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Abstract

This article analyses the response of the subsolar position (Ro) of the Earth’s magnetopause to geo-effective ICME storms in solar cycle 24,
ranging from minor to extreme intensity, based on the model developed by Shue et al. (1998) and 1-minute OMNI data. The study combines
a phase analysis of representative storms with an analysis of the influence of Ro variability on solar wind parameters, without phase distinction
(correlations, time lags, Granger causality, and adjustments). The results show that the dynamics of Ro are driven almost exclusively by Pd in
the minor and moderate storms studied, while a synergistic shift appears in strong and extreme storms, where magnetic reconnection or even
magnetopause erosion becomes decisive. The crossing of the magnetopause at the subsolar point of the geosynchronous orbit (<6.6 Re) is a
signature of the main phase of the storm on 22 June 2015 (strong) and the initial and main phase of the storm on 17 March 2015 (extreme). The
autocorrelation correction confirms the robustness of the high correlations observed. The relationships between Ro and Pd remain linear except
for the extreme event, while Bz requires polynomial adjustments in most of the events studied. Variations in Pd and N precede those in Ro by 1
min to 3 min and significantly influence those in Ro, with a maximum effect at lag = 0 min in almost all events. The predominant response of Ro

to the magnetic constraint imposed by B is delayed, with lag varying from 30 min to 7 min depending on the event, except in the extreme case
where lag = 0 min, controlled by the structure of the magnetosphere, and Bz plays a secondary role except in the extreme case where it contributes
to magnetic reconnection and magnetopause erosion.
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1. Introduction

The magnetopause is the essential dynamic interface of the
Earth’s magnetospheric system. It marks the boundary be-
tween the magnetosphere, which is governed by Earth’s mag-

∗Corresponding author Tel. No: +226-7144-4242.
Email address: zounchr@yahoo.fr (Christian Zoundi)

netic field, and the solar wind, a continuous stream of charged
particles emitted by the Sun. Its position, particularly at the
subsolar point, remains at a safe distance (Ro) and varies con-
tinuously in response to solar wind parameters and the inter-
planetary magnetic field (IMF). (Ro) is therefore a key indicator
of magnetospheric compression and the vulnerability of space
infrastructure.
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Among the most disruptive solar structures, coronal mass
ejections (CMEs) generate interplanetary shocks that can trig-
ger intense geomagnetic storms. According to several studies
[1–3], the most severe compressions of the magnetopause, es-
pecially during extreme storms, are driven by fast CMEs, which
are often characterised by high density and an intense magnetic
field.

Empirical and numerical models have been developed to ex-
plain these changes, and Refs. [4–6], propose a robust formula-
tion that links Ro to the Bz component of the IMF and the solar
wind dynamic pressure. Recent studies on the variation in the
safety distance, such as Ref. [7], have highlighted time-lag and
hysteresis effects, emphasising that the major Ro index depends
not only on instantaneous conditions but also on the history of
the solar wind. Additionally, Ref. [8] research on the long-term
fluctuations of the magnetopause’s subsolar location over five
solar cycles has shown a significant reliance on specific solar
wind parameters. Their approach, based on annual averages,
confirmed the dominant role of these parameters in large-scale
magnetospheric compression.

Nevertheless, a number of restrictions remain despite these
developments. There are currently few continuous in situ ob-
servations of the magnetopause’s dayside, and methods relying
on stationary simulations or lengthy averages do not enable a
precise distinction in Ro’s response based on storm intensity or
storm phase (initial, main, or recovery). Ref. [9] have also
shown that transient phenomena such as ICMEs, particularly
their ejecta, significantly impact the magnetopause dynamics
through multiparametric interactions that still elude conven-
tional models. This poses a significant problem for satellite
operators, especially those whose control systems depend on
the Earth’s magnetic field to keep the satellite pointed in the
right direction [10].

This is the setting for the current study, which aims to statis-
tically analyse the dynamics of the Earth’s magnetopause’s sub-
solar location (Ro) in relation to the various stages of geomag-
netic storms caused by CME shocks based on their intensity
during solar cycle 24. The study employs an event-based, mul-
tiphasic methodology stratified by disturbance severity, using
a representative sample of classified storms (minor, moderate,
strong, extreme). It aims to evaluate the evolution of Ro dur-
ing the initial, main, and recovery phases of each type of storm,
to examine the correlations and time lags between Ro and the
main parameters of the solar wind (Pd, Bz, B, N), to identify
nonlinear relationships or delayed response effects of the mag-
netopause, and to compare the characteristic signatures of Ro

according to CME event classes. The initial analysis focuses on
a single representative case for each ICME storm category (mi-
nor, moderate, strong, and extreme), and this study extends it by
adding two additional events of the same type. This approach
aims to broaden the observational base, thereby strengthening
the statistical validity of the results and enabling the identifi-
cation of more reliable general trends in the relationships be-
tween the subsolar location Ro and solar wind parameters. On
the other hand, for the category of extreme ICME storms, the
analysis is based on a single event, this being the only case of
an extreme ICME storm recorded during solar cycle 24, which

