LE at 70.8 Ry is around 935 km s™!. We
used the CME LE height from the SSSE method and estimated the
radius of the CME as described in Section 2.2.1. Since the aspect
ratio value was noted to be constant (x = 0.37) at the last four points
derived from the GCS model on coronagraphic images, we assume
it to be constant in the HI FOV. CMEs achieving a constant aspect
ratio in the low corona (within 10 Rg) have also been reported earlier
(Cremades et al. 2020). The estimated heights of CME LE, size cen-
ter, and radius of the CME are shown in the top panel of the figure.
The filled circle represents the estimates from the SSSE method, and
different colors (blue, green, and yellow) mark the different features
of the CME (LE, size center, and radius). The speeds and acceler-
ation of these features are shown in the middle and bottom panels,
respectively. Our findings confirm the earlier studies that CME shows
minimal deceleration in the interplanetary (IP) medium, and it is suit-
able for our study of the continuous evolution of CME’s radial size
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Figure 6. The left panel of the top row shows the height profile from the GCS model-derived in grey. The orange, blue, green, and red show the quadratic fit,
cubic spline fit, fourth-order spline fit, and moving box linear fit of GCS model-derived height. The right panel of the top row shows the speed profiles of the
respective height-time measurements. The left panel of the bottom row illustrates our adopted moving box linear fit technique. The right panel of the bottom row
shows the transit time (7") of the CME for the transit distance of 200 R for different speeds (AV). The red, green, and blue correspond to three cases of speeds
as 600, 800, and 1000 km s~ !, respectively, with the uncertainties of +100 km s~ ! The vertical black dashed line marks the in situ measured transit time of the

CME.

(Mostl et al. 2010; Liu et al. 2011; Mishra & Srivastava 2014). We
further estimate the evolution of CME beyond the tracked height in
the J-maps to 1 AU using the DBM (Vrs$nak et al. 2013) as explained
in the following section.

2.2.3 Implementing DBM for Tracking the CME up to 1 AU

The SSSE method provided the 3D kinematics of CME up to a dis-
tance of around 70.8 R, and we assume that beyond this height,
the speed of the CME can be governed primarily by drag forces.
Consequently, the acceleration of the CME can be described as drag
acceleration, denoted as a = —y(v—w)|v—w|, where v represents the
CME speed, w is the solar wind speed, and y denotes the drag param-
eter. The drag parameter is expressed as y = Q“A%, incorporating
the dimensionless drag coefficient (¢4 = 1), the cross-sectional area
of the CME perpendicular to its direction of propagation (A), the
mass density of the ambient solar wind (o, ), and the mass of the
CME (M). We estimate the 2010 April 3 CME drag parameter by
estimating its de-projected mass, cross-sectional area, and ambient
solar wind density.

Using the theory of Thomson scattering (Billings 1966; Vourlidas
et al. 2000), the true (de-projected) mass of the CME at the outer
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edge of COR2 is calculated as 7.98 x 101 g. The estimated mass of
the CME in our study is consistent (within 25%) with that estimated
in Temmer et al. (2021). The mass density of the ambient solar
wind at various heights (%) is computed using the solar wind density
model of Leblanc et al. (1998). We determine the cross-sectional
area as A = (Ah)? of the CME employing a half angular width (1 =
40°) derived from the GCS model. By incorporating all the relevant
values for drag parameter (y) estimation, we ascertain its value to be
0.36 x 10~7 km™! for the CME observed on 2010 April 3.

