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ABSTRACT

Coronal mass ejections (CMEs) undergo significant geometric evolution as they propagate from the Sun to 1 au, influ-
encing their radial size, expansion, and space weather impact. We investigate the evolution of CME aspect ratio (x) and
expansion dynamics for four fast and four slow Earth-directed CMEs. Using multipoint coronagraphic observations with
the graduated cylindrical shell model and corrected in situ measurements of associated magnetic clouds at 1 au, we track
the evolution of « from the low-middle corona to interplanetary space. We find that x does not remain constant but exhibits
a systematic three-phase evolution: a rise phase in the low-middle corona (< 10-15 R,), a saturation phase at intermediate
heights, and then a decline phase in the interplanetary space. The ratio of radial expansion speed to leading-edge speed
(Vexp/V1E) decreases substantially from the corona to 1 au, indicating a reduction in radial expansion efficiency during
interplanetary propagation. The consistent evolution of « and Ve, /Vig suggests a transition from magnetically dominated
expansion in the corona to a regime increasingly controlled by the heliospheric environment. We note that fast CMEs show
stronger early expansion and evolve into larger, more radially extended structures, whereas slow CMEs exhibit a more
gradual rise and a steeper decline. These results demonstrate that CME geometry evolves significantly during propagation
and highlight the need to incorporate aspect ratio evolution in models to improve predictions of CME size, arrival time,

and geoeffectiveness.
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1 INTRODUCTION

Coronal mass ejections (CMEs) are the episodic expulsion of
billions of tons of magnetized plasma from the solar corona into
interplanetary space. These large-scale eruptions on their arrival
to Earth have the potential to drive significant space weather
events near Earth, causing risks to technological infrastructure
and human activities in space (R. Schwenn 2006; D. F. Webb & T.
A. Howard 2012; Y. Zhou, X. Feng & X. Zhao 2014). The studies
on CME behaviour in the interplanetary space have largely at-
tempted to track the CMEs away from the Sun, understand their
dynamics under different forces acting on it, develop their arrival
time models, investigate the nature of interacting CMEs, and
examine the evolution in the characteristics of its substructures
(shock, sheath, flux rope, leading and trailing edges; N. Gopal-
swamy et al. 2000; M. J. Owens et al. 2005; J. A. Davies et al. 2009;
W. Mishra & N. Srivastava 2013; C. Mostl et al. 2014; W. Mishra
et al. 2017; R. A. Harrison et al. 2018; S. G. Heinemann et al.
2019; L. Barnard et al. 2023; S. Khuntia, W. Mishra & A. Agarwal
2025; H. Turner et al. 2025; A. Agarwal et al. 2026). These studies
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have integrated observations from multiple spacecraft, capturing
CMEs through both remote sensing and in situ measurements
alongside modelling efforts. Although a few decades of research
in CMEs have provided key insights about their initiation, evo-
lution, and impacts on planetary environments (A. Hundhausen
1999; C. J. Schrijver & M. L. De Rosa 2003; W. Mishra, N. Sri-
vastava & D. Chakrabarty 2015; W. Manchester et al. 2017; M.
Temmer et al. 2023), there remains a large gap in understanding
the geometrical and dynamic evolution of CMEs.

Regarding estimating the deprojected kinematics of CMEs, i.e.
the true radial motion in 3D obtained by correcting projection
effects present in plane-of-sky observations, there has been a
plethora of studies utilizing a variety of reconstruction methods
suitable for coronagraphic and heliospheric imaging observations
of CMEs (J. A. Davies et al. 2009; W. T. Thompson 2009; M. Mierla
etal. 2010;J. A. Davies et al. 2013; W. Mishra, N. Srivastava & J. A.
Davies 2014; W. Mishra & L. Teriaca 2023). Most of these methods
and their implementation assume a constant CME geometry and
attempt to model the dynamics of CMEs. Several studies have
incorporated deformation of CME geometry to better represent
its evolving structure and have shown that such geometrical evo-
lution provides insights into CME expansion dynamics, interac-
tion with the ambient solar wind, and the mechanisms governing
their interplanetary evolution (M. J. Owens, V. G. Merkin & P.
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Riley 2006; N. P. Savani et al. 2011; A. Isavnin 2016; C. Kay &
T. Nieves-Chinchilla 2021; J. Hinterreiter et al. 2021; C. R. Braga
etal. 2022; L. Barnard et al. 2023). The graduated cylindrical shell
(GCS) model (A. Thernisien, A. Vourlidas & R. A. Howard 2009)
of CMEs has the potential to provide the geometrical properties
of the CMEs’ flux rope, but the majority of studies have utilized
it to understand only the kinematic evolution of CMEs.

The GCS model for a CME involves estimating its aspect ratio,
an important geometric parameter that characterizes CME evo-
lution. In this model, the aspect ratio is defined as the ratio of the
CME (flux rope) radius to the height of the CME (flux rope) centre
from the Sun (A. Thernisien 2011). The aspect ratio affects both
the radial and lateral dimensions of CMEs and plays a crucial
role in understanding their expansion dynamics, thermodynam-
ics, and arrival times (N. P. Savani et al. 2011; W. Mishra & Y.
Wang 2018; W. Mishra et al. 2023; A. Agarwal & W. Mishra 2024).
Although CMEs appear to have a continuous change in their
aspect ratio, there are limited studies in this direction to examine
the evolution of aspect ratio as CMEs evolve in the corona (H.
Cremades, F. A. Iglesias & L. A. Merenda 2020; A. Agarwal & W.
Mishra 2024).

In the literature, another commonly used approach to con-
strain the geometric (radial and lateral) evolution of CMEs is
to assume a self-similar expansion (SSE) of a CME. Under
the SSE assumption for a CME, its circular cross-section ex-
pands/contracts uniformly with time while maintaining a fixed
angular width with respect to the Sun’s centre (J. A. Davies et al.
2012; P. Subramanian et al. 2014; P. Démoulin et al. 2020). This
is possible when every plasma parcel maintains a constant frac-
tional distance from the CME centre relative to the radius of
the cross-section, so that the internal spatial configuration of the
CME is preserved while its size changes. Such an assumption of
SSE during the CME propagation also implies that the aspect ratio
of the CME flux rope remains constant. This assumption of con-
stant aspect ratio (or SSE assumption) can introduce significant
uncertainties in estimating CME kinematics (S. Patsourakos, A.
Vourlidas & B. Kliem 2010; L. A. Barnard et al. 2017; T. Nieves-
Chinchilla et al. 2018; M. Dumbovi¢ et al. 2026), and may lead
to larger errors in key derived parameters such as arrival time,
speed, flux-rope size, and magnetic flux. Therefore, attempts
should be made to estimate the aspect ratio of varieties of CMEs
and examine their constancy during the propagation of a CME.

It is worth noting that the aspect ratio of a CME is defined
differently across the literature, and different approaches are
adopted to estimate its value (J. Krall et al. 2001; S. Patsourakos
et al. 2010; T. Rollett et al. 2016; A. M. Veronig et al. 2018; C. R.
Braga et al. 2020; H. Cremades et al. 2020). Interestingly, even
within the same modelling framework, studies have used incon-
sistent definitions of the aspect ratio. For instance, J. Krall et al.
(2001) and A. M. Veronig et al. (2018) both employed an ellipti-
cal fitting approach to the CME’s projected image, but adopted
different definitions, whereas S. Patsourakos et al. (2010) and H.
Cremades et al. (2020), despite using the GCS model, also defined
the aspect ratio differently. The studies of S. Patsourakos et al.
(2010) and A. M. Veronig et al. (2018) have considered the aspect
ratio as the ratio of CME flux rope centre height from the Sun
to its radius, whereas other studies (J. Krall et al. 2001; J. Krall &
O. C. St. Cyr 2006; H. Cremades et al. 2020) have considered it
as the ratio of CME flux rope centre height to its diameter. In
the Ellipse Evolution Model (ElEvo), the aspect ratio refers to
the ratio between its lateral (perpendicular to propagation direc-
tion) dimension and its radial (along the propagation direction)
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dimension (N. P. Savani et al. 2011; C. Mostl et al. 2015; T. Rollett
etal. 2016; E. E. Davies et al. 2021; B. Zhuang et al. 2022). In such
studies, a CME with a higher aspect ratio is more elongated in
the direction perpendicular to its propagation. However, despite
using the elliptical front model for CMEs, C. R. Braga et al. (2020)
have considered the aspect ratio as the ratio of the CME radial
dimension to its lateral dimension.

Different definitions of the aspect ratio have led to a varying
range of its values reported in the literature (J. Krall et al. 2001;
A. Thernisien et al. 2009; S. Patsourakos et al. 2010; T. Rollett
et al. 2016; A. M. Veronig et al. 2018; C. R. Braga et al. 2020;
H. Cremades et al. 2020; A. Agarwal & W. Mishra 2024). This
has made it challenging to compare aspect ratio estimates across
different studies, leading to variations in the interpretation of
CME morphology and expansion properties. It has occasionally
led to incorrect comparisons of estimates, as seen in C. R. Braga
et al. (2020), who compared the values obtained with those of
T. Rollett et al. (2016). Furthermore, some studies have used the
GCS model-derived aspect ratio to estimate geometric parame-
ters (such as height, radius, and speed), but considered different
definitions of the aspect ratio from that originally defined in
the GCS framework. (S. Patsourakos et al. 2010; H. Cremades
et al. 2020). Therefore, it is imperative to accurately calculate
the aspect ratio of CMEs near the Sun from the GCS model for
several CMEs and understand their trends for different types of
CMEs.

