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A B S T R A C T 

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, centre, and trailing edge. The continuous 3D kinematics of the CME is estimated 

by employing the graduated cylindrical shell and stereoscopic self-similar expansion reconstruction methods on multipoint 
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 behaviour and 

shows the discrepancy between its value in the corona and interplanetary medium. Our study highlights significant inconsistencies 
in the arri v al time, radial size, and expansion speed estimates obtained from remote and in situ observations. We advocate for 
future studies leveraging multispacecraft in situ observations and our non-conventional approach to analyse them to impro v e the 
comprehension of CME dynamics in the solar wind. 

Key words: Sun: corona – Sun: coronal mass ejections (CMEs) – solar–terrestrial relations. 
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 I N T RO D U C T I O N  

oronal mass ejections (CMEs) are the huge expulsions of the
agnetized plasma bubble from the Sun into the heliosphere and

re the primary drivers of adverse space weather effects (Schwenn
006 ; Pulkkinen 2007 ; Webb & Howard 2012 ; Schrijver et al. 2015 ).
MEs are often remotely observed in white light, using coronagraphs

CORs) and heliospheric imagers (HIs), due to Thomson scattering
f photospheric light by the electrons in the solar corona (Billings
966 ; Howard & Tappin 2009 ; Howard et al. 2013 ). CMEs can also
e observed in in situ observations that can provide measurements
f CME parameters along a 1D cut made by the in situ spacecraft
hrough the CME (Burlaga et al. 1981 ; Crooker & Intriligator 1996 ;
othmer & Schwenn 1998 ). There have been several attempts to use
bservations from multiple spacecrafts, combined with modelling
fforts, to understand the 3D kinematics, global morphology, radial
ize, and propagation behaviour of CMEs (Sheeley et al. 1999 ; Xie,
fman & Lawrence 2004 ; Jian et al. 2008 ; Lugaz et al. 2010 ; Nieves-
hinchilla et al. 2013 ; Winslow et al. 2015 ; Kilpua et al. 2019 ;
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ugaz, Winslow & Farrugia 2020a ; Mishra et al. 2021b ; Zhuang
t al. 2023 ). In the current era, heliospheric imaging and in situ
bservations from unprecedented locations closer to the Sun have
ade good progress in understanding the evolution of CMEs in the

re-conditioned ambient medium (Davies et al. 2009 ; Mishra et al.
017 ; M ̈ostl et al. 2022 ; Khuntia et al. 2023 ; Berriot et al. 2024 ;
almerio et al. 2024 ). Ho we ver, due to difficulty in unambiguously

racking features at distances far from the Sun and further identifying
hem in in situ observations, it is still challenging to establish the one-
o-one association among the features observed in these two sets of
bservations (Kilpua, Koskinen & Pulkkinen 2017 ; Mishra & Teriaca
023 ; Temmer et al. 2023 ). 
Predicting the arri v al time of CMEs or magnetic clouds (MCs)

t the Earth is important (Webb & Howard 2012 ; Vourlidas, Pat-
ourakos & Savani 2019 ; Temmer et al. 2023 ) for the onset of
pace weather phenomena while the radial size, impact duration,
omentum, and magnetic field can go v ern the intensity of the

erturbations and reco v ery time for the disturbed magnetosphere
o restore its quiet state (Gonzalez, Tsurutani & Cl ́ua de Gonzalez
999 ; Wang et al. 2003 ; Sri v astav a & Venkatakrishnan 2004 ; Echer
t al. 2008 ; Wood et al. 2017 ). Despite the importance of radial sizes
f CMEs on the Earth, only a handful of studies hav e inv estigated the
ontinuous evolution of radial sizes during the heliospheric journey
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f CMEs (Savani et al. 2009 ; Wood et al. 2017 ). The radial dimension
f a CME is expected to be linked to its radial expansion. A faster
ropagating CME has a larger expansion speed and consequently can 
e of a bigger size (Owens et al. 2005 ). Although several attempts
ave been made to estimate the lateral expansion speed of CMEs
loser to the Sun using coronagraphic observations and connecting 
t to the radial propagation speed of CMEs (Schwenn et al. 2005 ;
opalswamy et al. 2009 ; Scolini et al. 2019 ; Balmaceda et al. 2020 ),
nly limited studies are reported to derive the radial expansion 
peeds from such observations (Savani et al. 2009 ; Patsourakos, 
ourlidas & Stenborg 2010 ). Understanding the evolution of radial 
izes of CMEs can help us better understand the physical processes
o v erning the e xpansion, a relativ e decrease in the thermal and
agnetic pressure content inside the CMEs and solar wind, and 

he increasing separation between different features/substructures 
leading edge, centre, and trailing edge) of the CMEs. 

There have been several attempts to estimate the radial sizes of
MEs at different distances from the Sun. Using multispacecraft 

Voyager 1 and 2, Helios 1 and 2, and IMP 8) in situ observations,
urlaga et al. ( 1981 ) estimated the radial size of MCs. In another
ttempt, using multispacecraft (IMP, Pioneer 11, and Pioneer 10) in 
itu observations, Crooker & Intriligator ( 1996 ) found that MCs can
ave highly distended cross-sections, with longitudinal dimension 
xceeding radial dimension by at least a factor of 8. These studies
re based on analysing a few selected cases measured in situ and
o not provide a connection to the estimates of CME characteristics 
erived from imaging observations. There are also statistical studies 
stimating the radial sizes of CMEs on the Earth o v er different
olar cycles (Zhang, Poomvises & Richardson 2008 ; Mitsakou & 

oussas 2014 ; Kilpua et al. 2017 ; Mishra, Doshi & Sri v astav a
021a ). Notably, the local in situ measurements cannot differentiate 
f the measured characteristics of the CME are inherent or due to the
volution of CME in the surrounding medium or if it is merely the
ffect of spacecraft trajectory through the CME. Further, such studies 
ose limitations as detecting the same feature of a CME at multiple
pacecraft, which are often not radially aligned, is rarely possible. 

There are interesting studies, but only a handful, combining 
ulti vie wpoint remote observations and in situ measurements from 

adially aligned spacecraft to investigate the radial dimension and 
xpansion of CMEs up to 1 au (Nieves-Chinchilla et al. 2012 ,
013 ; Lugaz et al. 2020a ). Earlier studies have often focussed on
racking a CME bright leading edge in the imaging observations 
CORs or HIs), with only a few tracking the cavity or filament of
 CME to derive their 3D kinematics (Liu et al. 2010 ; DeForest,
oward & Tappin 2011 ; Colaninno, Vourlidas & Wu 2013 ; Mishra &
ri v astav a 2013 , 2015 ; M ̈ostl & Davies 2013 ; Mishra, Sri v astav a &
avies 2014 ; Temmer et al. 2014 ; Rouillard et al. 2020 ). Also,

everal models (empirical, analytical, and magnetohydrodynamic) 
ave mostly attempted to investigate the evolution of the CME 

eading edge (Gopalswamy et al. 2000 ; Odstrcil, Riley & Zhao 2004 ;
chwenn et al. 2005 ; Vr ̌snak et al. 2010 ; Scolini et al. 2019 ; Mayank
t al. 2024 ). Investigating the evolution of different substructures 
leading edge, centre, and trailing edge) of a CME can provide a better 
nderstanding of the relative forces acting on them, the evolution of
heir propagation and expansion speeds, and their radial dimensions. 

Progress toward accurately estimating the evolution of radial sizes 
f CMEs will be crucial for estimating the expansion speeds, arri v al
imes of various substructures, and the longevity of space weather 
 vents. Gi ven the limited number of studies focussing on the ongoing
hanges in the radial size and expansion speed of CMEs (Savani et al.
009 ; Nieves-Chinchilla et al. 2012 ), it is imperative to analyse more
ases and interpret the findings in the context of earlier studies.
dditionally, different substructures, such as the leading edge (LE), 
entre, and trailing edge (TE), of CMEs/MCs may exhibit different 
haracteristics in different instances (DeForest et al. 2011 ; Mishra &
ri v astav a 2015 ). Ho we v er, most e xisting studies utilizing remote
bservations and modelling primarily examine only the arri v al time
f the CME leading edge and compare it with in situ observations (Liu
t al. 2010 ; Mishra & Sri v astav a 2013 ; Scolini et al. 2019 ; Mayank
t al. 2024 ). Furthermore, the conventional approach estimates the 
adial expansion speed of CMEs as half of the difference between
he leading edge and the trailing edge speed measured at a certain
ocation of the spacecraft (Crooker & Intriligator 1996 ; Owens et al.
005 ; Jian et al. 2008 ; Richardson & Cane 2010 ). Since the arri v al
f the leading edge and trailing edge of the CME at 1 au are
ften separated by several hours, the conventional approach cannot 
ccurately provide the instantaneous expansion speed at the arri v al
f any CME substructures (LE, centre, and TE) at a certain in situ
pacecraft. 