Table 1. Geomagnetic storm classification according to Ref. [12].
Category Physical measurements

Descriptor DS T (nT)
Minor -50 nT ≤ DS T ≤ -30 nT

Moderate -100 nT ≤ DS T ≤ -50 nT
Strong DS T ≤ -100 nT

Extreme DS T ≤ -200 nT

gives it a special status in the study.
By building on previous work, this study makes a tar-

geted contribution to understanding magnetospheric compres-
sion mechanisms and aims to improve the modelling of Sun-
magnetosphere interactions in a transient context, with di-
rect implications for high-temporal-resolution space forecast-
ing. The study’s data and methodology are presented in section
2, followed by the results and discussion in section 3, and the
conclusion in section 4.

2. Methodology

2.1. Different phases of a geomagnetic storm

Based on changes in geomagnetic indices, a geomagnetic
storm can be divided into three phases. In equatorial regions
and at low latitudes, these different phases can be observed
through temporal variations in the DS T (Disturbance storm
time) index (see Figure 1).

1. An initial phase, which is a brief transient phase (a few
hours) during which the solar wind compresses the mag-
netosphere. It results in an increase in DS T and a sudden
increase in the Chapman-Ferraro current at the magne-
topause and in the horizontal component H of the Earth’s
magnetic field;

2. A main phase, during which the magnetosphere remains
compressed. This phase lasts from a few hours to a day.
It is characterised by a drop in DS T , caused by the inten-
sification of the ring current, and by a slight decrease in
the H component of the Earth’s magnetic field;

3. A recovery or restoration phase, during which the distur-
bances decrease more or less rapidly, leading to a gradual
increase in the DS T and the magnetosphere returns to its
normal size. Its duration ranges from a day to several
days.

2.2. Different classes of geomagnetic storms

Geomagnetic storms are classified according to their inten-
sity or degree of disturbance using magnetic indices that reflect
geomagnetic activity. For example, we have the DS T index in
the mid and low latitudes of the magnetic equator with a tem-
poral resolution of one (01) hour, the symmetric disturbance
index of the horizontal component (H) of the Earth’s magnetic
field (SYM-H) with a temporal resolution of one (01) minute
[11]. The DS T index was used according to the classification
proposed by Ref. [12]. This classification is shown in Table 1.
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Figure 1. Different phases of a geomagnetic storm.

Table 2. Geomagnetic storms caused by CMEs selected for the study.

Storm class Storm date CME type Emission
(UTC)

Angle Impact (UTC) DS T,min (nT) Start End

Minor 21-04-2014 Partial halo 15-04-2014
(18:24:05)

360 20-04-2014
(10:21:00)

-32 21-04-2014
(07:30:00)

22-04-2014
(07:48:00)

05-06-2011 Partial halo 01-06-2011
(18:36:06)

186 04-06-2011
(20:45:00)

-47 05-06-2011
(02:00:00)

05-06-2011
(19:00:00)

09-03-2018 Partial halo 06-03-2018
(01:25:41)

136 09-03-2018
(18:09:00)

-39 09-03-2018
(22:00:00)

11-03-2018
(00:00:00)

Moderate 04-08-2010 Halo 01-08-2010
(13:42:05)

360 03-08-2010
(17:01:34)

-74 04-08-2010
(09:54:00)

05-08-2010
(00:56:15)

02-10-2013 Halo 29-09-2013
(22:12:05)

360 02-10-2013
(01:54:00)

-72 02-10-2013
(23:00:00)

03-10-2013
(22:00:00)

06-11-2015 Partial halo 01-11-2015
(23:24:04)

171 06-11-2015
(18:18:00)

-87 07-11-2015
(06:00:00)

08-11-2015
(16:00:00)

Strong 23-06-2015 Halo 19-06-2015
(06:42:50)

360 22-06-2015
(05:08:34)

-198 23-06-2015
(01:36:25)

24-06-2015
(13:10:42)

24-10-2011 Halo 22-10-2011
(01:25:53)

360 24-10-2011
(18:31:00)

-147 24-10-2011
(22:00:00)

25-10-2011
(16:00:00)

14-07-2012 Halo 11-07-2012
(01:25:27)

360 14-07-2012
(18:09:00)

-139 15-07-2012
(06:00:00)

17-07-2012
(05:00:00)

Extreme 17-03-2015 Halo 15-03-2015
(01:48:05)

360 17-03-2015
(04:00:00)

-234 17-03-2015
(13:08:34)

18-03-2015
(23:21:25)

Note: Source: List of CMEs (Richardson and Cane).