Another limitation of prior studies is that most of them have
estimated the value of the aspect ratio within the coronagraphic
field of view only. However, the aspect ratio of CMEs evolves
as they propagate outward from the Sun due to various physi-
cal processes, including internal expansion, interaction with the
ambient solar wind, and the influence of background magnetic
fields. Moreover, differences in the evolution of aspect ratio be-
tween fast and slow CMEs can provide insights into the kinematic
and dynamic forces acting on these structures. Fast CMEs, typi-
cally associated with strong magnetic fields and higher kinetic
energies, may tend to expand more rapidly, while slow CMEs
evolving more gradually may experience stronger confinement
and coupling by the ambient solar wind (N. Sachdeva et al. 2017).
It is essential to determine whether slow and fast CMEs exhibit
distinct evolutionary trends in their aspect ratio from the Sun to
Earth, as such differences reflect their underlying expansion dy-
namics, interaction with the ambient solar wind, and ultimately
influence their propagation and geoeffectiveness. Yet, systematic
studies on their geometrical evolution remain sparse.

In this study, we take the aspect ratio as the ratio of the CME
flux-rope radius to the height of the CME centre (A. Thernisien
et al. 2009; A. Thernisien 2011). The aspect ratio near the Sun is
obtained from the GCS model applied to multiviewpoint corona-
graph observations (Section 2.1), whereas the aspect ratio at 1 au
is derived from the flux-rope radius estimated from in situ mea-
surements (Section 2.3). Although these values are obtained us-
ing different techniques on coronagraph and in situ observations,
both quantify the aspect ratio as the ratio of flux rope radius to the
height of the flux rope centre from the Sun. They therefore rely
on consistent geometric definitions of the CME flux-rope cross-
section, allowing a meaningful comparison of its evolution from
the Sun to 1 au. By analysing the temporal evolution of the aspect
ratio for both fast and slow CMEs from coronal heights to 1 au, we
investigate their evolutionary profiles and associated expansion
behaviour. In particular, we aim to identify systematic differences
in the radial growth and expansion dynamics of slow and fast
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Table 1. GCS-fitted CME parameters and associated uncertainties for the selected fast (top panel) and slow (bottom panel) CMEs at their last tracked
coronal heights. The columns list the date, height (h), latitude (), longitude (¢), half-angle («), tilt angle (y), and aspect ratio (k). Uncertainties in
0, ¢, @, v, and k are based on the median and MAD from the LLAMACoRe catalogue (see Section 2.2). Height uncertainties are estimated from the
fractional MAD in CME speed (i.e. MAD/v) and assumed to scale with height. Percentage uncertainties are also indicated for height, half-angular

width, and aspect ratio.

h (Ro) 0(°) ¢ () o (%) 7 () K
Date (+ MAD) (median + MAD) (median + MAD) (median + MAD) (median + MAD) (median + MAD)
[(MAD/h)%] [(MAD/median)%] [(MAD/median)%]|
Fast CMEs
2011Jun02 13.5(£1.4)[~10] —10(—4+3) —15(—28 £ 3) 20 (33 £ 9) [~30] 50(274+19)  0.23(0.35 == 0.05) [~15]
2012 Jul 12 14.9 (+1.5) [~10] —-14(-13+£2) 6(2+4) 25 (55 £ 14) [~25] 40 (78 £ 12) 0.61 (0.48 £ 0.03) [~5]
2013 Apr11 16.3 (& 2.4) [~15] 0(—1+£6) —20(—11+£5) 35 (45 + 14) [~30] 60(78 £18)  0.40(0.29 + 0.04) [~15]
2013 Sep29 15.2 (£ 1.5)[~10] 25(25+3) 30(25+4) 40 (49 +9) [~20] —80 (90 +7) 0.60 (0.43 & 0.05) [~10]
Slow CMEs
2008 Dec 12 15.1 (£ 1.5) [~10] 10(7+1) 15(7+2) 20 (23 £ 5) [~20] 55 (38 +25) 0.23 (0.27 £ 0.01) [~5]
2010 Apr03 13.7(£0.7)[~5] —24(—25+1) 3(4+3) 25.5 (30 £ 5) [~15] 9.8(2+8) 0.37 (0.34 + 0.05) [~15]
2010 Apr 08 13.8 (£ 0.7) [~5] —5(-5+4) —5(1+6) 50 (27 £ 6) [~20] —30(—18+11) 0.28(0.23 +0.03) [~15]
2011Sep 13 14.1 (£ 0.7) [~5] 2020+ 1) 20 (18 +3) 25(39 + 10) [~25] —30(—37+21) 0.43(0.38 & 0.06) [~15]

CME:s. This study provides insight into the physical mechanisms
governing the evolution of CME aspect ratio and has important
implications for improving space weather forecasting.

2 OBSERVATIONS OF SELECTED CMES AND
ANALYSIS

We investigate the temporal evolution of the aspect ratio of both
fast and slow CMEs from their initial coronagraphic heights to
their arrival at 1 au. For this study, we selected CMEs that met
several stringent criteria, ensuring that the evolution of their as-
pect ratio could be accurately determined in both coronagraphic
observations near the Sun and in situ observations at 1 au. These
criteria are as follows: (i) CMEs were chosen from the STEREO
era from late 2008 to late 2013, during which the angular sepa-
ration between SOHO and the twin STEREO spacecraft ranged
from around 40° to 145°, allowing for reliable 3D reconstructions
of CMEs flux rope’s morphology (S. Lyu et al. 2021, 2023), (ii)
we ensured that the selected CMEs propagated as isolated events
without significant interactions with other preceding CMEs so
that their measured morphology near the Sun and the in situ
measured plasma parameters near 1 au would both be represen-
tative of isolated CMEs, (iii) we also ensured that selected CMEs
arrived on the Earth within a longitude range of +30° from the
Sun-Earth line based on the GCS model, and (iv) we further
ensure that selected CMEs on their arrival to Earth are classified
as magnetic clouds (MCs), a subset of ICMEs (T. H. Zurbuchen
& 1. G. Richardson 2006), in situ observations to ensure reliable
estimates of their dimension and aspect ratio at 1 au.

Based on the above-mentioned criteria, we selected
front-side halo CMEs from the CDAW catalogue
(https://cdaw.gsfc.nasa.gov/CME_list/halo/halo.html) and
analysed coronagraphic observations from both SOHO and
STEREO. We estimated CMEs’ true direction of propagation
using the GCS model and verified their arrival as MCs at
Earth from Richardson and Cane ICME -catalogue (https:
//izw1.caltech.edu/ACE/ASC/DATA /level3/icmetable2.htm),
where MCs are defined as structures exhibiting enhanced
magnetic field strength (>10 nT), smooth rotation of the
magnetic field vector through a large angle (typically = 30°), low

proton temperature, and low plasma beta (<1) (R. P. Lepping, L.
F. Burlaga & J. A. Jones 1990; K. E. J. Huttunen et al. 2005). Based
on these criteria, we selected a set of eight CMEs for our study,
categorizing four as fast (CMEs of 2011 Jun 02, 2012 Jul 12, 2013
Apr 11, and 2013 Sep 29) and four as slow (CMEs of 2008 Dec
12, 2010 Apr 03, 2010 Apr 08, and 2011 Sep 13), as listed in Table
1. All of the selected CMEs have been previously analysed (A.
Isavnin, A. Vourlidas & E. K. J. Kilpua 2013; W. Mishra et al.
2014; F. Shen et al. 2014; B. Zhuang et al. 2017; N. Sachdeva et al.
2017; M. Temmer et al. 2021); most of earlier studies did not
specifically investigate the temporal evolution of the aspect ratio,
as the GCS model is commonly applied under the assumption of
SSE with a constant aspect ratio.

In this study, CMEs are classified as fast or slow based on the
average speed of the leading edge (LE), defined as the outer-
most bright front observed in coronagraph images. This average
is estimated from the 3D LE speeds measurements at the first
three tracked heights using the GCS model in COR1 for slow
CMEs (except the 2008 Dec 12 event) and in COR2 for fast CMEs
(except on 12 Jul 2012 and 11 Apr 2013). A threshold of 600 km
s~! (considered at the first three tracked heights for each CME),
representing the typical average between fast and slow solar wind
speeds, is used to compare with the estimated average LE speeds
— CMEs exceeding this value are classified as fast, while those
below it are classified as slow. The 3D speeds are derived using
the GCS model (A. Thernisien et al. 2009), which enables a 3D
reconstruction of CMEs from multiviewpoint coronagraphic ob-
servations, as described in the following section.

2.1 GCS model fitting and aspect ratio of CMEs at coronal
heights

To estimate the evolution of the aspect ratio of CMEs near the
Sun, we employed the GCS model (A. Thernisien et al. 2009)
to contemporaneous coronagraphic images obtained from SOHO
and the twin STEREO spacecraft (G. E. Brueckner et al. 1995;
R. A. Howard et al. 2008; M. L. Kaiser et al. 2008). The model
approximates the CME flux rope as a hollow croissant, param-
eterized by six free parameters: latitude (), longitude (¢), half-
angle between conical legs (@), tilt angle (y), aspect ratio («), and
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STB COR2 2013-09-29 23:24:42

STB COR2 2011-09-14 01:24:52

SOHO C3 2013-09-29 23:18:05

STA COR2 2013-09-29 23:24:00

Figure 1. The top and bottom panels show the GCS model fitting of fast and slow CMEs of 2013 September 29 and 2011 September 13, respectively.
The model is implemented on the contemporaneous coronagraphic (COR2/C2/C3) observations from three viewpoints: COR2 on STB (left), C2/C3 on
SOHO (centre), and COR2 on STA (right). STB and STA represent the STEREO-B and STEREO-A spacecraft, respectively.

the height (k) of the CME LE. Fig. 1 presents the GCS model
fittings for a fast CME launched on 2013 Sep 29 (top panel) and a
slow CME launched on 2011 Sep 13 (bottom panel), using coron-
agraphs onboard SOHO, STEREO-A, and STEREO-B, illustrating
their morphology from three different viewpoints.