This paper focusses on a non-conventional analysis approach 
o single-point in situ observations to estimate the CME’s radial 
ize and instantaneous expansion speed. We describe our non- 
onventional approach as considering different accelerations of each 
ubstructure of the CME, which implies that the CME has a non-
ero constant expansion acceleration during its passage at the in 
itu spacecraft. These estimates from the non-conventional approach 
re compared with the radial size and expansion speeds derived 
rom multipoint remote observations combined with the drag-based 
odel. To demonstrate the concept of our study, we selected a CME

f 2010 April 3. Earlier studies have focussed on estimating the
rri v al time and propagation speed of only the LE of this CME (Liu
t al. 2011 ; Colaninno et al. 2013 ; Mishra & Sri v astav a 2013 ; Mishra
t al. 2014 ; Wood et al. 2017 ). Also, studies have undertaken the geo-
f fecti veness of this CME and its shock (M ̈ostl et al. 2010 ; Xie et al.
012 ; Hess & Zhang 2017 ). Different models have been implemented
o examine the kinematics and thermodynamic properties of the CME 

Wood et al. 2011 ; Mishra et al. 2020 ). It is evident that the 2010
pril 3 CME has been studied e xtensiv ely in the literature from
if ferent perspecti ves, but none of the earlier studies have focussed
n examining the evolution of radial sizes. 
Selecting the e xtensiv ely studied CME of 2010 April 3 offers

umerous advantages: (i) Since our approach is to estimate radial 
izes of the CME utilizing its 3D kinematics of different substructures
t varying distances from the Sun, we can validate our estimates
f the CME LE kinematics against previously established studies. 
ii) Earlier studies focussed on estimating the kinematics of this 
ME LE only; our estimates of 3D kinematics for both the centre
nd TE will enhance our comprehension of the distinct kinematics 
xhibited by various substructures of the CME. (iii) The chosen 
ME, characterized by high speed and minimal deceleration beyond 
oronagraphic heights, promises to be an ideal candidate for a 
easonable comparison between remote and in situ observations. 
his implies the possibility of minimal inconsistency in the estimates 

rom the remote and in situ observations to demonstrate one of the
est performances of the conventional methods in forecasting the 
adial size, expansion speeds, and impact duration of CMEs at 1
u. (iv) This non-decelerating CME could also be a good candidate
or validating the kinematics obtained from methods applied to HIs 
bservations by comparing it to those obtained from coronagraphic 
bserv ations, gi ven more challenges in reliably tracking CMEs and
stimating their kinematics away from the Sun. 

The utilized in situ observations and their analysis using our non-
onventional approach are described in Section 2.1 . The kinematic 
volution of different substructures of the CME as obtained from re-
MNRAS 534, 2458–2474 (2024) 
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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 MC duration during the 
passage of the CME on in situ spacecraft at 1 au. 
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ote observations is described in Section 2.2 . The inconsistencies in
he estimates from both sets of observations are noted in Section 2.3 .
he role of the aspect ratio of the CME in go v erning the radial size
nd expansion speeds of the CME is outlined in Section 2.4 . Section 3
ummarizes our results and discusses the factors that can bring some
ncertainties in our findings. 

 OBSERVATION S  O F  SELECTED  C M E  A N D  

NALY SIS  M E T H O D O L O G Y  

e investigate the evolution of radial sizes of the selected 2010 April
 CME at different instances using in situ and remote observations.
n this work, we utilized the in situ observations of the CME from
ind spacecraft near 1 au (Ogilvie & Desch 1997 ) and identified the
ME boundaries based on the magnetic field and plasma parameters
escribed in Section 2.1 . We focus on our non-conventional approach
o the in situ observations from single-point spacecraft to estimate
he radial sizes and instantaneous expansion speeds as described
n Section 2.1.1 . F or inv estigating the continuous evolution of the
ME, we use its remote observations from white light CORs Large
ngle and Spectrometric COronagraph (LASCO) onboard SOlar
nd Heliospheric Observatory ( SOHO ), CORs, and HIs observations
nboard twin Solar TErrestrial RElations Observatory ( STEREO )
pacecraft (Brueckner et al. 1995 ; Howard et al. 2008 ; Kaiser et al.
008 ; Eyles et al. 2009 ). 
In the following, we first describe the in situ observations-based

stimates of CME radial sizes and speeds at different instances
hen LE, centre, and TE of the CME arrive at 1 au. Thereafter,
e describe the remote observations of CMEs to estimate the
D kinematics of the CME using conventional 3D reconstruction
ethods. The estimated 3D kinematics of different substructures

LE, centre, and TE) of the CME are used to derive the radial size
nd instantaneous expansion speed of the CME. The derived radial
ize and instantaneous expansion speed from remote observations
re compared with the estimates from in situ measurements at 1 au.
ur analysis focusses on the inconsistencies in the estimates from
oth sets of observations and investigates the possible reasons for the
ame. 

.1 In situ obser v ations of the CME 

or the in situ observations of the 2010 April 3 CME, we em-
loy data from the Wind spacecraft in Geocentric Solar Ecliptic
GSE) coordinate located close to 1 au (at the L1 point). Fig. 1
llustrates the in situ observation of the CME; the panels from top
o bottom show the magnetic field magnitude, θ , φ, speed, proton
ensity, proton temperature, and plasma beta. We estimate θ using
he magnitude of the total magnetic field and normal component

f magnetic field ( B z ) as θ = sin −1 
(

B z 
B 

)
. Since φ rotate in the

cliptic plane (from 0 ◦ to 360 ◦), therefore, φ is estimated using
agnetic field components B x and B y as for B x > 0 and B y > 0 ,

= tan −1 
(

B y 

B x 

)
; for B x < 0 and B y > 0 , φ = tan −1 

(
B y 

B x 

)
+

80 ◦; for B x < 0 and B y < 0 , φ = tan −1 
(

B y 

B x 

)
+ 180 ◦; for

 x > 0 and B y < 0 , φ = tan −1 
(

B y 

B x 

)
+ 360 ◦. 

We scrutinize in situ data to discern the boundaries of CME or
C, employing multiple signatures simultaneously as described by

urbuchen & Richardson ( 2006 ). Fig. 1 illustrates the arri v al of the
ME shock at 08:28 UT on April 5, with the sheath duration of the
ME depicted by a fill area in transparent red. The CME/MC LE

eaches Wind at 13:43 UT on April 5, while its TE reaches Wind at
NRAS 534, 2458–2474 (2024) 
3:20 UT on April 6. Consequently, the transparent yellow fill area
enotes the 23.6 h of duration of the MC. Our estimates of the MC
oundaries are in good agreement, within 1 h, with several earlier
tudies (M ̈ostl et al. 2010 ; Liu et al. 2011 ; Mishra & Sri v astav a
013 ; Mishra et al. 2014 ). This figure explores the rotation of θ and
within the MC boundary to observe cloud orientation, which is

he north-west-south (NWS) direction. In the fourth panel, a linear
ecrease in speed between the MC boundary signifies the expansion
f the cloud. 
Using the conventional approach (Owens et al. 2005 ), we used

he in situ measured speeds of the LE and TE of 2010 April 3
C, and estimate the expansion speed ( V exp = 

V L −V T 
2 ) of the MC

s 136.5 km s −1 . The conventional approach assumes a constant
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Figure 2. The schematic illustrates the evolution of an expanding CME 

during its passage o v er 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 centre, 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 2 ) and one lesser than 1 au (1 au − x 1 ). The top to bottom panels 
represent the arri v al of LE (L), centre (C), and TE (T) at 1 au at different 
instances of t 1 , t 2 , and t 3 , respectively. The left–right arrow represents the 
distance travelled by different features and the evolution of the CME radial 
dimension during any two instances. 

e  

s
s
a  

w
e  

o
s

2
r
o

W
l
i  

T  

I
p
t  

o  

o  

t  

F
a  

o  

a

F  

t  

a  

b
c  

L  

T  

s  

t  

l  

w  

a  

a  

i  

c  

fi  

b  

c  

i  

s  

d  

d  

c  

t

t  

a
e  

s
s
w  

T  

p  

fi

V

w  

d  

j  

t  

f  

s  

c

e  

d
(  

f  

d

R

R

2

S  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2458/7810602 by Indian Institute of Astrophysics user on 19 N
ovem

ber 2024
xpansion speed throughout the entire passage of the MC o v er a
pecific in situ spacecraft. Consequently, the calculated expansion 
peed is not instantaneous at different instances corresponding to the 
rri v al of dif ferent features of the MC. In the following Section 2.1.1 ,
e outline our non-conventional approach, which enables us to 

stimate the radius of the MC at distinct instances (at the arri v al
f LE, centre, and TE) and determine the instantaneous expansion 
peed from single-point in situ measurements. 

.1.1 Non-conventional approach to examine the evolution of 
adial size and expansion speed from single-point in situ 
bservations 

e demonstrate a non-conventional approach to examine the evo- 
ution of radial size and instantaneous expansion speed at different 
nstances during the passage of the MC o v er the in situ spacecraft.
he conceptual representation of this approach is illustrated in Fig. 2 .

rrespective of the assumed CME structure, the in situ spacecraft will 
rovide 1D measurements of the CME plasma parameters along its 
rajectory through the CME. Even in the case of a flank encounter
f the CME with the in situ spacecraft (i.e. without the intersection
f the spacecraft along the nose of the CME), the sampled region of
he CME can be classified into leading, centre, and trailing portions.
or simplicity of explaining our non-conventional approach, we can 
ssume the CME flux rope as a circle in the plane of spacecraft (the
rbital plane of the spacecraft, which is the ecliptic plane in our study
s we are using in situ observations of Wind at L1). 