The geomagnetic storm events induced by CMEs selected
for this study are recorded in Table 2. These events are all lo-
cated in solar cycle 24 (2008-2018).

2.3. Data analysis methods
Our estimate of the subsolar distance of the Earth’s mag-

netopause, also known as the safety distance, is based on the
empirical model developed by Ref. [4] and improved in 1998.
This model is widely used in the scientific community for its
ability to represent the shape and location of the magnetopause
as a function of solar wind conditions and the interplanetary

magnetic field (IMF). It is based on a parametric equation that
describes the magnetopause geometry as a function of the solar
zenith angle, with two key parameters: Ro, which represents the
subsolar distance, and α, which controls the degree of flaring of
the magnetospheric tail.

The 1998 version introduces a more flexible, physically
consistent formulation that accounts for the nonlinearity of the
Bz field and the dynamic pressure Pd. It improves the continu-
ity between positive and negative Bz regimes, thereby allowing
a better representation of magnetopause variations across var-
ious contexts [5]. The model is appreciated for its simplicity,
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Figure 2. From top to bottom, daily variations in IMF intensity (B), north–south component of IMF (Bz), proton density (N), solar wind dynamic
pressure (Pd), and subsolar location R0 of the magnetopause during the minor storm from April 19 to 23, 2014.

robustness, and compatibility with in situ observations, partic-
ularly those from space missions that primarily operate at the
equatorial plane and low latitudes, such as THEMIS and MMS.
The model is also nominally suitable for predicting extreme so-
lar wind conditions that can lead to large deformations of the
magnetopause [5], as confirmed by Ref. [9]. This model has
been widely used as a reference in previous work.

In this study, the formula for the subsolar location of the
magnetopause used is represented by the equation (1):

Ro =
(
10.22 + 1.29 tanh

[
0.184 (Bz + 8.14)

] )
(Pd)−

1
6.6 , (1)

where Ro represents the location of the subsolar point of the
Earth’s magnetopause estimated in Earth radius (Re), Bz de-
notes the (north-south) component of the interplanetary mag-
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Figure 3. From top to bottom, daily variations in IMF intensity (B), north–south component of IMF (Bz), proton density (N), solar wind dynamic
pressure (Pd), and subsolar position R0 of the magnetopause during the moderate storm from August 2 to 6, 2010.

netic field (IMF) in (nT ), and Pd the dynamic pressure of the
solar wind in (nPa).

2.4. Methodological approach: methods for processing time
series, statistical validation, causality tests and uncer-
tainty assessment

Correlations between Ro and solar parameters (Pd, B, Bz, N)
were assessed, accounting for autocorrelation in the time series.

Statistical significance and confidence intervals were adjusted
using the effective number of degrees of freedom (Neff), esti-
mated according to the method of Ref. [13], to limit the over-
estimation of confidence levels due to temporal redundancy in
observations.

Directional temporal relationships were examined using
Granger causality tests. The stationarity of the series was veri-
fied using the augmented Dickey–Fuller (ADF) test [14], and
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Figure 4. From top to bottom, daily variations in IMF intensity (B), north–south component of IMF (Bz), proton density (N), solar wind dynamic
pressure (Pd), and subsolar position R0 of the magnetopause during the phases of the severe storm from June 21 to 24, 2015.

non-stationary series were made stationary by differentiation
where necessary. Causality tests were performed in a multiple
lag autoregressive framework, with significance assessed using
F-tests in accordance with Granger’s original formulation [15]
and subsequent developments in VAR analysis. Granger causal-
ity is a commonly used approach in space geophysics and space
weather studies for analysing causal relationships between geo-
physical parameters (e.g., Ref. [16]).

The uncertainty associated with causal lags was estimated
using a stationary bootstrap, which reproduces the temporal de-
pendence of the series during resampling without assuming in-
dependence among observations [17]. This approach was used
to construct empirical distributions of dominant lags and assess
their statistical stability in a context of temporal dependence
and potential non-normality [18]. Finally, linear and second-
degree polynomial regression models were explored in a uni-
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variate setting, with cross-validation respecting the temporal or-
der of the data.