For the specific 2010 April 3 CME under consideration, the input
parameters for DBM are the take-off speed of CME v = 935 km s~ !
at hp, = 70.8 R, and ambient solar wind speed as w = 500 km s71.
Although it is difficult to estimate the realistic value of background
solar wind speed into which CME has traveled, we, for simplicity,
take its average value in the time window of approximately 2 hours
before the in situ measured arrival of the CME shock at 1 AU. Our
choice of ambient solar wind speed is consistent with the empirically
obtained value in the statistical study of Vr$nak et al. (2013), and a
similar approach is also taken in Mishra & Srivastava (2013). The
resulting height-time evolution for the LE, size center, as well as the
radius of the CME up to 1 AU, is shown in the top panel of Figure 7.
We consider that the aspect ratio of the CME remains the same as
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Figure 7. The top to bottom panels show the 3D height, speed, and acceleration of the 2010 April 3 CME LE, size center, and radius up to the instance of CME
LE arrival at 1 AU. In each panel, the LE, size center, and radius are shown in blue, green, and yellow colors. The unfilled circles, filled circles, and filled squares
represent the estimates from the 3D reconstruction methods GCS, SSSE, and DBM, respectively. The height and speed panel are shown in the log scale. The
inset plot in the acceleration panel shows the acceleration of the CME LE, size center, and radius estimated using SSSE and DBM. The error bar over each data
point is shown with transparent fill areas of the same color as the corresponding data point.

taken during the evolution in HI1. The speed and acceleration from
these estimated heights are derived by applying the moving box linear
fit technique described in Section 2.2.1 and are shown in the middle
and bottom panels. The filled square represents the estimates derived
from the DBM method, while distinct colors (blue, green, and yellow)
denote different features of the CME (LE, size center, and radius).
The transparent fill areas over the data points in corresponding colors
indicate the error in the derived kinematics for each feature.

Figure 7 shows the 3D kinematics of the CME LE (blue) and center
(green) as well as the time evolution of the CME radius (yellow)
continuously from the beginning until the CME LE arrives at 1 AU.
It is noted that while CME LE arrives at 1 AU (at 14:28 UT on 05
April), the center and TE are at 155.5 Rp and 98 R, respectively.
To calculate the arrival time of CME’s center and TE at 1 AU, we
extended the DBM run for heights of CME LE beyond 1 AU. We
find that while the center arrives at 1 AU (at 15:22 UT on 06 April),
the CME LE and TE are at 291.8 Ry and 134.2 Rg, respectively.

On the arrival of CME TE at 1 AU (at 01:37 UT on 09 April), the
CME LE and center are at 463.2 R and 338.1 R, respectively. It
is evident that CME’s different substructures (LE, center, and TE)
are well separated and arrive at different instances (71, 7, and #3) at
1 AU as estimated from remote observations (GCS+SSSE+DBM).
The arrival times estimates from GCS+SSSE+DBM are listed in
the second column of the top panel of Table 1, which are different
than those obtained directly from in situ observations. At the distinct
arrival times (¢, f2, and #3) of each feature at 1 AU, the estimated
propagation speeds of the CME LE, center, and TE are shown in the
second, third, and fourth column of the middle panel of Table 1. The
expansion speed of the CME at different instances is listed in the
second column of the bottom panel of Table 1. The distance traveled
by any feature (LE, center, and TE) between two instances (1 to o,
tr to t3, and ¢ to t3) is listed in the second column of Table 2. In
the following, we will describe the disparity in the estimates from
remote and in situ observations.
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2.3 Comparison Between Estimates from Remote and
Non-Conventional Approach to In Situ Observations

In this section, the arrival time of different features at 1 AU, their
propagation and expansion speeds, and the radial size of the selected
MC derived from remote observations combined with DBM are
compared with those from the non-conventional approach to the
single-point in situ observations.

2.3.1 Arrival Time of Different Features of the MC at 1 AU

The tracking and estimation of 3D kinematics (from
GCS+SSSE+DBM) of different features/substructures of the
CME/MC are described in Section 2.2. We compare the estimated
arrival time of the MC features (LE, center, and TE) using remote
observations with in situ observations. The top panel of Table 1 lists
the different features of the MC, the arrival time of each feature
from the combination of GCS+SSSE+DBM, the arrival time of
each feature measured in situ at 1 AU, and the difference between
both arrival time (At = tremote — tin situ)- We note that the arrival
of LE, center, and TE (i.e., all the features) from 3D kinematics
is later than the in situ measured arrival time. The difference in
arrival time At from remote and in situ is 0.75, 14.87, and 60.28
hours for LE, center, and TE, respectively. This clearly shows the
challenges involved in accurately estimating the arrival time of the
center and TE of the MC, even if the arrival of its LE is reasonably
well estimated. The increasingly larger value of At for the following
features of the MC could be due to an underestimation of their
propagation speeds from GCS+SSSE+DBM and, consequently, the
overestimation of their expansion speeds. The discussion on the
estimates of speeds is as follows.