These events are well observed, can be reliably tracked
throughout the coronagraphic field of view, and have simulta-
neous three-viewpoint observations available, thereby minimiz-
ing projection effects and making them well suited for analysis.
Therefore, we were able to track the CMEs with reasonable preci-
sion (within the typical uncertainties as discussed in Section 2.2)
and examine the evolution of their 3D-fitted parameters from
heights in the middle corona (1.5-6 R) to heights in the outer
corona. The GCS parameters at the last tracked height are listed
in Table 1, with fast CMEs shown in the top panel and slow CMEs
in the bottom panel. The corresponding uncertainties in the GCS
parameters are also provided in the table. The listed uncertain-
ties are derived from the reported median and median absolute
deviation (MAD) estimates in the LLAMACoRe (Living List of
Attributes Measured in Any Coronal Reconstruction; C. Kay &
E. Palmerio 2024) catalogue. Details of the error estimation are
described in Section 2.2. We find that our GCS-fitted parameters
are consistent with the catalogue best-constrained values within
the corresponding MAD ranges and the uncertainties reported
in earlier studies (A. Thernisien et al. 2009; A. Pluta et al. 2019;
C. Verbeke et al. 2023; E. Nikou et al. 2025), supporting the
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reliability of our reconstructions for the selected well-observed
CMEs.

From the table, we note that in general, fast CMEs tend to
exhibit larger half-angular widths («) and aspect ratios (x) com-
pared to slow CMEs, indicating a greater degree of radial ex-
pansion. The final tracked heights are comparable across both
categories, suggesting that the observed differences in « and « are
primarily due to intrinsic expansion behaviour rather than differ-
ences in the observational range. The propagation directions (6
and ¢) show that the selected CMEs are Earth-directed, with only
a minimal offset from the equatorial plane. The tilt angles ()
display significant event-to-event variability, reflecting diverse
flux-rope orientations rather than a speed-dependent trend. The
associated uncertainties in each GCS model parameter indicate
that our GCS model fitting is reasonably well constrained for both
CME groups.

We estimated the 3D speed of the CME LE using a moving-box
linear fit technique applied to height-time measurements from
the GCS model (A. Agarwal & W. Mishra 2024). Fig. 2 shows the
variation of LE speed (Vi g; top panels) and radial expansion speed
(Vexp_rad; bottom panels) as a function of heliocentric distance for
the selected fast (left panels) and slow (right panels) CMEs. In
general, fast CMEs exhibit significantly higher Vg compared to
slow CMEs and show diverse kinematic profiles, including both
acceleration and deceleration phases within the coronagraphic
field of view. The legends are arranged chronologically by CME

920z AInr L1 uo Jasn soisAydousy Jo aynyisu ueipul Aq 66660/28/S7 L LBBIS/L/0GG /101 e/Seiuw/wod dno olwapeoe//:sdiy wol; papeojumoq



Fast CMEs
— 02)Jun 2011 ]
1500k — 12Jul 2012 |
— 11 Apr 2013 |
— 29 Sep 2013 A
‘:“ 4
|
wn
€ 1000
=
w
-l
>
500
800 . . - .
__ 6001
—
|
wn
S
= 400}
kel
©
g
x
[}
>
200 = e
ol e
0 5 10 15 20
Height (Re)

Evolution of CME aspect ratio 5

Slow CMEs
I — 12 Dec 2008 |
— 03 Apr 2010
800 - — 08 Apr 2010 -
— 13 Sep 2011
— L |
|
] 3 4
€
X | ]
w
= |
> a00t /____- |
400 : . ; ;
3001 1
e I |
I L 4
n 4
E I
= 200} 1
el L
e L j
o [ |
[
a [ |
ol /\__ ]
ol v .
0 5 10 15 20

Height (Ro)

Figure 2. Height evolution of leading-edge speed (V1g; top panels) and radial expansion speed (Vexp_rad; bottom panels) for the selected fast (left panels)
and slow (right panels) CMEs. The dots over the solid lines represent estimates derived from the GCS fitted values, while the shaded regions indicate the
associated uncertainties derived from fractional uncertainties in leading edge height, radius, and aspect ratio of CME, as described in Section 2.2 and

listed in Table 1.

occurrence date. The error bars are derived taking a certain per-
centage error (as described in Section 2.2 and listed in the second
column of Table 1) in the measurements of the height from the
GCS model at each data point and represented by transparent fill
areas over the data point with the same colour as used for the
data points. In contrast to fast CMEs, slow CMEs display more
gradual and monotonic evolution in Vig, with modest accelera-
tion or near-constant speeds, indicating weaker interaction with
the ambient solar wind.

The radius of the CME flux rope is estimated using the well-
established relations (A. Thernisien et al. 2009; A. Thernisien
2011). In the GCS geometry, the CME flux rope is represented by
a croissant-like structure, where the aspect ratio (x) determines
the ratio between the radius of the flux rope and the distance of
the flux-rope centre from the Sun. The CME flux-rope radius (R)
can therefore be expressed in terms of the x and the CME flux
rope leading-edge (LE) height (h) from the Sun, as follows:

K
R=(1+K>h. )

This definition has been extensively used in earlier studies (W.
Mishra & Y. Wang 2018; W. Mishra et al. 2020; S. Khuntia et al.
2024; A. Agarwal & W. Mishra 2024). The bottom panel of the
Fig. 2 depicts the radial expansion speed for the fast CMEs (left
panel) and slow CMEs (right panel) determined using a moving-
box linear fit applied to the radius-time evolution of CMEs. From

this figure, we note that the radial expansion speed profile differs
from the LE speed profile for most CMEs, except for three CMEs
on 2010 Apr 3, 2011 Sep 13, and 2012 Jul 12. The radial expansion
speed of the 2010 Apr 8 and 2008 Dec 12 CMEs initially increases
and then decreases, whereas their LE speed first increases and
subsequently attains a near-constant value. Similarly, the radial
expansion speeds of the 2013 Apr 11 and 2013 Sep 29 CMEs show
a pattern of an initial increase followed by a decline, while their
LE speeds continuously decelerate within the tracked heights.
The CME of 2011 Jun 2 exhibits an almost constant expansion
speed while its LE speed increases. We note that the LE speed
represents the propagation speed of the outermost front of the
CME, whereas the radial expansion speed quantifies the tempo-
ral increase in the CME flux-rope radius. Since the CME radius
depends on both the leading-edge height and the aspect ratio, the
radial expansion speed reflects the combined evolution of CME
propagation and geometrical expansion.

For fast events, Vi, raq generally increases during the early
stages and either saturates or decreases at larger heights, reflect-
ing changes in internal/external pressure during propagation.
In contrast, slow CMEs exhibit relatively steady, lower expan-
sion speeds with only modest variations throughout the observed
height range. Overall, the figure highlights distinct kinematic and
expansion characteristics between fast and slow CMEs, with fast
CMESs showing stronger dynamical evolution in both propagation
and expansion.
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Based on our GCS model fit, we find that most 3D CME pa-
rameters (except «) exhibit minimal variation with increasing
height. The exceptions are the CMEs of 2010 Apr 8 for which
0 varies from 15° to —5° (with uncertainties of +4°), which
could be attributed to the CME’s deflection. The second and third
columns of Table 2 list the range of GCS-derived aspect ratio («)
and leading-edge speed (Vig) from the initial to the final tracked
coronal heights, along with their associated uncertainties (errors)
for the selected fast and slow CMEs. The details of the error esti-
mation are described in Section 2.2. The variation in « at coronal
heights reflects the dynamic nature of CME evolution.

From the range of « values in Table 2, we note that at
the last tracked coronal height, the upper-bound aspect ratios
for fast CMEs are systematically higher (range ~ 0.23 £ 0.03-
0.60 + 0.06) than those for slow CMEs (range ~ 0.23 + 0.01-
0.43 £ 0.06). This indicates that fast CMEs tend to attain more
radially extended geometries by the end of the coronagraphic
field of view. Fast CMEs, characterized by higher leading-edge
speeds, exhibit a broader range of « values and more rapid
changes compared to slow CMEs, indicating stronger and more
dynamic expansion in the corona. The fast CMEs exhibit larger
variations, with Ax ~ 0.04-0.30 (corresponding to ~ 20 £ 10 -
300 £ 100 per cent), whereas slow CMEs show more moderate
changes of Ak ~ 0.09-0.14 (corresponding to ~ 25 + 10 -100 +
30 per cent), indicating comparatively weaker and more gradual
expansion. A pronounced increase in « is observed for the fast
CMEs of 2012 Jul 12 and 2013 Apr 11, with the former undergoing
acceleration and the latter deceleration. A moderate increase is
also seen for the decelerating fast CME of 2013 Sep 29. In con-
trast, all slow CMEs display only modest variations in their GCS-
derived aspect ratios.

2.2 Uncertainties in GCS-fitted parameters

The GCS technique is a forward-modelling approach in which
a synthetic wireframe flux-rope geometry is visually matched to
white-light CME observations. Consequently, uncertainties arise
from user-dependent fitting choices and observer experience. A.
Thernisien et al. (2009) noted that several GCS parameters are
partially coupled, an intrinsic limitation of the fitting procedure.
This parameter degeneracy is substantially reduced when two or
three viewpoints with favourable spacecraft separation are used
simultaneously (M. Temmer et al. 2021; C. Verbeke et al. 2023; E.
Nikou et al. 2025). Additional uncertainties can result from low
CME brightness, limited image cadence, background-subtraction
quality, and the use of base- or running-difference images (A.
Thernisien et al. 2009; E. Bosman et al. 2012). Another limitation
of the GCS model is its simplified croissant-like flux-rope geom-
etry for CMEs, introducing systematic uncertainties in the fitted
parameters (A. Vourlidas et al. 2013; E. Nikou et al. 2025).