For the schematic representation, the magenta-coloured circle in 
ig. 2 shows the MC in the ecliptic plane. The circular MC shown in

he top, middle, and bottom panels shows the arri v al of LE, centre,
nd TE at 1 au at the instances of t 1 , t 2 , and t 3 , respectively. The
lue, green, and maroon vertical solid lines touching/intersecting the 
ircle denote the LE, centre, and TE of the MC, respectively. The
E, centre, and TE of the MC are denoted with symbols L , C, and
 , respectively, and those with subscripts 1, 2, and 3 represent the
cenario at three different instances t 1 , t 2 , and t 3 . The location of
he in situ spacecraft at 1 au is indicated on the horizontal black
ine. The marking of 1 au distance on the horizontal line is clear
ith two additional distances, one greater than 1 au (1 au + x 2 )

nd another lesser than 1 au (1 au − x 1 ). The radius of the cloud
t the arri v al of LE, centre, and TE at 1 au (i.e. at t 1 , t 2 , and t 3 )
s R 1 , R 2 , and R 3 , respectively. The increasingly bigger size of the
ircular MC at t 1 , t 2 , and t 3 denotes the expansion of the MC. The
gure also shows the distance travelled by each feature (L, C, and T)
etween any two instances, such as t 1 to t 2 , t 2 to t 3 , and t 1 to t 3 . The
entre considered in this approach is the size centre that divides the
n situ sampled radial size of the MC equally into two parts. In the in
itu observations, one can also mark the time centre, which equally
ivides the MC’s duration into two parts. In Section 2.1.2 , we would
escribe the situation where the arri v al of the time centre and size
entre of MCs at in situ spacecraft can differ. Hereafter, we refer to
he size centre as the centre. 

In contrast to the conventional approach, the instantaneous (at 
 1 , t 2 , and t 3 ) expansion speed of the MC, assuming its constant
cceleration, can be estimated using the propagation speed of differ- 
nt features at the same instance (any of t 1 , t 2 , and t 3 ). Ho we ver, the
ingle-point in situ measurements of the MC provide the propagation 
peeds of different features at different instances. In our approach, 
e estimate the speeds of a particular feature (any of L , C, and
 ) at different instances using the in situ measured speed of that
articular feature at a single instance. For this purpose, we use the
rst equation of motion as: 

 F ( t j ) = V F ( t i ) + a F t ji 

here the subscript F stands for features (any of L , C, and T ) and
uration t ji is the difference between two instances as t j − t i (for
 > i). Thus, V F ( t j ) and V F ( t i ) denotes the speed of features at time
 j and at time t i and a F is the constant acceleration of the respective
eature during the passage of MC at in situ spacecraft. The estimated
peeds of different features at the same instance can be used to
alculate the instantaneous expansion speed of the MC. 

Further, using the demonstrated non-conventional approach, we 
stimate the radial size of the MC at different instances and the
istance travelled by different features between any two instances 
as labelled in Fig. 2 ). The distances travelled by LE, centre, and TE
rom t 1 to t 2 are R 2 , R 1 , and 2 R 1 − R 2 , respectiv ely. These trav elled
istances can be expressed using the second equation of motion as: 

 2 = V L ( t 1 ) t 21 + 

1 

2 
a L t 

2 
21 

 1 = V C ( t 1 ) t 21 + 

1 

2 
a C t 

2 
21 

 R 1 − R 2 = V T ( t 1 ) t 21 + 

1 

2 
a T t 

2 
21 . 

imilarly, the distances travelled by LE, centre, and TE from t 2 to
 3 are 2 R 3 − R 2 , R 3 , and R 2 , respectively. Further, the distances
MNRAS 534, 2458–2474 (2024) 
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M

Figure 3. The left panel shows the in situ measured speed profile for the selected CME. The vertical solid red line marks the arri v al of the shock associated 
with the 2010 April 3 CME. The blue, green, black, and maroon vertical dashed lines denote the LE, size centre, time centre, 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 arri v al of the size centre 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, centre, and TE, respectively, while the dashed line 
represents the slope (acceleration) of the linear fitting of the speed. 
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ravelled by LE, centre, and TE from t 1 to t 3 are 2 R 3 , R 1 + R 3 , and
 R 1 , respectively. Therefore, our non-conventional analysis approach
an be used for estimating the radial size of MC, propagation speeds
f different substructures, and instantaneous expansion speed at a
articular instance, even when relying solely on single-point in situ
pacecraft measured speeds of different substructures at different
nstances. In the following, we estimate the propagation speeds,
nstantaneous expansion speeds, and radial size of the MC using
he non-conventional approach at different instances of the arri v al of
E, centre, and TE at 1 au. 

.1.2 Estimates from non-conventional approach to single-point in 
itu observations at different instances 

s described in Section 2.1.1 , we refer to the size centre as the
entre. Several earlier studies have considered no difference between
he arri v al of the time centre (arri v al time of half of the MC’s total
uration) and the size centre (arri v al of half of the MC’s total radial
ize) of the MC at the in situ spacecraft. This is because such
tudies assumed the constant expansion speed of the CME during
ts passage at in situ spacecraft (Owens et al. 2005 ; Gulisano et al.
010 ; Regnault et al. 2024 ). We emphasize that the arri v al of the
ize centre and time centre could often be different, especially for
ighly accelerating/decelerating CMEs having a larger expansion
peed. We note this difference for our selected CME/MC in the left
anel of Fig. 3 , where the arri v al of the size centre (green dashed
ine) at 1 au precedes the time centre (black dashed line) of the MC
y approximately 1 h. The radial size of the MC at the arri v al of LE
t 1 au is estimated as 76.8 R � by integrating the speed with time
uring the MC passage o v er the in situ spacecraft. This is the most
eliable estimation of radial size, considering the nose encounter of
he MC with the in situ spacecraft. 

We note a difference between the arrival time of the size centre
nd time centre for this CME, despite it showing the signatures
f minimal deceleration and expansion at the in situ spacecraft.
his suggests that the difference between these two centres would
e much larger for CMEs experiencing a larger expansion and
cceleration/deceleration. Since the conventional method assumes no
NRAS 534, 2458–2474 (2024) 
cceleration while estimating the expansion speeds, their estimates
ould not be appropriate, especially for such CMEs. Our non-

onventional approach would be valid in treating such CMEs because
 constant acceleration/deceleration of the CME substructures is
lready considered for estimating the radial size and speeds at
ifferent instances. The selection of this CME was to show that
he conventional method is not even reliable for the case where one
xpects it to be. This CME is one of the candidates to show the best
chie v able performance of the conventional method in estimating the
xpansion speed, and the performance of the conventional method for
ther CMEs with deceleration/acceleration/expansion will worsen
urther. 

We demonstrate a larger difference (4 h) in the size and time centre
f a virtual MC as depicted by the yellow solid line in the left panel
f Fig. 3 profile. The virtual MC has identical boundaries and a time
entre as the actual MC but has a steeper slope of linearly decreasing
peed than the actual MC. A greater disparity between the size and
ime centre of virtual MC suggests its more substantial expansion
uring MC’s total duration (Lugaz et al. 2020b ). It becomes apparent
he size centre and time centre for MCs are not synchronous and
re dependent on the expansion speed of the MCs. This dependency
an be further substantiated through in situ observations of faster-
xpanding CMEs from spacecraft approaching the Sun. 

Moreo v er, to apply our non-conventional approach to single-point
n situ observations, we require the acceleration of LE, size centre,
nd TE on their arri v al at 1 au. Ho we ver, in the absence of in
itu measurements of the same substructures (features) at multiple
nstances, it is difficult to accurately calculate their acceleration on
heir arri v al at a time. Additionally, Temmer & Bothmer ( 2022 ) has
hown that LE is not a sharp feature but has some thickness. In
his spirit, we consider some thickness of each feature of MC and
se the in situ measured speed within the thickness to derive the
onstant acceleration. We divide the speed profile of the MC into
hree equal segments based on MC radial size, as shown in the right
anel of Fig. 3 . The blue, green, and maroon solid lines represent the
inear fitting for the speed of the LE, centre, and TE segments. The
erived constant acceleration for each feature ( −5.1 m s −2 for LE,
1.8 m s −2 for the centre, and −1.6 m s −2 for TE) is shown with the
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Table 1. The top panel shows the arrival time of different features (LE, centre, and TE) of 2010 April 3 CME at 1 au from 

GCS + SSSE + DBM methods to remote observ ations, actual arri v al 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 ( t 1 , t 2 , and t 3 ) estimated from GCS + SSSE + DBM methods and our non-conventional approach (as 
described in Section 2.1.2 ) to analysing the in situ measurements or directly from in situ measurements (bold). The bottom 

panel shows the instantaneous expansion speed of the CME at different instances 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. 