2.3.2 Propagation and Expansion Speeds of Different Features of
the MC at Different Instances

From the middle panel of Table 1, we note the speeds of different
features/substructures of the MC at different instances derived from
the remote (GCS+SSSE+DBM) and in situ. The in situ measured
speeds of LE (at #1), center (at ), and TE (at #3) on their arrival
to 1 AU are in bold font. We notice a large inconsistency between
the speeds of the features (especially TE) from the 3D kinematics
(GCS+SSSE+DBM) and measured (bold font) in situ. The propaga-
tion speeds derived from remote observations seem to be underesti-
mated than those measured in situ. The speeds of features at instances
when they are not at 1 AU are estimated using our non-conventional
approach with the first equation of motion to in situ observations (as
described in Section 2.1.1), and they are shown in the normal font in
the last three columns of the middle panel of the table.

The bottom panel of Table 1 shows the instantaneous expansion
speed at different instances (1, fo, and #3). The instantaneous ex-
pansion speed is calculated as the difference in the propagation
speeds of two adjacent features. Since the estimated in situ speed
of LE from the non-conventional approach has large errors, it is not
used for the calculation of instantaneous expansion speed at f, and
t3. The expansion speed estimated from both remote observations
(GCS+SSSE+DBM) and in situ measurements (non-conventional)
shows the expected trend of decrease in the expansion speed from #;
to #3. The difference in instantaneous expansion speed from remote
and in situ could be possible due to uncertainties in estimates from
kinematics and/or in situ. The uncertainties in the estimates can arise
due to acceleration derived from in situ measurements and taken as
input to the first equation of motion, utilization of DBM taking inputs
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CME Feature Distance traveled (Rp)
During Any Two Derived GCS+SSSE In Situ
Instances +DBM +Eq. of Motion
LE:t) tozry R, 78.7 38.9
LE:f; tot3 2R3 - R; 171.4 31.9
LE: t; totz 2R3 250.1 70.8
Center: ¢ to 1) R 57.5 37
Center: t; to 13 R; 125.1 39.2
Center: t] to 13 R+ R; 182.6 76.2
TE: t) totp 2R| - R, 36.2 354
TE: t; to 3 R, 78.8 37.5
TE: t; tot3 2R, 115 729

Table 2. The table lists the distance traveled by different features (LE, center,
and TE) of the CME during any two instances at the passage of the CME
features at 1 AU. The estimates of the traveled distance are listed as mathe-
matically derived from GCS+SSSE+DBM methods to remote observations
and from our non-conventional approach to analyzing in situ measurements.

from the SSSE, and assumption of a constant aspect ratio throughout
the interplanetary journey of CME.

2.3.3 Radial Size of the MC at Different Instances and the Distance
Traveled by Different Features of the MC During Two
Instances

The radial size of the MC at different instances and the distance
traveled by each feature (LE, center, and TE) of the MC during
two instances (as illustrated in Figure 2) using our non-conventional
approach to single-point in situ measurements are described in Sec-
tion 2.1.1 and 2.1.2. Table 2 shows the radial sizes and distances
traveled as estimated from remote (GCS+SSSE+DBM) and in situ
(non-conventional approach) observations. From this table, we note
a large inconsistency between the findings from remote and in situ
observations, especially for features traveled between t; to t3 and #;
to 13.

The mismatch between the findings from remote
(GCS+SSSE+DBM) and those from in situ observations could
be possible for several reasons: (i) the uncertainty in the esti-
mated 3D kinematics due to ideal assumptions in the models
(GCS+SSSE+DBM), (ii) the assumption of constancy of aspect
ratio of the MC during its continuous evolution (Savani et al. 2011a),
and (iii) the uncertainty in the acceleration calculated from in situ
measurements and assuming its constancy in our non-conventional
analysis. Since the arrival time estimated using 3D kinematics of
the LE closely matches the in situ measurements (Section 2.3.1), the
uncertainties from the model’s (GCS+SSSE+DBM) assumptions are
expected to be minimal. Also, examining the effect of acceleration
on the radial size would require multi-point in situ observations of
the same feature at two instances (Lugaz et al. 2020b; Regnault
et al. 2024), which is not available for the selected CME. It would
be interesting to compare the aspect ratio calculated from the
single-point in situ observations of our selected MC and compare
that from the remote observations. The constancy of the aspect ratio
leading to a large disparity in the estimated radial size of the CME
is described below.