All of our selected events have been examined previously from
different perspectives, and the reported 3D parameters show no-
ticeable scatter among studies. For example, the selected fast
CME of 2011 Jun 02 was analysed by B. Zhuang et al. (2017),
M. Temmer et al. (2021), 2012 Jul 12 by F. Shen et al. (2014), S.
Khuntia et al. (2024), 2013 Apr 11 by P. Vemareddy & W. Mishra
(2015), N. Sachdeva et al. (2017), and 2013 Sep 29 by C. Kay &
N. Gopalswamy (2018), M. Temmer et al. (2021). Similarly, the
selected slow CMEs of 2008 Dec 12 were studied by J. P. Byrne
et al. (2010), W. Mishra & N. Srivastava (2013), 2010 Apr 03 by
A. Tsavnin et al. (2013), W. Mishra et al. (2014), 2010 Apr 08 by
C. Kay et al. (2016), M. Temmer et al. (2021), and 2011 Sep 13 by
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Table 2. Range (from the initial to the last tracked coronal height) of GCS-derived CME aspect ratio («), leading-edge speed (VLg), and their associated uncertainties/errors for the selected fast (top panel)

and slow (bottom panel) CMEs. Uncertainties in « are based on the percentage errors derived from Table 1 (see Section 2.2), while uncertainties in Vi g are estimated from the corresponding fractional
errors in the fitted heights. The table also lists the in situ measured « at 1 au and associated uncertainties, obtained by correcting the measured radial size of MC for the spacecraft angular offset from the

CME/MC propagation direction (Section 2.4). The radial expansion-to-leading-edge speed ratio (Vexp/VLE) is reported both at the final coronal height and at 1 au. The speed ratio in COR is derived from

GCS modelling-based speeds, with uncertainties propagated from speed errors. The in situ-measured speed ratio at 1 au has corrections for spacecraft offset (Section 2.7). The speed ratio is also estimated

using equation (6), with uncertainties derived from equation (7).

Vexp/VLE (%)

In situ measured
at 1 au (correction)

In situ measured

Range of V5

Range of «

From equation (6)

At final h
in COR (error)

katlau
[correction (abs.,%)]

(km s~1) in COR

in COR

(error)

Date

at 1 au (error)

(error)

Fast CMEs

6.7 (£2.4)
21.9 (£1.3)
6.5 (£1.6)
2.3 (£5.7)

5.7(=5.3)

15(=2.7)
8.5(—4.7)

10.2 (—19.6)

18.7 (£4.5)

0.11 [+0.024, 21.8]

880 (£150) - 1000 (£130)
682 (£130) - 1128 (+140)

0.19 (£0.03) - 0.23 (£0.03)

0.36 (+0.02) - 0.61 (£0.03)

2011 Jun 02

38.9 (+7)
28.6 (£9)
37.5(£7.8)

0.37 [+0.02, 5.4]
0.14 [+0.015, 10.7]
0.11 [+0.041, 37.2]

2012 Jul 12
2013 Apr 11
2013 Sep 29

1240 (££430) - 520 (£100)
1165 (& 225) - 865 (£115)

0.10 (£0.02) - 0.40 (£0.07)
0.42 (££0.04) - 0.60 (£0.06)

Slow CMEs

1.3 (£1.1)
14.2 (£4.5)
2.3 (£0.3)
2.8 (£3.5)

5(—6)
16.6 (—7.8)

18.7 (£3.6)

0.05 [+0.008, 16]

235 (& 40) - 376 (£50)

0.13 (£0.006) - 0.23(£0.01)

2008 Dec 12
2010 Apr 03
2010 Apr 08
2011 Sep 13

27 (+£4.3)
21.2 (+4)
30 (+5)

0.22 [+0.057, 26]

461 (£40) - 858 (£+50)

0.26 (+0.04) - 0.37 (£0.05)

2.78 (—0.4)

290 (& 23) - 437 (£30) 0.068 [+0.002, 3]

0.14 (£0.02) - 0.28 (£0.04)
0.34 (£0.05) - 0.43 (£0.06)

1.2(—8.3)

0.1 [+0.027, 27]

216 (£15) - 519 (£35)
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N. Sachdeva et al. (2017), M. Temmer et al. (2021). It is evident
that although the CME:s selected in this study are well observed
and can be reliably tracked throughout the coronagraphic field of
view, uncertainties in the derived GCS parameters are unavoid-
able.

In light of the above discussion, determining the true uncer-
tainties in GCS fitting is challenging because they vary from event
to event and can also evolve with time as the CME propagates.
Different approaches have therefore been adopted in the litera-
ture. A. Thernisien et al. (2009) performed a sensitivity analysis
and reported mean uncertainties of about +1.8° in latitude, +4.3°
in longitude, £22° in tilt angle, f%fc in half-angle, £0.48 Ry, in
height, and 007 in aspect ratio. Another approach is to fit the
same CME independently by multiple researchers, as previously
done with heliospheric imagers data (L. A. Barnard et al. 2017).
Using this approach, A. Pluta et al. (2019) reported uncertainties
of £5° in latitude, £5° in longitude, +30° in tilt angle, £10° in
half-angle, £0.5 R, in height, and £0.025 in aspect ratio.

More recently, C. Verbeke et al. (2023) used synthetic CME
scenarios with known ‘true’ parameters to directly quantify re-
construction errors for sufficiently evolved CMEs observed at
heliocentric distances of ~5-10 Rg. In their study, they reported
representative minimum uncertainties for different spacecraft
configurations: 6° %% in latitude, 11°{!*" in longitude, 25°*%" in
tilt angle, 10° £!?" in half-angular width, 0.67}2 R, in height, and
0.17903 in aspect ratio.

Despite these limitations, the GCS model remains one of the
most widely used techniques for deriving CME 3D geometry and
kinematics within the coronagraphic field of view when adequate
multiviewpoint observations are available, particularly for well-
observed events such as those selected here. Based on repeated
fits of the selected CMEs and the spread in our derived param-
eters, we find that our uncertainties remain within the ranges
reported in previous studies (A. Thernisien et al. 2009; A. Pluta
et al. 2019; C. Verbeke et al. 2023). In general, we observe that the
propagation longitude, latitude, and height are among the best-
constrained parameters, while the tilt angle typically carries the
largest uncertainties. Among the size and shape parameters, the
half-angle is typically more uncertain than the aspect ratio (N.
Sachdeva et al. 2017; C. Verbeke et al. 2023).

All eight selected CMEs and their independent GCS recon-
structions are available in the LLAMACoRe (C. Kay & E. Palme-
rio 2024) super-data base, which compiles measurements from
several different sources of community CME catalogues, such as
DONKI (Database Of Notifications, Knowledge, Information; M.
M. Maddox et al. 2014), the AFFECTS GCS catalogue (E. Bosman
etal.2012). In the LLAMACoRe catalogue, the selected fast CMEs
of 2011 Jun 02, 2012 Jul 12, 2013 Apr 11, and 2013 Sep 29 have
GCS reconstructions compiled from 10, 9, 7, and 8 independent
published sources, respectively. Similarly, the selected slow CMEs
of 2008 Dec 12, 2010 Apr 03, 2010 Apr 08, and 2011 Sep 13 have
measurements compiled from 11, 14, 8, and 10 independent pub-
lished sources, respectively. These independent reconstructions
are used to derive a best-constrained estimate for each parameter,
defined as the median value of the corresponding GCS-fitted pa-
rameter across all available sources. The associated uncertainty is
represented by the MAD, calculated as the median of the absolute
deviations from the median value.

‘We therefore compare our independently derived GCS parame-
ters with these catalogue median values and use the correspond-
ing MADs as a practical estimate of observer-dependent uncer-
tainties in our study. The reported MAD values are assumed to
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correspond to the final tracked stage of each event, as the LLA-
MACoRe catalogue provides GCS parameters at the outermost
distance/time when multiple reconstructions are available, i.e.
when most of the coronal evolution of the CME has occurred (C.
Kay & E. Palmerio 2024). The uncertainties in different CME pa-
rameters are shown in Table 1. For GCS-fitted parameters at our
final tracked height, the reported MAD values are adopted as rep-
resentative uncertainties for the corresponding fitted quantities.
For longitude, latitude, and tilt angle, the corresponding MAD
values (different for each event) are used as practical estimates of
the uncertainties at all measured heights.

We estimate the uncertainty in the aspect ratio to be
~5 percent for the fast CME of 2012 Jul 12, ~10 per cent for
the 2013 Sep 29 CME, and ~15 per cent for the 2011 Jun 02 and
2013 Apr 11 CMEs. For the slow CMEs, the uncertainty in the
aspect ratio is estimated to be ~15 per cent for all CMEs, except
for the CME of 2008 Dec 12 for which it is ~5 per cent. These
fractional uncertainties are also listed in Table 1. The estimated
uncertainties are assigned as error bars to the height-time mea-
surements and subsequently propagated into the derived CME
size and expansion speed estimates.

For the aspect ratio, we estimate the fractional uncertainty
as (MAD), /k, which serves as a representative measure of the
relative uncertainty/error in the fitted aspect ratio. This estimate
is based on the catalogue-listed MAD for « and our derived value
of « at the final tracked height. We assume that the fractional
uncertainty remains approximately constant during CME prop-
agation, such that « at larger heights has proportionally larger
absolute uncertainties. A similar approach is also used for the
fitted angular width («) in our study.

The catalogue does not explicitly report MAD (error) for the
GCS-fitted heights, but it does report MAD for the CME speeds.
We therefore use the fractional speed uncertainty, based on cata-
logue values, as a representative relative uncertainty in the fitted
heights. We assume that the relative uncertainty remains ap-
proximately constant for all data points. Based on this, we adopt
a height uncertainty of approximately 10 per cent of the fitted
height for the fast CMEs, except for the CME of 2013 Apr 11,
for which the uncertainty is taken as ~20 per cent. Similarly, for
the slow CMEs, the fractional height uncertainty is assumed to
be 5 per cent, except for the 2008 Dec 12 event, for which it is
~10 per cent. These values are comparable to the representative
height uncertainties of about 5-10 percent reported in earlier
CME studies (S. Khuntia et al. 2024; A. Agarwal & W. Mishra
2024).

We note that our GCS fitted values are generally consistent
with the LLAMACoRe catalogue best-constrained values within
the corresponding MAD ranges (C. Kay & E. Palmerio 2024) and
within uncertainties quoted in earlier studies (A. Thernisien et al.
2009; A. Pluta et al. 2019; C. Verbeke et al. 2023), providing ad-
ditional confidence in the reliability of our reconstructions. In
the present work, MAD-based uncertainties are shown as error
bars in all relevant figures and are explicitly considered when
interpreting the results. Accordingly, all trends and inferences for
the selected fast and slow CMEs are presented in the following
sections, with the associated parameter uncertainties taken into
account.