Arri v al time of CME features at 1 au (UT) 

CME feature GCS + SSSE + DBM In situ � t (h) 

LE (at t 1 ) Apr 5 14:28 Apr 5 13:43 0.75 
Centre (at t 2 ) Apr 6 15:22 Apr 6 00:30 14.87 

TE (at t 3 ) Apr 9 01:37 Apr 6 13:20 60.28 

Speed of CME features at different instances (km s −1 ) 

GCS + SSSE + DBM In situ + Eq. of motion 

Instance V LE V centre V TE V LE V centre V TE 

t 1 639 466 293 803 704 672 
t 2 596 435 274 603 635 607 
t 3 556 406 256 365 553 530 

Expansion speed at different instances (km s −1 ) 

Instance GCS + SSSE + DBM In situ + Eq. of motion �V exp 

t 1 173 V L − V C = 99 74 
t 2 161 V C − V T = 28 133 
t 3 150 V C − V T = 23 127 
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ashed line of the same colour as the corresponding fitting. Using the
stimated acceleration of different features in our non-conventional 
pproach, we estimate the propagation speed of the LE, centre, and 
E at different instances. Furthermore, we estimate the radial size 
nd instantaneous expansion speed of the MC at the arri v al of LE (at
 1 ), centre (at t 2 ), and TE (at t 3 ) at 1 au. 

The in situ measured speed of the CME LE on its arri v al at t 1 
13:43 UT on April 5, as shown with a blue vertical dashed line
n the left panel of Fig. 3 ) at 1 au is 803 km s −1 . Further, using
ur non-conventional approach with the first equation of motion 
described in Section 2.1.1 ), we estimated the speed of different 
eatures at different instances where in situ measurements are not 
vailable. These estimates are listed in the non-bold font in the last
hree columns of the middle panel of Table 1 . From the table, we
ote that the speed of the CME LE at the arri v al of the centre and TE
t 1 au using our non-conventional approach is 603 and 365 km s −1 ,
espectively. The in situ measured speed of the centre on its arri v al
t t 2 (00:30 UT on April 6, as shown with a green vertical dashed line
n the left panel of Fig. 3 ) at 1 au is 635 km s −1 while its estimated
peed at the arri v al of the LE and TE at 1 au are 704 and 553 km s −1 ,
espectively. The measured speed of the TE on its arrival at t 3 (13:20
T on April 6, as shown with a maroon vertical dashed line in the

eft panel of Fig. 3 ) at 1 au is 530 km s −1 while its estimated speed
t the arri v al of the LE and centre at 1 au are 672 and 607 km s −1 ,
espectively. The decrease in speed of LE from t 1 to t 3 is much larger
nd becomes even smaller than the speed of the following features 
centre and TE) at the same instances as shown in the last three
olumns of the middle panel of Table 1 . This incorrectly implies the
ecreasing size of the MC, and therefore, speed estimates for LE
re inaccurate. This could be possible because of the o v erestimated
eceleration of LE used in the non-conventional approach. Therefore, 
he instantaneous expansion speed of the CME at t 2 and t 3 is estimated
sing the centre and TE propagation speed, as mentioned in the third
olumn of the bottom panel of Table 1 . 

We also estimate the distance travelled by CME fea- 
ures/substructures during any two instances using our non- 
onventional approach with the second equation of motion as 
escribed in Section 2.1.1 . The estimates of distance travelled by
he LE from t 1 to t 2 , t 2 to t 3 , and t 1 to t 3 are R 2 , 2 R 3 – R 2 , and 2 R 3 ,
espectively, as labelled in Fig. 2 . The estimated value of R 2 , 2 R 3 –
 2 , and 2 R 3 are 38.9, 31.9, and 70.8 R �, respectively. The estimates
f distance travelled by the centre from t 1 to t 2 , t 2 to t 3 , and t 1 to t 3 
re R 1 (37 R �), R 3 (39.2 R �), and R 1 + R 3 (76.2 R �), respectively.
he estimates of distance travelled by the TE from t 1 to t 2 , t 2 to t 3 ,
nd t 1 to t 3 are 2 R 1 – R 2 (35.4 R �), R 2 (37.5 R �), and 2 R 1 (72.9
 �), respectively. 
Moreo v er, the radial size (2 R 1 ) of the MC at the arri v al of LE at

 au is directly estimated using the in situ measured speed during
he passage of the MC (from its LE to TE) at 1 au. The radial size
f the MC is estimated as 76.8 R �, which means that the estimate
f R 1 (MC’s radius at t 1 ) is 38.4 R �. Furthermore, the estimated
alues of R 1 using our non-conventional analysis approach on the 
entre and TE of the MC are 37 and 36.45 R � (2 R 1 = 72.9 R �),
espectively (as shown in the last column of Table 2 ). This suggests
hat R 1 using our non-conventional approach on the centre and TE
f the MC closely matches with the most reliable estimate directly
rom the in situ measurements of speed and duration of the MC. This
hows that our non-conventional analysis approach is reliable if the 
cceleration of the CME’s features/substructures is estimated with 
easonable accuracy. Using the estimated or measured acceleration 
MNRAS 534, 2458–2474 (2024) 
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Table 2. The table lists the distance travelled by different features (LE, 
centre, and TE) of the CME during any two instances at the passage of 
the CME features at 1 au. The estimates of the travelled distance are listed 
as mathematically derived from GCS + SSSE + DBM methods to remote 
observations and from our non-conventional approach to analysing in situ 
measurements. 

CME feature during any 
two instances 

Distance travelled (R �) 

Derived 
GCS + SSSE + 

DBM 

In situ + Eq. of 
motion 

LE: t 1 to t 2 R 2 78.7 38.9 
LE: t 2 to t 3 2 R 3 – R 2 171.4 31.9 
LE: t 1 to t 3 2 R 3 250.1 70.8 

Centre: t 1 to t 2 R 1 57.5 37 
Centre: t 2 to t 3 R 3 125.1 39.2 
Centre: t 1 to t 3 R 1 + R 3 182.6 76.2 

TE: t 1 to t 2 2 R 1 – R 2 36.2 35.4 
TE: t 2 to t 3 R 2 78.8 37.5 
TE: t 1 to t 3 2 R 1 115 72.9 
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f CME’s features, such an approach could provide a more accurate
stimate of the radial size and speeds at different instances, especially
or CMEs that experience considerable acceleration/deceleration. 

.2 Analysis techniques for remote obser v ations 

he evolution of CME in the COR and HI images is shown in Fig. 4 .
e utilized remote COR and HI observations of the CME and applied

onventional reconstruction methods to estimate the CME kinemat-
cs. The methods used are graduated cylindrical shell (GCS) model
Thernisien, Vourlidas & Howard 2009 ) on the COR observations,
tereoscopic self-similar expansion (SSSE) method (Davies et al.
013 ) on the time-elongation maps (J-maps) constructed from COR
nd HI observations, and drag-based model (DBM) (Vr ̌snak et al.
013 ). The DBM is used only beyond the heights where the CME
ould not be tracked unambiguously in the HI observations. 

.2.1 Graduated cylindrical shell model 

e note that the CME of 2010 April 3 was observed in
OHO /LASCO at 10:33 UT and appeared as a partial halo. STEREO-
 /COR1 and STEREO-B /COR1 observed the CME at 09:05 UT in the
E and SW quadrants. For the 3D kinematics of the selected CME, we

mplement the GCS model (Thernisien, Howard & Vourlidas 2006 )
n the contemporaneous coronagraphic images from the viewpoints
f SOHO , STEREO-A , and B . This model assumes the CME flux
ope to be in the shape of a hollow croissant, the structure of
hich can be adjusted by the six free parameters: latitude ( θ ) and

ongitude ( φ) of the CME, the half angle between the two conical
egs ( α), tilt angle ( γ ), aspect ratio ( κ), and height of the CME
eading edge ( h ). The leading edge of this CME is tracked from a
eight of 2.06 R �, as observed in the Sun-Earth Connection Coronal
nd Heliospheric Investigation (SECCHI) internally-occulted coro-
agraph (SECCHI/COR1), up to a distance of 13.7 R �, utilizing
he SECCHI/COR2. Fig. 5 depicts the GCS fitting in Stonyhurst
eliographic coordinate system. At the last tracked height, the other
ve GCS parameters, θ , φ, α, γ , and κ are −24 ◦, 3 ◦, 25 ◦, 9.79 ◦ and
.37, respectively. Our model-fitted morphological and dimensional
arameters are consistent with the earlier studies, considering the
ubjectiveness of the manual fitting using the GCS model (M ̈ostl
t al. 2010 ; Liu et al. 2011 ; Mishra et al. 2020 ; Martini ́c et al. 2022 ).
NRAS 534, 2458–2474 (2024) 
It is al w ays tricky to estimate the evolving speed of a CME from
he discrete (largely spaced) measurements of its height and time
rofile (Liu et al. 2010 ; Colaninno et al. 2013 ; Mishra & Sri v astav a
013 ). The shape of the speed (i.e. deri v ati ve) profile can often vary
y adopting different functions to fit the measured height-time data
oints. We examine the effects of using different methods to estimate
he speed from the GCS model-derived height–time evolution shown
n the grey in the left panel of the top row of Fig. 6 . This plot
lso shows the different fitting to the GCS model-derived height
easurements, such as quadratic fitting (orange), cubic spline fitting

blue), and fourth-order spline fitting (green). The right panel of
he top row shows the different speed profiles from various fittings.
he magnitude and trend of CME speeds from the different fitting

echniques are significantly different. These speeds are the CME
E speed. We note that the polynomial fitting used for the entire
uration of the CME evolution can remo v e the actual short-term
uctuations from the speed profile. In contrast to polynomial fit,
aking a successive difference (shown in grey) of height–time points

or the deri v ati ve can bring unphysical fluctuations in the speed of
 CME. This implies the uncertainties involved in the kinematics
espite the accuracy of CME 3D height measurements from the
CS model. 
As a compromise, to retain a possible real change in the CME

peed o v er a few hours, we also use a moving box linear fitting to the
moothed height–time points (shown in red in the left panel of the
op row of Fig. 6 ) and derive the speed from the slope of the linear fit.
he number of data points (window size) used for the smoothing and

inear fit for estimating the speed at a particular instance is shown
y the schematic in the left panel of the bottom row of Fig. 6 . In this
anel, circles with different colours, marked with numbering, show
he sequence of measured heights corresponding to different times.
he panel also shows the sequence of moving boxes, with different
olours, consisting of several data points over which smoothing and
inear fit are done. The speed at any data point marked with a certain
olour/number is estimated using the smoothing box of the same
olour/number. The number of data points in each moving box is
hown, which in our case is smaller at both ends to get the number of
peed points equal to the number of data points in the heights. The
peed derived from the moving box linear fit (red) is also shown in
he right panel of top row of Fig. 6 . 