2.4 Implications of Evolution of Aspect Ratio of the CME on its
Radial Size

Our analysis finds differences in the CME/MC characteristics (arrival
time, speeds, and radial size) between those derived from remote and
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Figure 8. The upper and lower panels show the evolution of the radial size
and expansion speed of the MC with the height of its LE for three different
values of k. The green, orange, and blue denote the « values as 0.25, 0.35, and
0.45, respectively. The filled circles and filled squares represent the estimates
from the SSSE and DBM, respectively. The black-filled triangle denotes the in
situ measured radial size and expansion speed at 1 AU from the conventional
analysis approach to in situ observations of the CME/MC. The error bar over
each data point is shown with transparent fill areas of the same color as the
corresponding data point.

directly measured from in situ observations. The difference is signif-
icantly large for the later segment (center and TE) of the MC. The
radius of the MC at the arrival of LE (R|) derived from 3D kinemat-
ics is 57.5 R, which is 1.5 times the radius (38.4 Rg) of the MC
estimated from in situ measurements. This discrepancy could result
from assuming a constant aspect ratio in analyzing remote observa-
tions of the CME during its interplanetary journey. This assumption
implies that the rate of increase in the radius of the MC and the
distance of its center is always the same in the IP medium. However,
some studies suggest a change in the aspect ratio of the CME during
its heliospheric journey (Nieves-Chinchilla et al. 2018; Vr$nak et al.
2019; Kay & Nieves-Chinchilla 2021). Therefore, we examine the
size and expansion speed of the MC using different values of « for the
same LE height of the CME as derived from SSSE+DBM (Figure 8).
Although we lack the direct in situ measurements of MC size until
it arrives at 1 AU, the estimate of the size at 1 AU and that from the
GCS model applied on coronagraphic observations would enable us
to note a change in the « for the CME as it evolves from near the Sun
to near 1 AU.

In Figure 8, the upper and lower panels show the radial size and
expansion speed of the CME for different values of « for its same LE
height. The green, orange, and blue denote the three values of « as
0.25, 0.35, and 0.45, respectively. The black-filled triangle denotes
the radial size of the MC and the expansion speed (from the conven-
tional approach to in situ measurements) at the arrival of the LE at 1
AU. We note that as the value of « increases, the size of the CME/MC
also increases. The value of x = 0.25 gives the size and expansion
speed of the MC almost equal to that from the in situ measurements.
Also, the in situ measured radius (38.4 Rg) of the MC on the arrival
ofits LE at 1 AU (213 Rp) provides « = 0.22, marking that the aspect
ratio has decreased as the CME evolved from the Sun to 1 AU.

Although the aspect ratio derived from the GCS model ranges
from 0.26 to 0.37, its value initially rises up to 0.37 at 6.5 Rp and
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Figure 9. The top to bottom panels show the time evolution of the CME
LE height, aspect ratio, radial size, and expansion speed. The red dotted
and blue dashed lines denote the evolution of « in the IP medium, with two
power laws decreasing the value of « for heights beyond 30 Ry and 70 Re,
respectively. The black-filled triangle denotes the in situ measured radial size
and expansion speed at 1 AU from the conventional analysis approach to in
situ observations of the CME/MC.

remains the same up to 13.7 Rp. This hints at the constancy of the
aspect ratio beyond a certain height from the Sun (Cremades et al.
2020). However, the estimated value of k from in situ measurements
at 1 AU suggests a decrease in « for the CME in the IP medium.
Moreover, earlier studies have provided evidence of larger CME
expansion closer to the Sun, which weakens significantly beyond 1
AU (Bothmer & Schwenn 1998; Liu et al. 2005; Leitner et al. 2007;
Gulisano et al. 2010). Therefore, we intuit a profile for a x, which
gives an initial rise to be constant up to a certain height, followed by a
decrease with increasing height of the CME LE. From the anticipated
profile of «, we assume two profiles of «, differing in terms of the
height up to which « is constant and its further decline profile beyond
that height. Corresponding to these two profiles of the «, we estimate
the size and expansion speed evolution of the CME.

