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Coronal mass ejections (CMEs) are massive eruptions of plasma from the Sun that carry magnetic
fields and can disrupt Earth’s magnetosphere, triggering geomagnetic storms (GMSs). Under-
standing their propagation and interaction with the solar wind is essential for improving the
accuracy of space weather forecasts. This study employs numerical simulations to investigate
the interplanetary evolution of CMEs and their interaction with Earth’s magnetosphere. Using
the ENLIL heliosphere model within the Community Coordinated Modeling Center(CCMC) -
which utilizes a physics-based model to simulate solar wind and CMEs within the region of space
influenced by the Sun - tracks the CMEs propagation from 0.1 AU to 1 AU, incorporating solar
wind dynamics and Earth’s magnetospheric tilt. The simulation-based study reveals key CME
behaviors, including oscillatory motion, magnetic reconnection events, and significant interac-
tions with Earth’s magnetosphere, , all of which play a crucial role in the formation of GMSs.
. Additionally, we analyzed the cosmic ray cutoff rigidity using the back-tracing method, which
demonstrates its variability as a reliable indicator of geomagnetic modulation during CME events.
These findings highlight the importance of continuous monitoring and advanced modeling for
accurate space weather prediction and the protection of the technological infrastructure.
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1. Introduction

Coronal mass ejections (CMEs), which frequently originate from the Sun and spread throughout
the solar system, are intense plasma and magnetic field expulsions. These events are among the
most striking manifestations of solar activity, involving the ejection of about 1012–1013 kg of
plasma, along with its embedded magnetic field, into interplanetary space. The ejected material
can travel across millions of kilometres, carrying a kinetic energy in the range of 1025–1032 ergs.
In particular, these eruptions may be one of the factors in the periodic reversal of the Sun’s
global magnetic polarity [1]. They cause enormous disruptions that have the potential to interfere
with interplanetary magnetic fields as they move through the solar wind. These disruptions are the
primary causes of nonrecurrent GMSs, which can have a major impact on the Earth’s magnetosphere
and may have an impact on power grids, satellite operations, and communication networks [2]. In
the low corona — the area just above the Sun’s surface where its magnetic field is very strong —
observations show that CMEs often change direction, shifting in latitude and longitude rather than
moving straight outward. [3–5]. The CME impact on Earth could be caused by these deflections,
which were unexpected if the position of the CME source is primarily unanticipated. Alternatively,
monitoring could prevent an effect from occurring if it is predicted early enough [6, 7]. The direction
of the background solar magnetic gradients typically follows CME deflections [8, 9]. Globally, this
translates into motion away from coronal holes and towards the heliospheric current sheet (HCS)
[10, 11]. CMEs appear to be the most strongly controlling space weather effects, so it is very
important to understand the path of CMEs in the corona and heliosphere as it will definitely affect
the Earth directly or indirectly. Therefore, the path of CMEs and their properties will have an impact
on the Earth as it passes through the corona and heliosphere. Hence, this study is very important
for accurate space weather predictions.

As a CME travels across interplanetary space, it typically takes from one to several days to
reach Earth, covering a distance of about 1 AU, depending on its initial speed. A crucial factor
in its geoeffectiveness is the embedded interplanetary magnetic field (IMF), particularly if it has
a southward orientation. This orientation allows magnetic reconnection with Earth’s northward-
pointing magnetospheric field lines, primarily occurring near the first Lagrange point (L1), located
approximately 0.01 AU from Earth [12]. This reconnection facilitates the transfer of solar wind
energy into Earth’s magnetosphere, driving geomagnetic storms (GMSs) and various phenomena
such as the aurorae [13]. Beyond this direct magnetic interaction, the CME compresses the
magnetosphere, intensifying geomagnetic activity by enhancing the ring current and magnetospheric
convection. The product of the southward magnetic field strength and its velocity is strongly
correlated with the intensity of the magnetic storm, as represented by the Dst index. Moreover,
CME expansion plays a critical role; greater expansion during solar cycle 24, likely due to reduced
external magnetic pressure from the solar wind, may have led to weaker interplanetary CME fields,
reducing their geoeffectiveness [14, 15].

Space weather effects persist due to prolonged geomagnetic disruptions following CME im-
pacts. CMEs often reach Earth as magnetic clouds—structures characterized by smooth magnetic
field rotation, strong field strength, and lower plasma temperatures—commonly modeled as mag-
netic flux ropes [16, 17]. These organized configurations efficiently drive extended geomagnetic
storms (GMSs). Although solar wind and magnetospheric plasmas are ideally separated, magnetic
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reconnection at L1 and the dayside magnetopause enables their interaction. This process, involving
the merging of oppositely directed field lines, facilitates solar wind energy and particle entry into the
magnetosphere, injecting solar energetic particles (SEPs), disturbing radiation belts, and altering
ionospheric dynamics [18].

This paper is organized into the following sections, aligned with our analytical strategy. Sec-
tion 2 discusses the propagation of CMEs through the heliosphere and the coordinate transformation
of CME parameters, followed by Section 3, which details the numerical techniques used to simulate
cosmic ray (CR) trajectories borne out of the interaction of plasma with the geomagnetic field
(GMF). Finally, Section 4 summarizes the results on the propagation of CMEs, and their impacts
on the Earth’s environment.

2. Dynamics of CMEs in the Heliosphere

We investigated four major GMS events—7 May 2005, 12 July 2012, 22 June 2015, and 7
October 2015—selected from Space Weather Live archives [19], based on their strong solar flares
and CME activity. Among these, the 22 June 2015 event (linked to Carrington Rotation 2165 of
Solar Cycle 24 [21, 22]) was analyzed in detail due to the muon rate enhancement observed by
GRAPES-3 [20]. We employed the ENLIL model [23], which solves MHD equations for important
plasma properties, to model CME propagation from 0.1 to beyond 1 AU. The workflow of our
modeling pipeline is illustrated in Figure 1.