We notice different speed profiles, especially at both ends of the
ata points, in the right panel of the top row of Fig. 6 from different
ttings of height–time measurements. In the beginning ( ∼2 R �), the
peed is in the range of around 300 to 650 km s −1 while it is in the
ange of around 650 to 950 km s −1 at the last tracked height ( ∼13.7
 �). Such a difference in the speeds shows the possible uncertainties

nvolved in estimating the transit time of the CME for the transit
istance (distance between the last tracked height of the CME LE
nd the L1 point) of around 200 R � from the coronagraphic height
o L1 point. The right panel of the bottom row of Fig. 6 shows transit
ime ( T ) on the X -axis, taken by the CME for a transit distance
f 200 R � at various speeds shown on the Y -axis. The transit time
s determined by employing a constant speed at the last tracked
eight to encompass the specified distance (200 R �). It is clear that
ncertainties in the speed by ±100 km s −1 can give rise to 10–20 h of
rror in arri v al time for a typical fast and slow speed CME. This plot
epicts that the change in speed by equal magnitude ( ±100 km s −1 )
ives the non-equal change in the arri v al time. Therefore, it suggests
hat the change in arri v al time due to a change ( ±100 km s −1 ) in
peed is smaller for faster speed CMEs. This CME is well identified
n the in situ observations at 1 au, and its in situ measured arri v al time
arri v al time of the CME LE identified from in situ magnetic field
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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 o v erlaid 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 /COR2 (left), SOHO /LASCO 

C2 (centre), and STEREO-A /COR2 (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. 

a  

s  

w  

o  

s  

m  

r  

n  

I  

a  

w  

t  

t  

l
 

w  

3  

s  

t  

h  

o  

l  

f  

t  

d  

f  

a  

a  

r  

s  

T  

t
 

3  

b  

b  

T  

r  

o  

s  

d  

v  

S  

o  

k  

i

2

T  

u  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2458/7810602 by Indian Institute of Astrophysics user on 19 N
ovem

ber 2024
nd plasma measurements) is at 13:43 UT on April 5. Based on the in
itu measurements, the CME transit time is around 49.32 h, marked
ith a vertical black dashed line, implying an average CME speed
f around 800 km s −1 between the last tracked height and 1 au. It
hould be noted that comparing arri v al times from remote and in situ
easurements can bring additional inconsistency because the CME

adial propagation direction estimated from remote observations is
ot strictly in the ecliptic plane where in situ measurements are taken.
t could be possible to correct the 3D speeds to get its component
long the Sun–spacecraft line in the ecliptic plane before comparing
ith in situ measurements, but such a correction is not done for

he selected CME as it will not much affect the estimates because
he propagation of the selected CME is closely along the Sun–Earth
ine. 

We also estimated the radius of the CME flux rope as R = 

(
κ

1 + κ

)
h

here κ is the aspect ratio derived from the GCS model and h is the
D height of the LE. The continuous evolution of radial expansion
peed is estimated using the radius of the flux rope. The height of
he size centre and TE of the CME are estimated to be h − R and
 − 2 R, respectively. Using estimated size centre and TE heights, we
btain the size centre and TE speed by employing the moving box
inear fit technique. The 3D kinematics plot for the CME’s different
eatures (LE, centre, and radius) is shown in Fig. 7 . This figure, from
he top to bottom panels, shows the height, speed, and acceleration of
ifferent features. The unfilled circle is used to denote the estimates
rom the GCS model, and different colours (blue, green, and yellow)
NRAS 534, 2458–2474 (2024) 

e  
re used to mark the different features of the CME (LE, size centre,
nd radius). The error in the derived kinematics of each feature is
epresented by transparent fill areas o v er the data points with the
ame colour as used for the data points of the corresponding feature.
he error bars are derived by considering an error of 10 per cent in

he measurements of the height at each data point. 
From the uncertainties in the derived speeds, it is clear that the

D speed of the CME at coronagraphic heights and assuming it to
e constant for the remaining interplanetary journey of the CME can
ring large errors in estimating the arri v al time of even the CME LE.
his can also bring errors in the estimates of expansion speed and

adial sizes of the CME. Therefore, to make a reasonable comparison
f the estimates from remote observations with those from in
itu observations, we further examine the continuous evolution of
ifferent substructures of the CME and derive its radial size at
arying distances from the Sun. For tracking the CME beyond
TEREO /COR2 field of view (FOV), we utilize the HI1 and HI2
bservations and implement the SSSE method to derive the 3D
inematics that further has been used as inputs to DBM, as described
n Section 2.2.2 . 

.2.2 Implementing SSSE method on STEREO /HI observations 

he tracking of LE of a CME in HI observations has often been done
sing J-maps, i.e. time-elongation maps (Sheeley et al. 1999 ; Davies
t al. 2009 ; Mishra & Sri v astav a 2013 ). We constructed the J-maps
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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 

ro w sho ws the transit time ( T ) of the CME for the transit distance of 200 R � for different speeds ( � V). The red, green, and blue correspond to three cases of 
speeds as 600, 800, and 1000 km s −1 , respectively, with the uncertainties of ±100 km s −1 . The vertical black dashed line marks the in situ measured transit 
time of the CME. 

a
t  

o  

d  

u
t  

t  

t  

c
f  

d  

w  

h  

w
t  

l  

a  

d
k  

o
4

 

C  

b
B
g
t
d  

F  

W  

t  

r  

p
a  

a  

e
o  

p  

S
t  

s  

b

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2458/7810602 by Indian Institute of Astrophysics user on 19 N
ovem

ber 2024
long the ecliptic plane using the running difference images from 

he COR2, HI1, and HI2 onboard STEREO-A and B . The details
f the procedure to construct the J-maps are exactly the same as
escribed in Mishra & Sri v astav a ( 2013 ). We tracked the CME LE
sing J-maps and derived its elongation-time profile. We employed 
he SSSE reconstruction method developed by Davies et al. ( 2013 )
o estimate the 3D height–time profile of the CME LE. SSSE method
reats the CME cross-section as a circle in the ecliptic plane with a
ertain half-angular width ( λ), which propagates self-similarly away 
rom the Sun. In our study, the half-angular width of the CME is
erived from the GCS parameters, represented as λ = α cos ( γ ) + δ,
here δ = sin −1 κ signifies the thickness of the legs of the CME’s
ollow croissant shape. The tilt angle of the CME affects the angular
idth solely through the cos( γ ) factor, influencing the angle between 

he legs ( α). The changes in tilt do not impact the thickness of the
egs in the ecliptic plane. An earlier study has shown that the assumed
ngular width and geometry of the CME, taken as inputs to the model
eriving kinematics, can have a significant effect on the estimated 
inematics and arri v al time of the CME (Rollett et al. 2016 ). Based
n GCS model estimates, in our study, the calculated λ approximates 
0 ◦ for the CME of 2010 April 3. 
We applied the SSSE method and derived the 3D height of the
ME from 4.2 to 70.8 R �. The limited tracking of the CME is
ecause it becomes unidentifiable in the HI2 images of STEREO- 
 due to interference from the intense background Milky Way 
alaxy. For estimating the 3D speed and acceleration from height–
ime measurements, we use the moving box linear fitting technique 
escribed in Section 2.2.1 . The obtained 3D kinematics is shown in
ig. 7 . The speed of the CME LE at 70.8 R � is around 935 km s −1 .
e used the CME LE height from the SSSE method and estimated

he radius of the CME as described in Section 2.2.1 . Since the aspect
atio value was noted to be constant ( κ = 0.37) at the last four
oints derived from the GCS model on coronagraphic images, we 
ssume it to be constant in the HI FOV. CMEs achieving a constant
spect ratio in the low corona (within 10 R �) have also been reported
arlier (Cremades, Iglesias & Merenda 2020 ). The estimated heights 
f CME LE, size centre, and radius of the CME are shown in the top
anel of the figure. The filled circle represents the estimates from the
SSE method, and different colours (blue, green, and yellow) mark 

he different features of the CME (LE, size centre, and radius). The
peeds and acceleration of these features are shown in the middle and
ottom panels, respectively. Our findings confirm the earlier studies 
MNRAS 534, 2458–2474 (2024) 
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M

Figure 7. The top to bottom panels show the 3D height, speed, and acceleration of the 2010 April 3 CME LE, size centre, and radius up to the instance of 
CME LE arri v al at 1 au. In each panel, the LE, size centre, and radius are shown in blue, green, and yellow colours. 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 centre, and radius estimated using SSSE and DBM. The error bar o v er each 
data point is shown with transparent fill areas of the same colour as the corresponding data point. 
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hat CME shows minimal deceleration in the interplanetary (IP)
edium, and it is suitable for our study of the continuous evolution

f CME’s radial size (M ̈ostl et al. 2010 ; Liu et al. 2011 ; Mishra &
ri v astav a 2014 ). We further estimate the evolution of CME beyond

he tracked height in the J-maps to 1 au using the DBM (Vr ̌snak et al.
013 ) as explained in the following section. 