In Figure 9, the panels from top to bottom show the 3D height
of the CME LE, the aspect ratio for the same LE height, the size
of the MC, and its expansion speed. The red and blue in the figure
show the value of « constancy up to the height of the LE 30 Rg
and 70 Rg, respectively. Further, the two different power laws k =
0.947926 and « = 2.64~946 shown with red and blue, respectively,
decrease the value of « up to 0.22 after its constant value of 0.37.
Using the conventional approach, the black-filled triangle denotes
the in situ measured radial size and expansion speed of the MC at
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1 AU. For the power law k = 2.6h~046 we notice a sharp decrease
in the k evolution, resulting in a sharp decrease in the expansion
speed. From Figure 8 and 9, we note that the value of x as 0.25
at 1 AU perfectly matches the expansion speed of the MC from
the conventional approach but not the in situ measured size, which
corresponds to the value of k as 0.22. Such a disparity is possible due
to inaccuracy in the expansion speed from the conventional approach
to in situ observations (Regnault et al. 2024). This implies that the
aspect ratio of CMEs plays an important role in governing the size
and expansion speed of the MC during its IP evolution. Such an
approach to evolve the aspect ratio of CMEs beyond coronal heights
can be useful for comparing the size and expansion speeds of the
CME:s from in situ measurements in the IP medium (Zhuang et al.
2023).

3 RESULTS AND DISCUSSION

The present study focuses on a non-conventional approach to analyze
in situ observations of the CMEs from single-point spacecraft. We
selected the 2010 April 3 CME to estimate its radial size and instan-
taneous expansion speed at different instances (at the arrival of LE,
center, and TE at 1 AU) during the passage of the MC over the in situ
spacecraft. We also estimate the continuous evolution of the radial
size and instantaneous expansion speed during the propagation of
the CME from the Sun to 1 AU using the multi-point remote obser-
vations combined with the drag-based model. The independent esti-
mates from conventional and non-conventional analysis approaches
to in situ observations are compared with those from conventional 3D
reconstruction methods to remote observations. Our analysis clearly
demonstrates that despite continuously tracking the CME up to 1 AU
in remote observations, the estimates of the arrival time of the CME
substructures (LE, center, and TE), as well as the radial size and
expansion speeds of the CME have large inconsistencies with those
estimated from in situ observations. The inconsistency is especially
significant when estimating the arrival time of rear-edge features
(center and TE) following the CME LE. We also highlight that our
non-conventional approach to analyzing in situ measurements could
be more accurate than the conventional approach for deriving radial
sizes and expansion speeds of CMEs at different instances.

The in situ measurements of the MC at 1 AU estimate its time
duration as 23.6 hours, encompassing the LE and TE of the MC.
We calculate the radial size of the MC at the arrival of LE as 76.8
R by integrating the speed with time during the MC passage over
the in situ spacecraft. We notice that the arrival of the size center
of the MC at 1 AU and the time center of the MC duration are not
synchronous. We further demonstrate a large impact of expansion
on the asynchrony of time and size center by assuming a virtual
speed profile with a steeper slope from LE to TE having identical
boundaries as of the actual MC (in the left panel of Figure 3). This
suggests for an expanding MC; one needs to necessarily estimate its
instantaneous expansion speed during its passage at in situ spacecraft
(Lugaz et al. 2020b).