CME Propagation Simulation
(ENLIL Model)

CME Simulation Data

Coordinate Transformation
(Galactic             ICRS            GSM)

Cut-off Rigidity Calculation
(Backtracing Method)

Geomagnetic & Space Weather Analysis

Figure 1: Flowchart shows the study of CME propagation in the heliosphere and their impacts in the Earth
environment.

Figure 2 shows the evolution of total velocity (solid line) and magnetic field strength (dashed
line) for all CME events.

ENLIL outputs are initially provided in the Heliocentric Earth Equatorial (HEEQ) coordinate
system, which is a Sun-centered system used in space physics and solar physics, is suitable for
heliospheric tracking but not for near-Earth interaction analysis. To estimate the CME’s impact on
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Figure 2: Total velocity and magnetic field variation during the propagation of all CME events.

Earth’s magnetosphere, we transformed the velocity and magnetic field vectors to the Geocentric
Solar Magnetospheric (GSM) frame via a two-step process. First, Galactic coordinates were rotated
to the International Celestial Reference System (ICRS) using the rotation matrix provided by [28],
implemented via Astropy [25–27]. Then, a tilt transformation with 𝜃 = −11◦ was applied to align
with Earth’s magnetic dipole axis, following [29].

Figure 3 displays the GSM-transformed profiles of total velocity and magnetic field compo-
nents for all CME evnets. These reveal distinct regions of CME oscillation and magnetic fields
reconnection, highlighting key dynamical interactions with the ambient solar wind and IMF.

Figure 3: The upper panel shows the variation of velocity, while the lower panel displays the corresponding
magnetic field variation in the GSM coordinate system, both plotted as a function of distance for all CME
events.

3. Impacts on near-Earth space

Coronal mass ejections (CMEs) interacting with Earth’s geomagnetic field (GMF) can induce
magnetic reconnection, as well as modify the cutoff rigidity (𝑅) of primary cosmic rays (CRs) and
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result in changes to the flux of secondary particles detected at ground level. Cutoff rigidity, defined
as 𝑅 =

𝑝𝑐

𝑍𝑒
, represents the minimum momentum and charge ratio required for a charged particle to

penetrate the GMF and reach a specific location.
We modeled the GMF using a spherical harmonic expansion of the magnetic potential𝑉 (𝑟, 𝜃, 𝜙)

[29], employing Gauss coefficients and Legendre polynomials. The International Geomagnetic
Reference Field (IGRF) model and the backtracing code TJ2010 [30] were used to compute
cutoff rigidity maps at GRAPES-3 (11.4◦N, 76.7◦E) with 1◦ angular resolution. Due to the high
computational cost of field evaluations (∼90% CPU time), we used a reference map and compared
it with event-specific maps.
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Figure 4: (a) Estimated cutoff rigidity map for GRAPES-3 field of view. (b) Difference in cutoff rigidity
map for the 22 June 2015 event compared to the reference map.

Figure 4 shows (a) the ideal cutoff rigidity map and (b) its deviation during the 22 June
2015 GMS, revealing widespread reductions in rigidity due to magnetic reconnection. Using the
CORSIKA [31] framework, we simulated 50 million primary CRs under 15 GeV–10 TeV, 𝛾 =
–2.7 conditions, and using this, we compared OmniWeb and ENLIL-driven rigidity maps with
the reference spectrum and estimated the variation in the CR flux during each GMS. The results,
summarized in Table 1, show that ENLIL-based estimates differ significantly, often by an order
of magnitude, due to model simplifications, such as ignoring ICME magnetic structures and using
empirical boundary conditions at 0.1 AU [32].

Table 1: List of geomagnetic storm (GMS) events with the estimated change in cosmic ray (CR) flux using
the data from OmniWeb measurements and ENLIL simulation.

GMS Event OmniWeb (%) ENLIL (%)
7 May 2005 0.195 −0.003
12 July 2012 −0.039 −0.004
22 June 2015 0.442 0.004
7 October 2015 −0.129 0.008

Additionally, observational discrepancies arise from L1-based measurements (∼1 AU), while
reconnection typically occurs between 10–30 Earth radii (R𝐸). GRAPES-3 reported a muon burst
during the 22 June 2015 event, which required a 40× scaling of L1 magnetic field measurements
in simulations to match the observed flux [20]. This indicates missing physical information in
current models during plasma transport from L1 to Earth’s vicinity. Additionally, we calculated
cutoff rigidities via back-tracing methods to assess cosmic ray flux changes using both OmniWeb
and ENLIL data (Figure 5).
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Figure 5: Difference in CR flux from OmniWeb for 22 June 2015 event.

4. Conclusions

We employed a 3D ENLIL magnetohydrodynamic model to simulate CME propagation from
the Sun to Earth, capturing key dynamical behaviors and plasma–field interactions. The sim-
ulations reveal oscillatory features in the 0.13–0.26 AU range, likely due to Kelvin–Helmholtz
instabilities and Alfvénic fluctuations arising from velocity shear and magnetic field modulation at
the CME–solar wind interface. In the 0.40–0.53 AU region, localized magnetic reconnection events
alter the CME’s magnetic structure, forming plasmoids and flux ropes that contribute to plasma
heating and acceleration. As the CME nears Earth (0.936–1.003 AU), it compresses the dayside
magnetosphere and stretches the magnetotail, triggering geomagnetic storms with significant space
weather consequences. These results highlight the critical role of CME internal dynamics and
magnetospheric coupling in shaping space weather impacts.
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