.2.3 Implementing DBM for tracking the CME up to 1 au 

he SSSE method provided the 3D kinematics of CME up to a
istance of around 70.8 R �, and we assume that beyond this height,
he speed of the CME can be go v erned primarily by drag forces.
onsequently, the acceleration of the CME can be described as drag
cceleration, denoted as a = −γ ( v − w) | v − w| , where v represents
he CME speed, w is the solar wind speed, and γ denotes the drag
arameter. The drag parameter is expressed as γ = 

c d Aρw , incorpo-
NRAS 534, 2458–2474 (2024) 

M 
ating the dimensionless drag coefficient ( c d = 1), the cross-sectional
rea of the CME perpendicular to its direction of propagation ( A ),
he mass–density of the ambient solar wind ( ρw ), and the mass of
he CME ( M). We estimate the 2010 April 3 CME drag parameter
y estimating its deprojected mass, cross-sectional area, and ambient
olar wind density. 

Using the theory of Thomson scattering (Billings 1966 ; Vourlidas
t al. 2000 ), the true (deprojected) mass of the CME at the outer
dge of COR2 is calculated as 7 . 98 × 10 15 g. The estimated mass
f the CME in our study is consistent (within 25 per cent) with
hat estimated in Temmer et al. ( 2021 ). The mass–density of the
mbient solar wind at various heights ( h ) is computed using the
olar wind density model of Leblanc, Dulk & Bougeret ( 1998 ).
e determine the cross-sectional area as A = π ( λh ) 2 of the CME

mploying a half angular width ( λ = 40 ◦) derived from the GCS
odel. By incorporating all the rele v ant v alues for drag parameter
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 γ ) estimation, we ascertain its value to be 0 . 36 × 10 −7 km 

−1 for the
ME observed on 2010 April 3. 
For the specific 2010 April 3 CME under consideration, the input 

arameters for DBM are the take-off speed of CME v 0 = 935 km s −1 

t h o = 70 . 8R �, and ambient solar wind speed as w = 500 km s −1 .
lthough it is difficult to estimate the realistic value of background 

olar wind speed into which CME has travelled, we, for simplicity, 
ake its average value in the time window of approximately 2 h
efore the in situ measured arri v al of the CME shock at 1 au. Our
hoice of ambient solar wind speed is consistent with the empirically 
btained value in the statistical study of Vr ̌snak et al. ( 2013 ), and a
imilar approach is also taken in Mishra & Sri v astav a ( 2013 ). The
esulting height–time evolution for the LE, size centre, as well as the
adius of the CME up to 1 au, is shown in the top panel of Fig. 7 .

e consider that the aspect ratio of the CME remains the same as
aken during the evolution in HI1. The speed and acceleration from
hese estimated heights are derived by applying the moving box 
inear fit technique described in Section 2.2.1 and are shown in the

iddle and bottom panels. The filled square represents the estimates 
erived from the DBM method, while distinct colours (blue, green, 
nd yellow) denote different features of the CME (LE, size centre, 
nd radius). The transparent fill areas o v er the data points in corre-
ponding colours indicate the error in the derived kinematics for each 
eature. 

Fig. 7 shows the 3D kinematics of the CME LE (blue) and centre
green) as well as the time evolution of the CME radius (yellow)
ontinuously from the beginning until the CME LE arrives at 1 au. It
s noted that while CME LE arrives at 1 au (at 14:28 UT on 5 April),
he centre and TE are at 155.5 and 98 R �, respectively. To calculate
he arri v al time of CME’s centre and TE at 1 au, we extended the
BM run for heights of CME LE beyond 1 au. We find that while

he centre arrives at 1 au (at 15:22 UT on 6 April), the CME LE and
E are at 291.8 and 134.2 R �, respectively. On the arri v al of CME
E at 1 au (at 01:37 UT on 9 April), the CME LE and centre are at
63.2 and 338.1 R �, respectively. It is evident that CME’s different
ubstructures (LE, centre, and TE) are well-separated and arrive at 
ifferent instances ( t 1 , t 2 , and t 3 ) at 1 au as estimated from remote
bservations (GCS + SSSE + DBM). The arri v al times estimates
rom GCS + SSSE + DBM are listed in the second column of the
op panel of Table 1 , which are different than those obtained directly
rom in situ observations. At the distinct arrival times ( t 1 , t 2 , and
 3 ) of each feature at 1 au, the estimated propagation speeds of the
ME LE, centre, and TE are shown in the second, third, and fourth
olumn of the middle panel of Table 1 . The expansion speed of the
ME at different instances is listed in the second column of the
ottom panel of Table 1 . The distance travelled by any feature (LE,
entre, and TE) between two instances ( t 1 to t 2 , t 2 to t 3 , and t 1 to
 3 ) is listed in the second column of Table 2 . In the following, we
ill describe the disparity in the estimates from remote and in situ
bservations. 

.3 Comparison between estimates from remote and 

on-conventional approach to in situ observations 

n this section, the arri v al time of dif ferent features at 1 au, their
ropagation and expansion speeds, and the radial size of the selected 
C derived from remote observations combined with DBM are 

ompared with those from the non-conventional approach to the 
ingle-point in situ observations. 
.3.1 Arrival time of different features of the MC at 1 au 

he tracking and estimation of 3D kinematics (from GCS + 

SSE + DBM) of different features/substructures of the CME/MC 

re described in Section 2.2 . We compare the estimated arri v al time
f the MC features (LE, centre, and TE) using remote observations
ith in situ observations. The top panel of Table 1 lists the different

eatures of the MC, the arri v al time of each feature from the
ombination of GCS + SSSE + DBM, the arri v al time of each
eature measured in situ at 1 au, and the difference between both
rri v al time ( �t = t remote − t i n s i tu ). We note that the arri v al of LE,
entre, and TE (i.e. all the features) from 3D kinematics is later than
he in situ measured arri v al time. The difference in arrival time �t 

rom remote and in situ is 0.75, 14.87, and 60.28 h for LE, centre,
nd TE, respectively. This clearly shows the challenges involved in 
ccurately estimating the arri v al time of the centre and TE of the
C, even if the arrival of its LE is reasonably well estimated. The

ncreasingly larger value of �t for the following features of the MC
ould be due to an underestimation of their propagation speeds from
CS + SSSE + DBM and, consequently, the o v erestimation of their

xpansion speeds. The discussion on the estimates of speeds is as
ollows. 

.3.2 Propagation and expansion speeds of different features of the 
C at different instances 

rom the middle panel of Table 1 , we note the speeds of different
eatures/substructures of the MC at different instances derived from 

he remote (GCS + SSSE + DBM) and in situ . The in situ measured
peeds of LE (at t 1 ), centre (at t 2 ), and TE (at t 3 ) on their arri v al to
 au are in bold font. We notice a large inconsistency between the
peeds of the features (especially TE) from the 3D kinematics (GCS
 SSSE + DBM) and measured (bold font) in situ . The propagation

peeds derived from remote observations seem to be underestimated 
han those measured in situ . The speeds of features at instances
hen they are not at 1 au are estimated using our non-conventional

pproach with the first equation of motion to in situ observations (as
escribed in Section 2.1.1 ), and they are shown in the normal font in
he last three columns of the middle panel of the table. 

The bottom panel of Table 1 shows the instantaneous expansion 
peed at different instances ( t 1 , t 2 , and t 3 ). The instantaneous
xpansion speed is calculated as the difference in the propagation 
peeds of two adjacent features. Since the estimated in situ speed of
E from the non-conventional approach has large errors, it is not used

or the calculation of instantaneous expansion speed at t 2 and t 3 . The
xpansion speed estimated from both remote observations (GCS + 

SSE + DBM) and in situ measurements (non-conventional) shows 
he expected trend of decrease in the expansion speed from t 1 to
 3 . The difference in instantaneous expansion speed from remote 
nd in situ could be possible due to uncertainties in estimates from
inematics and/or in situ . The uncertainties in the estimates can arise
ue to acceleration derived from in situ measurements and taken as
nput to the first equation of motion, utilization of DBM taking inputs
rom the SSSE, and assumption of a constant aspect ratio throughout
he interplanetary journey of CME. 