2.3 Aspect ratio of MCs at 1 au from in situ observations

The aspect ratio at 1 au is determined using its relation with the
MC radius and the heliocentric distance of the CME LE (equa-
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Figure 3. In situ measured proton speed (V}) profiles of the selected fast (left column) and slow (right column) CMEs from OMNI data. The shaded
regions mark the identified MC intervals. The corresponding measured aspect ratio (x) and MC radius (R) at 1 au are annotated in each panel.

tion 1). The MC radius at the time of the LE arrival at 1 au is
estimated from in situ measurements using high-resolution (1
min) OMNI data obtained from NASA CDAWeb (https://cdaweb.
gsfc.nasa.gov/). Following N. Gopalswamy et al. (2015) and A.
Agarwal & W. Mishra (2025), the radial size of the MC is derived
by integrating the bulk speed over the MC passage interval, which
provides a reliable estimate under the assumption of a near-
central (nose) encounter between the MC and the spacecraft.

Specifically, the MC radius (R) is calculated by integrating the
speed-time profile over the duration of the MC using the trape-
zoidal rule,

t n—1
n Vi+ Vi
R = / Vdt~ Z (%) (tiy1 — 1), (2)

fo i=0

where V; is the in situ measured speed at time ¢t (i=
0,1,2,...,n—1) during the MC passage. The resulting radius
is then used to estimate the aspect ratio at 1 au for each CME.
Fig. 3 depicts the speed-time measurements of the fast and slow
CMEs in the left and right panels, respectively, with the MC dura-
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tion highlighted in the transparent yellow-shaded region. To en-
sure accurate boundary selection, we strictly considered regions
with magnetic field rotation and plasma beta (ratio of the thermal
pressure to the magnetic pressure) less than unity. On comparing
the boundaries of identified MC with the boundaries of ICME
listed in Richardson and Cane’s ICME catalogue (https://izw1.
caltech.edu/ACE/ASC/DATA /level3/icmetable2.htm), we find a
deviation of at most £2 h. We note that such a deviation can
arise because ICME boundaries in the catalogue are derived at
L1, while in OMNI data, which we rely on, make time-shifts L1
measurements to the Earth’s bow shock (J. H. King & N. E. Papi-
tashvili 2005). Further, the ICME boundaries in the catalogue are
based on solar wind composition and charge-state measurements
from the ACE spacecraft (I. G. Richardson & H. V. Cane 2004),
whereas our MC boundaries are primarily based on magnetic
field measurements (R. P. Lepping et al. 1990).

For the MCs associated with the selected CMEs, the in situ
measured radius at 1 au is listed in the third column of Table 3.
Each panel of Fig. 3 lists (with red) the estimated value of R and
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Table 3. The table lists the spacecraft angular offset (A) from the
CME/MC propagation direction, in situ measured MC radius at 1 au,
along with corresponding uncertainties (see Section 2.4). It also includes
the in situ measured LE speed at 1 au, along with corresponding uncer-
tainties (see Section 2.7).

In situ measured
Vig (kms™ M) at1au
[correction (abs.,%)]

In situ measured
R(Rp)atlau
[correction (abs.,%)]

Date A(°)

Fast CMEs

2011 Jun 02 18
2012 Jul 12 15
2013 Apr 11 20
2013 Sep 29 38

20.7[ 4 4.4, 21.3]
57.3 [ +2.6,4.5]
26.2[ +2.4,9.1]
21.6 [ +6.3,29.1]

546 [ + 27, 4.9]
573 [ +17, 3]
456 [ +27,5.9]
549 [ 4 133, 24]

Slow CMEs

2008 Dec 12 18
2010 Apr 03 24
2010 Apr 08 7
2011 Sep 13 28

9.6 +2.1,21.9]

38.4[ +7.8,20.3]

13.7[ 4 0.1, 0.73]
19[4 5,26.3]

358 [ + 18, 5]
801 [ + 63,7.9]
414[+0.8,0.19]
460 [ + 60, 13]

k at 1 au for each fast and slow CME. The estimated value of
R of each MC at 1 au is used in equation (1) to estimate the «.
The fourth column of Table 2 lists the in situ measured « at 1 au
and associated uncertainties (correction needed) for each event.
As discussed in Section 2.4, these uncertainties are based on the
fact that the spacecraft trajectory deviating from the MC centre
underestimates the R and « of the MCs. The values in the square
brackets of the fourth column in Table 2 indicate the correction
required, expressed as both the absolute increase in « and the cor-
responding percentage increase relative to the measured value, to
account for the spacecraft’s offset from the MC centre.

Based on the situ measured « at 1 au and the required cor-
rections into it as listed in Table 2, we note that percentage cor-
rections in « for the fast CMEs of 2011 Jun 02, 2012 Jul 12,
2013 Apr 11, and 2013 Sep 29 are ~ 22 per cent, ~ 5 per cent,
~ 11 per cent, and ~ 37 per cent, respectively. Similarly, the per-
centage corrections in « for the slow CMEs of 2008 Dec 12,
2010 Apr 03, 2010 Apr 08, and 2011 Sep 13 are ~ 16 per cent, ~
26 per cent, ~ 3 per cent, and ~ 27 per cent, respectively. These
results indicate that uncertainties in the aspect ratio arising from
the spacecraft crossing geometry can, in some cases, exceed the
typical uncertainties associated with the GCS-derived aspect ratio
estimates (Table 1) at coronal heights.

Based on the in situ measured parameters at 1 au, the MCs asso-
ciated with fast CMEs are, on average, larger and exhibit higher
aspect ratios than those associated with slow CMEs. The mean
measured radii for the slow and fast events are ~ 20.2(+3.8) and
~ 31.5(+3.5) Re, respectively, while the corresponding mean as-
pect ratios are ~ 0.11(40.02) and ~ 0.18(+0.02). The uncertain-
ties/corrections are based on the description in Section 2.4, ac-
counting for the spacecraft angular offset from the CME propa-
gation direction. The average radial size of fast and slow MCs is
smaller than that reported in earlier studies (R. P. Lepping et al.
1990; Y. Liu, J. D. Richardson & J. W. Belcher 2005; W. Mishra, U.
Doshi & N. Srivastava 2021; B. Zhuang et al. 2023). This difference
may arise from the limited sample size considered in our study,
the event-selection criteria favouring well-observed Sun-Earth
CMEs, and possible solar-cycle dependence. In the following sec-
tion, we discuss the possibility that these in situ-measured radial
sizes and aspect ratios may require correction, as they are based
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on the measured MC size, which can be underestimated when
the spacecraft trajectory deviates from the MC centre.

2.4 Uncertainties and corrections in estimated aspect
ratio of MCs at 1au

The MC radius and aspect ratio estimated above from the in situ
speed-time profiles are subject to geometric selection effect aris-
ing from the spacecraft trajectory relative to the MC centre (J.
Zhang, P. Hess & W. Poomvises 2013). Such limitations of single-
spacecraft measurements are well recognized, as the inferred MC
size depends on the spacecraft’s impact parameter (R. P. Lepping
et al. 1990; B. J. Lynch et al. 2003; H. Q. Song et al. 2020). The
observed passage duration of MC at the spacecraft typically rep-
resents a chord through the MC cross-section rather than the full
central diameter. As a result, the radius (R) derived from in situ
observations may be underestimated when the spacecraft does
not pass through the MC centre (P. Démoulin, S. Dasso & M.
Janvier 2013). Since the aspect ratio derived in this work depends
directly on the MC radius estimated at 1 au, this geometric bias
must be accounted for when comparing the aspect ratios of se-
lected CMEs between near the Sun and near the Earth.

To quantify this effect, we adopt an idealized geometrical
model in which the MC cross-section at the spacecraft distance
is represented by a circle of true radius R;, whose centre is lo-
cated at a heliocentric distance D. Although the selected CMEs
are Earth-directed and sampled as MCs by an L1 spacecraft,
their propagation directions inferred from GCS reconstructions
are not necessarily aligned with the Sun-Earth line. We assume
that the MC at 1 au has the same direction as inferred from the
GCS model at the final tracked coronal height. We estimate the
angular separation (A) between the MC propagation direction
(Omc, dmc) and the spacecraft location (6s, ¢sc) through, cos A =
sin Oyic Sin s + cos Byc coS Ose CoS(Pumc — Psc)-

The angular separation (A) corresponds to a perpendicular
miss distance (impact parameter) between the spacecraft trajec-
tory and the MC centre given by b = Dsin A, where b is the
shortest distance between the spacecraft path and the MC centre.
If the MC has an angular half-width A, then its true radius (R;)
at distance D is R; = Dsin A. A spacecraft encounter occurs only
when the trajectory intersects the MC cross-section, i.e. when
b <Ry, or equivalently when A < A. Thus, A = 0 represents a
central hit and A — A approaches a grazing encounter near the
boundary of MC. Therefore, the radius (R) measured from the
in situ duration corresponds to the half-chord length rather than
the true radius R;. From simple circle geometry, the relation be-
tween the measured and true radius would be as, R = /R? — b =

R} —D? sin® A. Thus, R = R, for a central encounter (A = 0),

whereas R < R, for any non-zero offset. The underestimated mea-
sured radius (R) can be written as follows:

sin A\
! ( sin A ) ' ®)
Using the MC’s angular separation (A) relative to the in situ
spacecraft (listed in Table 3), we calculated the true MC radius
(Ry) and aspect ratio. For the fast CMEs of 2011 Jun 02, 2012 Jul
12,2013 Apr 11, and 2013 Sep 29, the required corrections to the
measured radius correspond to percentage increases of approxi-

mately 21 per cent, 4.7 per cent, 9 per cent, and 29.6 per cent, re-
spectively, as listed in Table 3. Likewise, for the slow CMEs of

R=Rt
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Figure 4. Evolution of the CME aspect ratio («; top panels) and radius (R; bottom panels) as a function of heliocentric distance for the selected fast (left
panels) and slow (right panels) CMEs. The larger dot symbols over the dotted lines represent data points derived from GCS modelling, with different
colours indicating individual events. The dashed lines show the extrapolated « based on GCS measurements, while the solid curves represent power-law
fits constrained between the values at ~ 30 Rg (marked with red vertical line) and the in situ measurements at 1 au. The percentage uncertainties in the
GCS-derived « (Section 2.2) are indicated by shaded regions and are assumed constant up to ~ 30 Rp. The percentage uncertainties in the in situx at 1
au (Section 2.4) are shown as error bars and are also applied to the fitted power-law estimates. One CME in each category is marked as [Excep.] to denote
its exceptional (outlier) behaviour, exhibiting an unusually different power-law index during the decline phase compared to the remaining events in the

respective group.