Our non-conventional approach to in situ observations, consider-
ing the non-constant expansion of the MC from its LE to TE, attempts
to understand the evolution of the radial size (Figure 2) during the
passage of the MC at the single-point in situ spacecraft. In contrast to
the conventional approach (Owens et al. 2005; Zhuang et al. 2023),
we assume constant acceleration of the different features (LE, center,
and TE) and estimate their propagation speeds at the same instance
to further estimate the instantaneous expansion speed of the MC. The
instantaneous expansion speeds at three successive instances (¢1, t7,
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and #3 in the in situ measurements) show the expected decreasing
trend (in the third column of the bottom panel of Table 1) and do
not match the expansion speed derived from the conventional ap-
proach (136.5 km s~1 in Section 2.1). We also deduce the distances
traveled by each feature during two specific instances and the radial
dimensions (R, Ry, and R3) of the MC upon the arrival of distinct
features (LE, center, and TE) at 1 AU. The radius R; of the MC
derived from two different features, center and TE, are 37 Rp and
36.45 R (Table 2), respectively. We note that the single-point in situ
spacecraft can not directly provide Ry, and R3 by measured speed
and time, however, it can measure R;. The estimates of R; from the
non-conventional approach closely match the in situ measured ra-
dius as 38.4 R, underscoring the accuracy of the non-conventional
approach.

We use the GCS model fit to contemporaneous coronagraphic
observations of the CME from multiple viewpoints to investigate the
kinematic evolution of the CME. The fitting parameters of the GCS
model are consistent with earlier studies (Mostl et al. 2010; Wood
et al. 2011; Mishra et al. 2020) except for the tilt angle, which is
difficult to constrain by manual fitting reliably. However, we note that
the speed of the selected CME in the COR2 FOV differs significantly,
with 200 km s~!, among several earlier studies (M&stl et al. 2010;
Wood et al. 2011; Xie et al. 2012; Mishra et al. 2020), which is most
probably due to differing methods to calculate the speeds from the
height of the CME LE. We also demonstrate the considerable effect
of different fitting techniques on deriving the speed, especially at the
end points of the height-time profile (Figure 6). Moving box linear
fit for speed estimation from heights avoids systematic unphysical
fluctuations and keeps the real short-term variations in the CME
speed. We also demonstrate that uncertainties of 100 km s~! in
the speed, and assuming it to be constant beyond COR2, can give an
error of 10-20 hours in estimating arrival time for a typical fast and
slow speed CME at 1 AU. Therefore, we further tracked the CME in
HI observations and estimated the 3D kinematics to be used to derive
the CME parameters at 1 AU.

To investigate the evolution of the CME beyond COR2, the SSSE
method is used on HI observations. The earlier studies have only
estimated the evolution of CME LE in contrast to the present study,
which also examines the evolution of the center and TE of the CME.
The tracking of TE of the CME in remote observations is difficult
and contains uncertainties (DeForest et al. 2011; Mishra & Srivastava
2015); therefore, we use the aspect ratio of the CME to estimate the
height-time evolution of features other than the CME LE (Zhuang
et al. 2023). This implies that, in our study, the CME center and
TE kinematics depend solely on the aspect ratio obtained from the
GCS fitting in the COR FOV. Moreover, unlike the earlier studies,
which often use single-spacecraft observations or use the geometry
of the CME from an ad-hoc assumption (Mostl et al. 2010; Wood
et al. 2011; Liu et al. 2011; Xie et al. 2012; Mishra & Srivastava
2013; Colaninno et al. 2013; Mishra et al. 2014; Li et al. 2021), we
implement SSSE taking inputs of the angular width from the GCS
model while assuming it to be constant in the HI FOV. To investigate
the evolution of the CME at distances beyond the final height of
the CME LE derived from the SSSE, we use the DBM (VrSnak
et al. 2013) for the CME by estimating the actual drag parameter
of the CME in contrast to earlier attempts that adopted a statistical
range of the drag parameter (Mishra & Srivastava 2013; Mishra
et al. 2014). Earlier studies have also used GCS model inputs to
HI-based reconstruction methods and further estimates from the HI-
based methods as inputs to the DBM (Rollett et al. 2016; Amerstorfer
et al. 2018) to predict the CME arrival time and speed at the Earth.
In our study, the time evolution of the radial sizes and expansion



speeds jointly from GCS+SSSE+DBM enabled us to compare these
estimates to those derived from in situ measurements at 1 AU.