.3.3 Radial size of the MC at different instances and the distance 
ravelled by different features of the MC during two instances 

he radial size of the MC at different instances and the distance
ravelled by each feature (LE, centre, and TE) of the MC during
MNRAS 534, 2458–2474 (2024) 



2470 A. Agarwal and W. Mishra 

M

t  

a  

S  

t  

s  

n  

s
a

 

+  

s  

d  

(  

c  

t  

i  

e  

m  

(  

A  

r  

i  

a  

t  

o  

T  

e

2
r

O  

t  

a  

s  

T  

k  

M  

r  

o  

a  

M  

m  

r  

e  

T  

d  

f  

m  

s  

o  

a
 

e  

L  

κ  

d  

t  

t  

t  

a  

m  

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 κ . The green, orange, and blue denote the κ 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 o v er 
each data point is shown with transparent fill areas of the same colour as the 
corresponding data point. 

o  

t  

t
 

f  

r  

a  

2  

a  

M  

e  

a  

L  

p  

c  

C  

o  

i  

t  

e
 

t  

M  

t  

r
a  

t  

c  

m  

t
e  

F  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/534/3/2458/7810602 by Indian Institute of Astrophysics user on 19 N
ovem

ber 2024
wo instances (as illustrated in Fig. 2 ) using our non-conventional
pproach to single-point in situ measurements are described in
ections 2.1.1 and 2.1.2 . Table 2 shows the radial sizes and distances

ravelled as estimated from remote (GCS + SSSE + DBM) and in
itu (non-conventional approach) observations. From this table, we
ote a large inconsistency between the findings from remote and in
itu observations, especially for features travelled between t 2 to t 3 
nd t 1 to t 3 . 

The mismatch between the findings from remote (GCS + SSSE
 DBM) and those from in situ observations could be possible for

everal reasons: (i) the uncertainty in the estimated 3D kinematics
ue to ideal assumptions in the models (GCS + SSSE + DBM),
ii) the assumption of constancy of aspect ratio of the MC during its
ontinuous evolution (Savani et al. 2011a ), and (iii) the uncertainty in
he acceleration calculated from in situ measurements and assuming
ts constancy in our non-conventional analysis. Since the arri v al time
stimated using 3D kinematics of the LE closely matches the in situ
easurements (Section 2.3.1 ), the uncertainties from the model’s

GCS + SSSE + DBM) assumptions are expected to be minimal.
lso, examining the effect of acceleration on the radial size would

equire multipoint in situ observations of the same feature at two
nstances (Lugaz et al. 2020b ; Regnault et al. 2024 ), which is not
vailable for the selected CME. It would be interesting to compare
he aspect ratio calculated from the single-point in situ observations
f our selected MC and compare that from the remote observations.
he constancy of the aspect ratio leading to a large disparity in the
stimated radial size of the CME is described below. 

.4 Implications of evolution of aspect ratio of the CME on its 
adial size 

ur analysis finds differences in the CME/MC characteristics (arrival
ime, speeds, and radial size) between those derived from remote
nd directly measured from in situ observations. The difference is
ignificantly large for the later segment (centre and TE) of the MC.
he radius of the MC at the arri v al of LE ( R 1 ) deri ved from 3D
inematics is 57.5 R �, which is 1.5 times the radius (38.4 R �) of the
C estimated from in situ measurements. This discrepancy could

esult from assuming a constant aspect ratio in analysing remote
bservations of the CME during its interplanetary journey. This
ssumption implies that the rate of increase in the radius of the
C and the distance of its centre is al w ays the same in the IP
edium. Ho we ver, some studies suggest a change in the aspect

atio of the CME during its heliospheric journey (Nieves-Chinchilla
t al. 2018 ; Vr ̌snak et al. 2019 ; Kay & Nieves-Chinchilla 2021 ).
herefore, we examine the size and expansion speed of the MC using
if ferent v alues of κ for the same LE height of the CME as derived
rom SSSE + DBM (Fig. 8 ). Although we lack the direct in situ
easurements of MC size until it arrives at 1 au, the estimate of the

ize at 1 au and that from the GCS model applied on coronagraphic
bservations would enable us to note a change in the κ for the CME
s it evolves from near the Sun to near 1 au. 

In Fig. 8 , the upper and lower panels show the radial size and
xpansion speed of the CME for dif ferent v alues of κ for its same
E height. The green, orange, and blue denote the three values of
as 0.25, 0.35, and 0.45, respectively. The black-filled triangle

enotes the radial size of the MC and the expansion speed (from
he conventional approach to in situ measurements) at the arri v al of
he LE at 1 au. We note that as the value of κ increases, the size of
he CME/MC also increases. The value of κ = 0.25 gives the size
nd expansion speed of the MC almost equal to that from the in situ
easurements. Also, the in situ measured radius (38.4 R �) of the MC
NRAS 534, 2458–2474 (2024) 
n the arri v al of its LE at 1 au (213 R �) provides κ = 0.22, marking
hat the aspect ratio has decreased as the CME evolved from the Sun
o 1 au. 

Although the aspect ratio derived from the GCS model ranges
rom 0.26 to 0.37, its value initially rises up to 0.37 at 6.5 R � and
emains the same up to 13.7 R �. This hints at the constancy of the
spect ratio beyond a certain height from the Sun (Cremades et al.
020 ). Ho we ver, the estimated value of κ from in situ measurements
t 1 au suggests a decrease in κ for the CME in the IP medium.
oreo v er, earlier studies have provided evidence of larger CME

xpansion closer to the Sun, which weakens significantly beyond 1
u (Bothmer & Schwenn 1998 ; Liu, Richardson & Belcher 2005 ;
eitner et al. 2007 ; Gulisano et al. 2010 ). Therefore, we intuit a
rofile for a κ , which gives an initial rise to be constant up to a
ertain height, followed by a decrease with increasing height of the
ME LE. From the anticipated profile of κ , we assume two profiles
f κ , differing in terms of the height up to which κ is constant and
ts further decline profile beyond that height. Corresponding to these
wo profiles of the κ , we estimate the size and expansion speed
volution of the CME. 

In Fig. 9 , the panels from top to bottom show the 3D height of
he CME LE, the aspect ratio for the same LE height, the size of the

C, and its expansion speed. The red and blue in the figure show
he value of κ constancy up to the height of the LE 30 and 70 R �,
especti vely. Further, the two dif ferent po wer laws κ = 0 . 9 h 

−0 . 26 

nd κ = 2 . 6 h 

−0 . 46 shown with red and blue, respectively, decrease
he value of κ up to 0.22 after its constant value of 0.37. Using the
onventional approach, the black-filled triangle denotes the in situ
easured radial size and expansion speed of the MC at 1 au. For

he power law κ = 2 . 6 h 

−0 . 46 , we notice a sharp decrease in the κ
volution, resulting in a sharp decrease in the expansion speed. From
igs 8 and 9 , we note that the value of κ as 0.25 at 1 au perfectly
atches the expansion speed of the MC from the conventional
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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 κ in the IP medium, with two power laws 
decreasing the value of κ for heights beyond 30 and 70 R �, 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. 
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pproach but not the in situ measured size, which corresponds to 
he value of κ as 0.22. Such a disparity is possible due to inaccuracy
n the expansion speed from the conventional approach to in situ
bservations (Regnault et al. 2024 ). This implies that the aspect ratio
f CMEs plays an important role in go v erning the size and expansion
peed of the MC during its IP evolution. Such an approach to evolve
he aspect ratio of CMEs beyond coronal heights can be useful for
omparing the size and expansion speeds of the CMEs from in situ
easurements in the IP medium (Zhuang et al. 2023 ). 

 RESULTS  A N D  DISCUSSION  

he present study focusses on a non-conventional approach to anal- 
se in situ observations of the CMEs from single-point spacecraft. We 
elected the 2010 April 3 CME to estimate its radial size and instan-
aneous expansion speed at different instances (at the arrival of LE,
entre, and TE at 1 au) during the passage of the MC o v er the in situ
pacecraft. We also estimate the continuous evolution of the radial 
ize and instantaneous expansion speed during the propagation of the 
ME from the Sun to 1 au using the multipoint remote observations
ombined with the drag-based model. The independent estimates 
rom conventional and non-conventional analysis approaches to in 
itu observations are compared with those from conventional 3D 
econstruction methods to remote observations. Our analysis clearly 
emonstrates that despite continuously tracking the CME up to 
 au in remote observations, the estimates of the arri v al time of
he CME substructures (LE, centre, and TE), as well as the radial
ize and expansion speeds of the CME have large inconsistencies 
ith those estimated from in situ observations. The inconsistency is 

specially significant when estimating the arri v al time of rear-edge
eatures (centre and TE) following the CME LE. We also highlight
hat our non-conventional approach to analysing in situ measure- 

ents could be more accurate than the conventional approach for 
eriving radial sizes and expansion speeds of CMEs at different 
nstances. 