2008 Dec 12, 2010 Apr 03, 2010 Apr 08, and 2011 Sep 13, the re-
quired corrections correspond to percentage increases of approx-
imately 22 per cent, 20 per cent, 2 per cent, and 26.3 per cent, re-
spectively. Based on these corrections, the estimated correction
magnitudes and their corresponding percentages for the aspect
ratio at 1 au are described in Section 2.3 and listed in Table 2.
The results enable a direct comparison of the systematic bias
introduced by flank encounters in different CMEs. The mean cor-
rected true radius for the fast and slow MCs are ~ 35and ~ 24 R,
respectively, while the corresponding mean aspect ratios increase
to ~ 0.20 and ~ 0.13. These results suggest that fast CMEs tend
to evolve into larger, more radially extended structures by 1 au.
The uncertainties discussed above from the geometric selection
effect are further considered in our analysis of the evolution of
aspect-ratio with heliocentric distance.

2.5 Three-phase progression of aspect ratio of CMEs

We examine the evolution of the CME aspect ratio from near
the Sun to 1 au. Fig. 4 shows the variation of aspect ratio (top
panels) and radius (bottom panels) with CME LE height for the
selected fast (left) and slow (right) CMEs. The dots over the dot-
ted line represent each data point of the aspect ratio estimated
from the GCS model. The shaded regions indicate the associated
percentage uncertainties as discussed in Section 2.2 and listed
in Table 1. It shows that the aspect ratio initially increases, then
becomes constant towards the last tracked/observed height of ap-
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proximately 15 R, for all CMEs. The initial increase in the aspect
ratio is more pronounced for fast CMEs, whereas the approach
to the constant phase is clearer for slow CMEs. We note that the
aspect ratio (with uncertainties as discussed in Section 2.3 at 1 au
from in situ observations (shown with filled circles) for each CME
is lower than its value from the GCS model at the last tracked
height.

It is possible that the aspect ratio (« ) of the CMEs first increases
for some height and then remains constant, followed by a de-
crease in the interplanetary medium as suggested in A. Agarwal &
W. Mishra (2024). We follow the study of A. Agarwal & W. Mishra
(2024) and assume that the value x beyond our tracked height
remains constant up to a certain distance, such as the height of 30
R, as shown by the dashed line in the figure, before decreasing
in the interplanetary medium. We use a power law fit, shown by
the solid line in the figure, to infer the interplanetary evolution
of x beyond 30 Ry (marked with red vertical solid line) to 1 au.
The percentage uncertainties (shown with a shaded region) in
the constant phase are taken as equal to those in the observed
rise phase. The uncertainties (shown as shaded region) in the «
inferred from the fitted power law are taken to be the same as the
percentage uncertainties (corrections shown as error bars) in the
k at L1 measured in situ.

From Fig. 4, the evolution of the CME aspect ratio () can be
described in three phases: an initial rise, followed by a saturation,
and a subsequent decline towards 1 au. The rise phase, observed in
the low and middle corona (< 10-15R), is directly constrained
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by GCS-model measurements and indicates rapid radial expan-
sion of CMEs. This increase in « is more pronounced for fast
CMEs, reflecting stronger expansion dynamics. At intermediate
heights (~ 15-30 R), x approaches the saturation phase, as in-
ferred from the leveling-off behaviour towards the end of the ob-
served rise, suggesting a transition to a more balanced expansion
regime. Beyond this, the decline phase is constructed by incorpo-
rating the in situ measured aspect ratio at 1 au and its deviation
from near-Sun estimates. The observed decrease in « towards 1
au implies a reduction in radial expansion of CMEs during in-
terplanetary propagation. This behaviour indicates three distinct
evolutionary phases of the aspect ratio. While both fast and slow
CME:s follow this general trend, fast CMEs attain higher peak «
values and exhibit larger variations, whereas slow CMEs show a
more gradual rise, lower saturation levels, and a comparatively
faster decline (H. Cremades et al. 2020).

Beyond ~ 30 R, the decline in aspect ratio is characterized by
power-law relations of the form « o h". For fast CMEs, the fitted
indices range from n ~ —0.26 to —0.87, with a mean value of
~ —0.51. Considering the uncertainties in the fitted power-law,
the CME on 2013 Sep 29 is identified as an exceptional event
among the fast CMEs because it exhibits a significantly different
(steeper) power-law index during the decline phase compared to
the remaining events in the group. Excluding this case, the mean
index becomes ~ —0.39. It remains to be investigated whether the
inferred rapid decrease for the exceptional CME is influenced by
the relatively larger uncertainties in the estimated « at 1 au, since
the CME propagated about 30° west of the Sun-Earth line and
may also have experienced additional deflection. Other factors
that can introduce uncertainties in the measured « values from
remote and in situ observations are discussed in Section 3.

In contrast, slow CMEs exhibit fitted indices ranging from n ~
—0.27to —0.78, with a mean value of ~ —0.63. Even if we account
for the uncertainties (Table 2 and Section 2.4) in the aspect ratio
as fitted with a power law, the CME on 2010 Apr 03 is identified
as an exceptional event among the slow CMEs because it exhibits
a significantly different (shallower) power-law index during the
decline phase compared to the remaining events in the group.
Excluding this, the mean index becomes ~ —0.74. Earlier studies
have suggested that this CME underwent minimal deceleration in
the interplanetary medium due to its interaction with the high-
speed ambient solar wind (Y. Liu et al. 2011; W. Mishra et al.
2014; A. Agarwal & W. Mishra 2024). Based on the mean values
of the power-law indices, we infer that fast CMEs tend to exhibit
comparatively shallower declines than slow CMEs, although one
exceptional case is present in each group.

From the above analysis, the « is found to rise initially, ap-
proach a saturation, and subsequently decline with increasing
CME height. To capture this behaviour, we model the slightly
smoothed values of « in Fig. 4 using two functions, each com-
posed of three terms representing the rise, saturation, and decline
phases. These functions (equations 4 and 5) are fitted to the esti-
mated aspect ratio profiles for both fast and slow CMEs from near
the Sun to 1 au:

n\" 1 1
a2 (1 ) 95

1 ™" 1
1—- — - e 4
( 1+e*k2h)+c<b> e )

In the equation (4), the first term describes the initial increase
in k as a power-law function of height, scaled by A and exponent

Evolution of CME aspect ratio 11

n, with a providing a normalization length scale. Its contribution
is smoothly reduced at larger heights by the logistic transition
controlled by k;. The second term, scaled by B, represents the
intermediate saturation phase and is active primarily between
the two transition heights defined by k; and k,. The third term
describes the decline in « at larger distances as a decreasing
power law with exponent m, scaled by C and normalized by b,
and becomes dominant beyond the second transition controlled
by k. The logistic functions, therefore, act as smooth switching
functions that ensure a continuous transition between the three
evolutionary phases.

n -3
fz(h,K):A<Z> e PG <1+ %) . 5)

Equation (5) represents the evolution of «(h) using a single
continuous function that captures the rise, saturation, and de-
cline phases. The initial increase in « at lower heights is governed
by the power-law term A(h/a)", where A is a scaling factor, a is
a normalization length scale, and n controls the rate of growth.
The exponential term exp[—B(h/a)”] at intermediate heights ef-
fectively produces a saturation-like behaviour, where 8 controls
the strength of damping and y determines how rapidly the sup-
pression sets in with height. The decline phase at larger distances
is controlled by the term (1 + h/b)~*, where b sets the transition
scale and § controls the rate of decay. This function, without
having explicit switching functions, can provide a smooth and
continuous evolution of the aspect ratio as observed between
near-Sun to 1 au.

Fig. 5 shows the modelled evolution of the CME aspect ratio
(x) as a function of heliocentric distance for fast and slow CMEs,
displayed in the left and right panels, respectively. The orange
curves represent the reference (based on observations) aspect ra-
tio profiles, which are the slightly smoothed values of « in Fig. 4.
The fractional uncertainties shown with the shaded region are
the same as described in Section 2.5 and shown in Fig. 4.

The fits are obtained using a weighted least-squares approach,
accounting for the uncertainties in the data points. The uncer-
tainties in the data points are supplied as o and each point is
weighted by the inverse of its variance (w; = 1/6?). The blue
and green curves correspond to fits obtained using the proposed
functions fi(h, «) (equation 4) and f,(h, «) (equation 5), respec-
tively, applied over the full range from near the Sun to 1 au. The
vertical red line at ~ 30 R, marks the transition between coronal
and interplanetary propagation regimes. Both functions repro-
duce the overall rise-saturation-decline behaviour of the aspect
ratio. The quality of the fits is quantified using the root mean
square error (¢) and mean absolute error (u), which are shown
in each panel. The close agreement between the fitted curves and
the reference/observed profile confirms that the adopted param-
eterizations provide an adequate description of the aspect ratio
evolution within the assumed uncertainties.

Overall, both functions provide good agreement with the ob-
served profiles, with small values of ¢ and u across all events.
However, fi(h, k) consistently yields slightly lower errors, in-
dicating a marginally better representation of the aspect ratio
evolution compared to f>(h, k). This suggests that an explicit
representation of distinct evolutionary phases, with controlled
transitions between them, may more effectively capture the ob-
served behaviour than a fully continuous formulation.