The arrival time of different features/substructures (especially cen-
ter and TE) from remote observations (GCS+SSSE) combined with
DBM significantly differs from those obtained from in situ obser-
vations. The estimated propagation speed of different features (LE,
center, and TE) at the same instance from remote observations sub-
stantially differ from measured in situ observations as well as the
estimation from our non-conventional approach to in situ observa-
tions (as shown in the third panel of the Table 1). We also compare
the estimate of Ry and find that its value from GCS+SSSE+DBM
is 1.5 times the actual in situ measured radius. We note that the
traveled distances by each feature derived from GCS+SSSE+DBM
methods applied to remote observations are significantly greater than
those derived from in situ observations (Table 2). The inconsistency
between estimates from remote and in situ observations may come
from assuming a constant aspect ratio for CME during its contin-
uous journey much away from the Sun (Savani et al. 2011b; Kay
& Nieves-Chinchilla 2021), which creates larger uncertainties in the
derived height of the center and TE of the CME.

We examine the impact of the distance-dependent evolution in
the GCS model-derived extrapolated aspect ratio on the radial size
and expansion speed of the MC. The value of x from the in situ
measured radial size at 1 AU is 0.22, which is smaller than the
value of 0.37 from the GCS model in the corona. This indicates that
the « value possibly decreased at farther distances from the Sun.
Therefore, the expansion behavior of the CME in the corona may not
be consistent with that in the IP medium (Savani et al. 2011a; Zhuang
et al. 2023). Our assumed profile of x with two different power laws,
based on matching the near-Sun and 1 AU estimates of «, indicates
the possibility of different evolution of the expansion speeds of the
CMEs. The variations in the aspect ratio and radial size of the CMEs,
noted from remote observations, could have been directly verified by
employing the in situ observations from multiple radially aligned
spacecraft.

In our study, the derived radial sizes and instantaneous expan-
sion speeds depend considerably on the constant acceleration of the
CME features used in our non-conventional analysis approach. Ad-
ditionally, the acceleration estimation from the in situ speed-time
profile has uncertainties that could be minimized using multiple in
situ spacecraft measuring the speeds of the same feature at differ-
ent instances. Although our study utilized multi-point remote obser-
vations, our analysis relied solely on single-point in situ measure-
ments to associate the estimates from both sets of observations. To
further validate the efficacy and superior performance of our non-
conventional approach over the conventional approach in analyzing
in situ observations of CMEs, future investigations should capitalize
on multiple radially aligned in situ spacecraft observations (Good &
Forsyth 2016; Davies et al. 2021).

Our study ignores observational bias due to the geometric selection
effect caused by the in situ spacecraft sampling path through a large
CME geometry (Zhang et al. 2013); therefore, comparing global
measurements from remote observations with local measurements
from in situ may introduce additional inconsistencies. Future studies
can focus on estimating the acceleration of different features of CMEs
to be used in our non-conventional approach. Also, the instantaneous
expansion speed could be obtained by sampling CME LE with one
in situ spacecraft and simultaneously sampling the TE or center
of the MC with another in situ spacecraft (Regnault et al. 2024).
To enhance the reliability of our findings that CMEs experience
changes in the expansion speeds during their complete passage to the
in situ spacecraft, it is imperative to use our non-conventional analysis
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approach to in situ observations and analyze a broader spectrum of
CMEs/MCs exhibiting varying speeds and accelerations.

Our study clearly shows the difficulty in comparing remote to in
situ observations of different CME features despite choosing the 2010
April 3 CME that should have been an ideal candidate for such a com-
parison. This is because the chosen CME shows minimal change in
the dynamics beyond coronagraphic heights, and its different features
are well-identified in the in situ measurements at 1 AU. This perhaps
highlights the best-achieved performance of the state-of-the-art ap-
proaches to analyzing remote and in situ observations in forecasting
the radial size, expansion speeds, and impact duration of CMEs at 1
AU. We highlight the major gap in our comprehension of the radial
sizes and expansion behaviors of CMEs, predominantly attributable
to the constraints of single-point in situ observations and the con-
ventional approach to analyzing them. Future investigations in this
realm, using the introduced non-conventional approach to multiple
in situ spacecraft observing at unprecedented distances close to the
Sun (Fox et al. 2016; Miiller et al. 2020), would help understand
physical processes dictating the radial sizes and expansion of CMEs
during their dynamic interaction with the ambient solar wind.
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