The in situ measurements of the MC at 1 au estimate its time
uration as 23.6 h, encompassing the LE and TE of the MC. We
alculate the radial size of the MC at the arri v al of LE as 76.8 R � by
ntegrating the speed with time during the MC passage over the in situ
pacecraft. We notice that the arri v al of the size centre of the MC at
 au and the time centre of the MC duration are not synchronous. We
urther demonstrate a large impact of expansion on the asynchrony 
f time and size centre by assuming a virtual speed profile with
 steeper slope from LE to TE having identical boundaries as of
he actual MC (in the left panel of Fig. 3 ). This suggests for an
xpanding MC; one needs to necessarily estimate its instantaneous 
xpansion speed during its passage at in situ spacecraft (Lugaz et al. 
020b ). 
Our non-conventional approach to in situ observations, consid- 

ring the non-constant expansion of the MC from its LE to TE,
ttempts to understand the evolution of the radial size (Fig. 2 ) during
he passage of the MC at the single-point in situ spacecraft. In contrast
o the conventional approach (Owens et al. 2005 ; Zhuang et al. 2023 ),
e assume constant acceleration of the different features (LE, centre, 

nd TE) and estimate their propagation speeds at the same instance
o further estimate the instantaneous expansion speed of the MC. The
nstantaneous expansion speeds at three successive instances ( t 1 , t 2 ,
nd t 3 in the in situ measurements) show the expected decreasing
rend (in the third column of the bottom panel of Table 1 ) and
o not match the expansion speed derived from the conventional 
pproach (136.5 km s −1 in Section 2.1 ). We also deduce the distances
ravelled by each feature during two specific instances and the radial
imensions ( R 1 , R 2 , and R 3 ) of the MC upon the arri v al of distinct
eatures (LE, centre, and TE) at 1 au. The radius R 1 of the MC
erived from two different features, centre and TE, are 37 and 36.45
 � (T able 2 ), respectively. W e note that the single-point in situ

pacecraft can not directly provide R 2 , and R 3 by measured speed
nd time, ho we ver, it can measure R 1 . The estimates of R 1 from
he non-conventional approach closely match the in situ measured 
adius as 38.4 R �, underscoring the accuracy of the non-conventional 
pproach. 

We use the GCS model fit to contemporaneous coronagraphic 
bservations of the CME from multiple viewpoints to investigate the 
inematic evolution of the CME. The fitting parameters of the GCS
odel are consistent with earlier studies (M ̈ostl et al. 2010 ; Wood

t al. 2011 ; Mishra et al. 2020 ) except for the tilt angle, which is
ifficult to constrain by manual fitting reliably. Ho we ver, we note that
he speed of the selected CME in the COR2 FOV differs significantly,
ith ±200 km s −1 , among several earlier studies (M ̈ostl et al. 2010 ;
ood et al. 2011 ; Xie et al. 2012 ; Mishra et al. 2020 ), which is most

robably due to differing methods to calculate the speeds from the
eight of the CME LE. We also demonstrate the considerable effect
f different fitting techniques on deriving the speed, especially at 
he end points of the height–time profile (Fig. 6 ). Moving box linear
t for speed estimation from heights a v oids systematic unphysical
MNRAS 534, 2458–2474 (2024) 
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uctuations and keeps the real short-term variations in the CME
peed. We also demonstrate that uncertainties of ±100 km s −1 in the
peed, and assuming it to be constant beyond COR2, can give an
rror of 10–20 h in estimating arri v al time for a typical fast and slow
peed CME at 1 au. Therefore, we further tracked the CME in HI
bservations and estimated the 3D kinematics to be used to derive
he CME parameters at 1 au. 

To investigate the evolution of the CME beyond COR2, the SSSE
ethod is used on HI observations. The earlier studies have only

stimated the evolution of CME LE in contrast to the present study,
hich also examines the evolution of the centre and TE of the CME.
he tracking of TE of the CME in remote observations is difficult
nd contains uncertainties (DeForest et al. 2011 ; Mishra & Sri v astav a
015 ); therefore, we use the aspect ratio of the CME to estimate the
eight–time evolution of features other than the CME LE (Zhuang
t al. 2023 ). This implies that, in our study, the CME centre and TE
inematics depend solely on the aspect ratio obtained from the GCS
tting in the COR FOV. Moreo v er, unlike the earlier studies, which
ften use single-spacecraft observations or use the geometry of the
ME from an ad hoc assumption (M ̈ostl et al. 2010 ; Liu et al. 2011 ;
ood et al. 2011 ; Xie et al. 2012 ; Colaninno et al. 2013 ; Mishra &

ri v astav a 2013 ; Mishra et al. 2014 ; Li et al. 2021 ), we implement
SSE taking inputs of the angular width from the GCS model while
ssuming it to be constant in the HI FOV. To investigate the evolution
f the CME at distances beyond the final height of the CME LE
erived from the SSSE, we use the DBM (Vr ̌snak et al. 2013 ) for
he CME by estimating the actual drag parameter of the CME in
ontrast to earlier attempts that adopted a statistical range of the drag
arameter (Mishra & Sri v astav a 2013 ; Mishra et al. 2014 ). Earlier
tudies have also used GCS model inputs to HI-based reconstruction
ethods and further estimates from the HI-based methods as inputs

o the DBM (Rollett et al. 2016 ; Amerstorfer et al. 2018 ) to predict
he CME arri v al time and speed at the Earth. In our study, the time
volution of the radial sizes and expansion speeds jointly from GCS
 SSSE + DBM enabled us to compare these estimates to those

erived from in situ measurements at 1 au. 
The arri v al time of dif ferent features/substructures (especially

entre and TE) from remote observations (GCS + SSSE) combined
ith DBM significantly differs from those obtained from in situ
bservations. The estimated propagation speed of different features
LE, centre, and TE) at the same instance from remote observations
ubstantially differ from measured in situ observations as well
s the estimation from our non-conventional approach to in situ
bservations (as shown in the third panel of the Table 1 ). We also
ompare the estimate of R 1 and find that its value from GCS +
SSE + DBM is 1.5 times the actual in situ measured radius.
e note that the travelled distances by each feature derived from
CS + SSSE + DBM methods applied to remote observations are

ignificantly greater than those derived from in situ observations
Table 2 ). The inconsistency between estimates from remote and in
itu observations may come from assuming a constant aspect ratio
or CME during its continuous journey much away from the Sun
Savani et al. 2011b ; Kay & Nieves-Chinchilla 2021 ), which creates
arger uncertainties in the derived height of the centre and TE of the
ME. 
We examine the impact of the distance-dependent evolution in the

CS model-deriv ed e xtrapolated aspect ratio on the radial size and
xpansion speed of the MC. The value of κ from the in situ measured
adial size at 1 au is 0.22, which is smaller than the value of 0.37
rom the GCS model in the corona. This indicates that the κ value
ossibly decreased at farther distances from the Sun. Therefore, the
xpansion behaviour of the CME in the corona may not be consistent
NRAS 534, 2458–2474 (2024) 
ith that in the IP medium (Savani et al. 2011a ; Zhuang et al.
023 ). Our assumed profile of κ with two different power laws,
ased on matching the near-Sun and 1 au estimates of κ , indicates
he possibility of different evolution of the expansion speeds of the
MEs. The variations in the aspect ratio and radial size of the CMEs,
oted from remote observations, could have been directly verified by
mploying the in situ observations from multiple radially aligned
pacecraft. 

In our study, the derived radial sizes and instantaneous expansion
peeds depend considerably on the constant acceleration of the
ME features used in our non-conventional analysis approach.
dditionally, the acceleration estimation from the in situ speed–

ime profile has uncertainties that could be minimized using multiple
n situ spacecraft measuring the speeds of the same feature at
ifferent instances. Although our study utilized multipoint remote
bservations, our analysis relied solely on single-point in situ mea-
urements to associate the estimates from both sets of observations.
o further validate the efficacy and superior performance of our non-
onv entional approach o v er the conv entional approach in analysing
n situ observations of CMEs, future investigations should capitalize
n multiple radially aligned in situ spacecraft observations (Good &
orsyth 2016 ; Davies et al. 2021 ). 
Our study ignores observational bias due to the geometric selection

ffect caused by the in situ spacecraft sampling path through a
arge CME geometry (Zhang, Hess & Poomvises 2013 ); therefore,
omparing global measurements from remote observations with local
easurements from in situ may introduce additional inconsistencies.
uture studies can focus on estimating the acceleration of different
eatures of CMEs to be used in our non-conventional approach. Also,
he instantaneous expansion speed could be obtained by sampling
ME LE with one in situ spacecraft and simultaneously sampling

he TE or centre of the MC with another in situ spacecraft (Regnault
t al. 2024 ). To enhance the reliability of our findings that CMEs
xperience changes in the expansion speeds during their complete
assage to the in situ spacecraft, it is imperative to use our non-
onventional analysis approach to in situ observations and analyse
 broader spectrum of CMEs/MCs exhibiting varying speeds and
ccelerations. 

Our study clearly shows the difficulty in comparing remote to
n situ observations of different CME features despite choosing the
010 April 3 CME that should have been an ideal candidate for such a
omparison. This is because the chosen CME shows minimal change
n the dynamics beyond coronagraphic heights, and its different
eatures are well-identified in the in situ measurements at 1 au. This
erhaps highlights the best-achieved performance of the state-of-
he-art approaches to analysing remote and in situ observations in
orecasting the radial size, expansion speeds, and impact duration of
MEs at 1 au. We highlight the major gap in our comprehension of

he radial sizes and expansion behaviours of CMEs, pre-dominantly
ttributable to the constraints of single-point in situ observations and
he conventional approach to analysing them. Future investigations
n this realm, using the introduced non-conventional approach to

ultiple in situ spacecraft observing at unprecedented distances close
o the Sun (Fox et al. 2016 ; M ̈uller et al. 2020 ), would help under-
tand physical processes dictating the radial sizes and expansion
f CMEs during their dynamic interaction with the ambient solar
ind. 
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