We find that the evolution of the CME aspect ratio («) is
governed by a sequence of regimes. In the rise phase of «, the
expansion is dominated by rapid radial growth driven by strong
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Figure 5. Model fits to the evolution of CME aspect ratio (k) with heliocentric distance for fast (left panels) and slow (right panels) CMEs. The orange
curve represents the observed profile, combining GCS-derived values in the corona and the inferred evolution in the interplanetary medium, with a
shaded region indicating the same uncertainties as shown in Fig. 4. The blue and green curves show fits using the proposed functions fi(h, ) and
f>(h, k), respectively. The vertical red line marks the transition at ~ 30 Rg. The root-mean-square error (¢) and mean absolute error (i) for each fit are

indicated in the panels.

internal magnetic pressure. This is followed by a saturation phase
of «, characterized by a regulated expansion, in which the de-
cline of internal pressure and the ambient solar wind pressure
becomes comparable. Finally, in the decline phase of «, the inter-
nal overpressure relative to the ambient medium weakens, and
the expansion is increasingly influenced by the surroundings,
leading to a reduced radial expansion efficiency. This progression
reflects a transition from magnetically dominated expansion to a
regulated expansion regime, and ultimately to one controlled by
the heliospheric environment.

Since the aspect ratio directly relates to the geometry of conical
legs in croissant-shape CME flux rope, it is linked to the expan-
sion of CME along both radial and lateral dimensions of CME
propagation. The observed three-phase evolution of the GCS-
derived aspect ratio suggests that CMEs do not undergo strict SSE
from the Sun to 1 au. Under SSE, the aspect ratio is expected to re-
main nearly constant. Instead, the observed rise, saturation, and
decline in « indicate significant geometric evolution during prop-
agation. The saturation phase may correspond to self-similarity,
strictly for conical legs, while the rise and decline phases likely
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reflect significant changes in internal pressure forces and inter-
actions with the ambient solar wind.

2.6 Evolution of the expansion-to-leading-edge speed ratio
of CMEs

To further investigate the expansion behaviour of CMEs, we esti-
mate the ratio of radial expansion speed to LE speed both near the
Sun (at the final tracked height in COR) and at 1 au. We estimate
the ratio of the radial expansion speed to the LE speed at 1 au
using two methods. The first method is by using in situ speed-
time measurements, and the conventional method for finding the
expansion speed as Ve, = 257, where V;, and V7 are the LE and
trailing edge (TE) speed of the CME (M. J. Owens et al. 2005; N.
Gopalswamy et al. 2014). However, this expansion speed is not
instantaneous at the arrival time of LE on the in situ spacecraft (A.
Agarwal & W. Mishra 2024; A. Agarwal et al. 2026). The second
method to estimate the ratio of expansion speed to the LE speed
(Vexp/ViE) at 1 au is by taking the derivative of equation (1) with
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Figure 6. Evolution of the ratio of radial expansion speed to leading-edge speed (Vexp/ViE) as a function of heliocentric distance for fast (left panels)
and slow (right panels) CMEs. The orange curves represent the observed profiles, with shaded regions indicating uncertainties (using standard error
propagation described in Section 2.7). The blue and green curves show fits obtained using the functions f](h, ) and f;(h, ), respectively. The vertical
red line at ~ 30 R marks the transition from coronal to interplanetary propagation. The root-mean-square error (¢) and mean absolute error () are

indicated in each panel.

respect to the height as follows:

dj K h 1 K dl
dh 1+« 1+« @@A+«)?)dnh’

dRdt k(b \de
dt dh = 14« 1 +«)?)dh’
Vexp K h dk
=t —— ) —. 6
ViE 1+K+<(1+K)2 dh ©

Utilizing the derivative of sli%/htly smoothed values of « in
Fig. 4, we estimate the value of % from equation (6) for each
CME from near the Sun to 1 au. Fig. 6 shows the estimated value
of Vexp/Vie (With solid orange curve) for fast (left panels) and
slow (right panels) CMEs. The orange curve represents the refer-
ence/observed profile derived from observations, with a shaded
region indicating uncertainty/error in the observed profile of
Vexp/Vie = (2) which is estimated by using the method of error
propagation as given below:

0z \?2 0z \?2 0z 2 dic \?
AZZ\/(«?K) Ak2+<a?> Ahz+<a(d:</dh)> A<%>’

(7

where—z— ! 2h %
ak  (Q+k>2 @Q+«)3Pdh’
e 1 dk
dh (A +k)*dh’
0z h

a(di/dh) — (1 +k)?

For all selected events, we further use the derivative of both
proposed functions as given in equations (8) and (9) in equa-
tion (6) to do weighted least-squares fit the observed/reference
(orange curve) in Fig. 6. The blue and green curves correspond
to the fits obtained using the functions f](h, «) and f;(h, «), re-
spectively. We note that using derivative of both provide a good
fit to the observations. However, f](h, «) yields estimates that are
closer to the observed values, as indicated by the smaller errors.

, A(h"1ehah) kih
itk ) = ar(1 + elah) [" 1+ e—klh]
+ B(e*kzh) kleiklh _ k2
A +e )1 4ekh)|[14+ekh 14 ekt

C(h~(mD) [ hkye 2" ] ®

bm(1 + e keh) | 14 ekeh -
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The last three columns of Table 2 present the ratio of radial ex-
pansion speed to leading-edge speed (Vexp/ Vi) at the last tracked
height and 1 au. The value at 1 au is listed from using equation (6)
and also directly from in situ measurements of speeds of MCs.
At coronal heights, this ratio is derived from the GCS model
(with uncertainties propagated from speed errors discussed in
Section 2.2) and shows generally higher values for fast CMEs,
suggesting more efficient expansion during early propagation.
The values estimated from equation (6) are broadly consistent
with the those from in situ measurements within uncertainties
(corrected for spacecraft angular offset described in Section 2.7),
supporting the validity of the adopted approach. We note that the
in situ values (from both approach as listed in last two columns
of Table 2) at 1 au are systematically lower, indicating a reduction
in relative expansion during interplanetary propagation. Overall,
the comparison highlights a transition from stronger expansion
in the corona to comparatively weaker expansion at 1 au, with
notable differences between fast and slow CMEs.

From Table 2 and Fig. 6, we examine the evolution of the radial
expansion-to-leading-edge speed ratio (Vexp/Vig) from the final
tracked coronal height (~ 15 R ) to that at 1 au from equation (6).
For the fast CMEs, the ratio decreases from 18.7 &+ 4.5 per cent to
6.7 & 2.4 per cent for the 2011 Jun 02 event (~ 64 per cent reduc-
tion), from 38.9 £ 7 per cent to 21.9 &+ 1.3 per cent for the 2012
Jul 12 event (~ 44 per cent reduction), from 28.6 + 9 per cent to
6.5 4 1.6 per cent for the 2013 Apr 11 event (~ 77 per cent reduc-
tion), and from 37.5 + 7.8 percent to 2.3 4 5.7 per cent for the
2013 Sep 29 event (~ 94 per cent reduction).

Similarly, for the slow CMEs, the ratio decreases from 18.7 +
3.6 percent to 1.3+ 1.1 percent for the 2008 Dec 12 event
(~ 93 per cent reduction), from 27.0 £4.3 percent to 14.2 +
4.5 per cent for the 2010 Apr 03 event (~ 47 per cent reduction),
from 21.2 + 4 percent to 2.3 + 0.3 per cent for the 2010 Apr 08
event (~ 89 per centreduction), and from 30 + 5 percentto 2.8 &+
3.5 per cent for the 2011 Sep 13 event (~ 91 per cent reduction).

Overall, both fast and slow CMEs exhibit a substantial decline
in Veyp/Vie with increasing heliocentric distance, with reduc-
tions ranging from ~ 44 per cent to ~ 94 per cent, indicating a
systematic decrease in the efficiency of radial expansion during
interplanetary propagation. On average, the decrease in Vex,/Vie
is ~ 70 per cent for fast CMEs and ~ 80 per cent for slow CMEs
when all events are considered. From our analysis, we identified
one exceptional case in each category deviating from the general
trend of the group. Excluding the exceptional cases (2013 Sep
29 for fast CMEs and 2010 Apr 03 for slow CMESs), the average
decrease becomes ~ 60 per cent for fast CMEs and ~ 90 per cent
for slow CMEs, indicating a more consistent and pronounced
decline for slow CMEs (H. Cremades et al. 2020). It is possible
that the expansion of slow CMEs diminishes more rapidly relative
to their leading-edge motion compared to fast CMEs. This likely
reflects stronger confinement of slow CMEs by the ambient solar
wind and a greater ability of fast CMEs to maintain expansion
even at 1 au due to their higher internal pressure.

2.7 Uncertainties and corrections in the
expansion-to-leading-edge speed ratio of CMEs

The uncertainties in Ve, /Vig derived using equation (6) are com-
puted using equation (7), taking into account the percentage cor-
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rection in the h and «. These uncertainties are shown with the
shaded region over the orange curve in Fig. 6. The errors in these
speed estimate ratios over the GCS model fitted heights and over
the distances up to 30 Ry are computed using the percentage
uncertainties in h and « as discussed in Section 2.2 and listed in
Table 1. The error in these speed ratios (from equation 6) at 1 au is
based on the percentage uncertainties in «, by accounting for the
spacecraft offset from the MC propagation direction, as described
in Section 2.4. This fractional uncertainty in x and uncertainty in
h (same as in GCS model) is adopted to estimate the uncertainties
back up to 30 R.

Further, the correction applied to the ratio Ve, /Vi g based on
in situ measurements of MCs at 1 au is also listed in Table 2. This
correction accounts for the angular offset of the spacecraft from
the MC propagation direction, which leads to an underestimation
of the translational (centre) component of the speed, while the
expansion component remains unaffected. Accordingly, the true
leading-edge speed is estimated as

Vi — Vexp
Vi)i=—"
( l)t cos A

where V; is the in situ measured leading-edge speed and A is the
angular separation between the spacecraft and the MC propaga-
tion direction. Based on the estimated values of (V}), the correc-
tion in terms of absolute magnitudes and corresponding percent-
age change (increase) in the V; at 1 au are provided in Table 3.
It is evident that the measured V] values are underestimated and
require correction to match (V;);. Using these corrected estimates,
we derive corrected values of Viy,/Vig (Table 2). The corrected
speed ratios are systematically smaller than those obtained di-
rectly from the in situ measurements. The negative percentage
values in the second-last column of the table indicate the extent
to which the measured ratios must be reduced. We note that
additional uncertainties may affect the estimates obtained from
equation (6), since the Ve, values derived from in situ observa-
tions do not necessarily represent the instantaneous expansion
speed at the time of CME leading-edge arrival (A. Agarwal & W.
Mishra 2024).

By comparing CME LE speeds near the Sun and at 1 au, our
results indicate that the relative contribution of expansion de-
creases more significantly for slow CMEs than for fast CMEs.
While the three-phase evolution of CME LE kinematics has been
reported in earlier studies (J. Zhang & K. P. Dere 2006), our find-
ings emphasize that the underlying physical processes govern-
ing this evolution remain poorly understood. The assumptions
adopted in this analysis, and the resulting limitations, are dis-
cussed below.

+ Vexps (10)

3 RESULTS AND DISCUSSION

We investigate the evolution of CME aspect ratio (k), radial size,
and expansion dynamics from the low-middle corona to 1 au for
8 Earth-directed, non-interacting CMEs from the STEREO era,
whose associated MCs were observed by the Wind spacecraft.
The analysis combines GCS-model-derived measurements in the
corona, inferred behaviour at intermediate heliocentric distances,
and corrected in situ estimates at 1 au. We note that the aspect
ratio increases by ~ 110 per cent for fast CMEs and ~ 60 per cent
for slow CMEs over the tracked coronal heights, which have im-
plications for assumptions of SSE. This indicates stronger early
expansion in fast CMEs, likely driven by their enhanced post-
eruption magnetic fields (D. E. Morosan et al. 2022).
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‘We compare our results with earlier studies on the CME aspect
ratio. S. Patsourakos et al. (2010) and A. M. Veronig et al. (2018)
defined the aspect ratio as the ratio of CME centre height to its ra-
dius (reciprocal of our definition), while J. Krall et al. (2001) used
the ratio of centre height to diameter (half the reciprocal of our
definition). Using our definition, S. Patsourakos et al. (2010) re-
ported an aspectratio of ~ 0.5 at ~ 2-3.5 Ry, which is higher than
our values (~ 0.27 for fast and ~ 0.22 for slow CMEs), whereas
A. M. Veronig et al. (2018) obtained ~ 0.25, comparable to our
estimates. At larger heights, J. Krall et al. (2001) reported ~ 0.2
at ~ 25R, lower than our values (~ 0.46 for fast and ~ 0.33
for slow CMEs). These differences likely arise from variations in
fitting methods and sample size.

We note that, on average, the MCs associated with fast CMEs
are larger and exhibit higher aspect ratios at 1 au than those
associated with slow CMEs. The mean measured radii for slow
and fast events at 1 au are ~ 20.2 and ~ 31.5R, increasing to
corrected true radii of ~ 24 and ~ 35.4 R, respectively. Similarly,
the mean in situ measured aspect ratios of ~ 0.11 (slow) and
~ 0.18 (fast) become ~ 0.12 and ~ 0.21 after correction. These
results suggest that fast CMEs tend to evolve into larger and more
radially extended structures by 1 au. The average radius of MCs in
our study is smaller than those reported in earlier studies (Y. Liu
et al. 2005; W. Mishra et al. 2021; B. Zhuang et al. 2023). This also
implies that, for comparable values of geoeffective parameters,
faster CMEs may result in longer impact durations of geomag-
netic disturbances than slower CMEs.

Using the corrected values of « at 1 au, the aspect ratio de-
creases from the last tracked coronal height by ~ 35-75 per cent
for fast CMEs (average ~ 55 per cent) and ~ 25-75 per cent for
slow CMEs (average ~ 60 per cent). Excluding the exceptional
cases (2013 Sep 29 for fast CMEs and 2010 Apr 03 for slow CMEs),
the average decrease in the corrected aspect ratio becomes ~
45 per cent for fast CMEs and ~ 75 per cent for slow CMEs. This
shows a substantial reduction in «, confirming a genuine decline
in radial expansion efficiency during interplanetary propagation.

Our results show that CME aspect ratio does not remain con-
stant; instead, it exhibits a three-phase evolution with heliocen-
tric distance. In the low-middle corona (< 10-15Rg), k¥ shows
a rise phase where it increases rapidly, indicating strong radial
expansion, with a more pronounced rise for fast CMEs. At in-
termediate heights (~ 15-30 Ry), « reaches a plateau (saturation
phase), reflecting a regime of regulated expansion. Beyond this,
« shows a decay phase, based on our corrected in situ measure-
ments, indicating a reduced efficiency of radial expansion during
interplanetary propagation. While both fast and slow CMEs fol-
low this trend, fast CMEs attain higher peak « values and show
greater variability, whereas slow CMEs exhibit a more gradual
rise and a comparatively faster decline. This also suggests that
CMEs do not maintain strict SSE from the Sun to 1 au, with
implications for the estimation of CME arrival time and impact
duration at Earth.

For all selected CMEs, the decrease in « from ~ 30 R to its
value at 1 au is described by a power-law relation. On average,
fast and slow CMEs follow « oc =% and k o h=%93, respectively,
indicating a steeper decline for slow CMEs. These indices may
carry uncertainties due to the assumption of a fixed reference
height (~ 30 Ry) where « is taken to be constant, which may vary
between events. This can be further constrained using multipoint
in situ observations or heliospheric imaging with the GCS model.

The ratio of radial expansion speed to leading-edge speed
(Vexp/Vie) serves as a direct measure of CME expansion effi-
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ciency. Derived from the evolution of « and independently esti-
mated from in situ measurements, this ratio shows a substantial
decrease from near the Sun to 1 au. On average, the decrease is
~ 70 per cent for fast CMEs and ~ 80 per cent for slow CMEs.
Excluding the exceptional cases (2013 Sep 29 for fast CMEs and
2010 Apr 03 for slow CMEs), the average decrease becomes ~
60 per cent for fast CMEs and ~ 90 per cent for slow CMEgs, indi-
cating a more consistent and pronounced decline for slow CMEs.

To model the evolution of «(h), we employ two functions,
fi(h, k) and f,(h, k) (equations 4 and 5), designed to capture
the rise, saturation, and decline phases. The reference « profile
combines GCS-derived coronal values with the inferred evolution
constrained by corrected in situ measurements at 1 au, and the fits
are obtained using a weighted least-squares approach. Both func-
tions reproduce the observed evolution and the derived Ve, /Vig
profiles well; however, f;(h, «) consistently shows smaller devia-
tions (Fig. 5), indicating that an explicit phase-based formulation
provides a slightly better description than the continuous form of
falh, «).

The observed three-phase evolution of x and Ve, /Vig reflects
a transition in the dominant physical processes governing CME
expansion. This transition from the rise phase to the decline
phase via the saturation phase represents a shift from magnet-
ically dominated expansion in the corona to a regime increas-
ingly controlled by the heliospheric environment. The consis-
tency between the decrease in « and the reduction in Vey,/Vig
provides strong kinematic evidence for a evolving expansion-
propagation dynamics during interplanetary propagation of
CMEs/MCs.

Several MHD models use the 3D kinematics of CMEs at 0.1
au as initial boundary conditions; however, they often do not in-
corporate the evolution of CME aspect ratio in their simulations
(D. Odstrecil et al. 2003; J. Pomoell & S. Poedts 2018; P. Mayank
et al. 2024). Also, aspect-ratio-related effects may be incorporated
in the HUXt model to examine the performance of the model (L.
Barnard & M. Owens 2022; M. J. Owens et al. 2025). Based on our
analysis, the variation in CME aspect ratio reflects the evolving
expansion of CMEs, which, if not properly accounted for, may
affect estimates of CME radial size, CME duration, arrival time
of CME substructures, and embedded magnetic flux. Although
the interplay between CME aspect ratio and external factors such
as heliospheric magnetic fields, solar wind structures, and CME-
CME interactions remains poorly understood, our results pro-
vide new observational constraints for investigating the role of
evolving CME aspect ratio and improving future space-weather
models.

In this study, we combine multipoint remote observations up
to ~ 15 Ry with in situ measurements at 1 au to investigate the
evolution of CME aspect ratio. Remote estimates may overesti-
mate the CME radius if the bright LE and compressed material
are included in GCSfitting (A. Vourlidas et al. 2013; M. Temmer &
V. Bothmer 2022), while the estimates from in situ measurements
may be underestimated if the spacecraft angular offset is not
properly accounted. Although the selected CMEs/MCs are Earth-
directed and in situ measurements are corrected, uncertainties
in aspect ratio may still arise from idealized geometrical con-
siderations (P. Démoulin & S. Dasso 2009; Y. Wang et al. 2015),
breakdown in coherency in MC structure in the interplanetary
medium (M. J. Owens, M. Lockwood & L. A. Barnard 2017; A.
Agarwal & W. Mishra 2025), and possible deflection, rotation,
or interaction with the ambient solar wind or other large-scale
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solar wind structure (Y. Wang et al. 2004; C. Kay & M. Opher
2015; W. Mishra, Y. Wang & N. Srivastava 2016). Magnetic ero-
sion due to reconnection may further reduce the MC radial size
(M. J. Owens & N. U. Crooker 2006; A. Ruffenach et al. 2012).
Despite these limitations, our results demonstrate a three-phase
evolution of CME aspect ratio and expansion dynamics in the
heliosphere. Future studies using multipoint in situ observations
and heliospheric imaging will help further constrain this evolu-
tion and improve our understanding of CME aspect ratio and its
implications for space weather.
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