3. Results and discussions

This section will first focus on variations in the subsolar po-
sition Ro of the magnetopause throughout geomagnetic storms,
then on correlation analysis and linear and non-linear regression
between the subsolar position Ro of the Earth’s magnetopause
and solar wind parameters during geomagnetic storms, and fi-
nally on Granger causality analysis, cross-correlation and time
lag between the subsolar position of the Earth’s magnetopause
and solar wind parameters.

3.1. Variation of the subsolar location of the magnetopause
during the entire course of the minor storm of April 21,
2014

The graphs in Figure 2 below show the different subsolar lo-
cations of the Earth’s magnetopause under the influence of so-
lar wind parameters and the interplanetary magnetic field (IMF)
during the minor CME storm that occurred on April 20, 2014.
The observation of Figure 2 shows a marked variability for Ro

in direct response to fluctuations in solar wind parameters and
the interplanetary magnetic field IMF.

The first vertical line indicates the time of the shock. Before
this first line, we have the pre-storm (calm) period; between
the first and second vertical lines, the initial phase of the mi-
nor storm; between the second and third vertical lines, its main
phase; and after the third vertical line, its recovery phase.

Pre-storm phase: Before the impact of the coronal mass
ejection (CME), between 19 April and 20 April (until 10:20
UT), the subsolar position (Ro) of the Earth’s magnetopause
showed remarkable stability, oscillating slightly between 9.5 Re

and 11 Re. As shown by Refs. [4, 19, 20], the subsolar point is,
on average, located at about 10 Re (Earth radii) under normal
solar conditions. This configuration reflects a quasi-static state
of equilibrium. This principle, introduced by Ref. [21] and fur-
ther developed by Ref. [22], is based on the fact that the shape
and position of the day boundary continuously adjust to main-
tain equilibrium between the pressure of incident solar plasma
and the internal magnetic pressure of the magnetosphere. Here,
the magnetic resistance precisely compensates for a moderate
dynamic pressure (Pd) (3 nPa to 5 nPa). The absence of dom-
inant polarity in the interplanetary magnetic field (Bz) prevents
erosion by reconnection, thereby validating the application of
reference models for standard solar conditions.

The quasi-steady state was abruptly disrupted at 10:21 UT
on 20 April by the impact of the CME shock. A sudden com-
pression of the boundary was observed, resulting in a 1.3 reduc-
tion and propelling the subsolar point to a minimum of 7.9 Re.
This dynamic was driven by an increase in dynamic pressure
Pd by an order of magnitude (a factor of 4-5), reaching values
exceeding 14 nPa. In accordance with the conclusions of Ref.
[23], this response is the direct signature of a supersonic shock.
Since the Bz component remains close to zero, the compression
here is purely mechanical, with the inward displacement being

strictly correlated with the increase in density and intensity of
the total interplanetary magnetic field (B > 20 nT ).

Initial phase: between 10:21 UT and 15:00 UT on 20 April
2014, the magnetopause was maintained under variable com-
pression, with Ro fluctuating between 7.9 Re and 9.9 Re. This
instability is driven by residual Pd pulses (3.4 nPa to 10 nPa).

During the main phase (from 20 April at 15:00 UT to 21
April at 15:00 UT), the magnetopause maintains a similar dy-
namic to that observed in the initial phase. Despite the storm’s
overall evolution, variations in Ro remain closely correlated
with low-amplitude fluctuations in dynamic pressure Pd. This
observation indicates that, for this specific event, direct control
by the solar wind prevails over internal magnetic coupling pro-
cesses.

Recovery phase: from 21 April after 15:00 UT, the system
begins a gradual relaxation phase. The subsolar position Ro sta-
bilises at distant values between 10 Re and 12.8 Re, reflecting a
state of maximum relaxation of the magnetopause. This return
to the nominal configuration is correlated with a drastic drop in
Pd to very low values (1.5 nPa to 2 nPa). The restoration of in-
terplanetary calm allows the pressure balance between the solar
wind and Earth’s magnetic pressure at the magnetopause to be
restored, returning the latter to its initial spatial configuration
and marking the end of the CME’s influence.

3.2. Variation of the subsolar location R0 of the magnetopause
during the entire course of the moderate storm of August
4, 2010

During the moderate geomagnetic storm of August 4, 2010,
the subsolar location Ro of the Earth’s magnetopause showed
pronounced variability in response to the strong fluctuations in
the solar wind induced by the arrival of a coronal mass ejection
(CME) (Figure 3).

The first vertical line indicates the time of the shock. Before
this first line, we have the pre-storm (calm) period; between the
first and second vertical lines, the initial phase of the moder-
ate storm; between the second and third vertical lines, its main
phase; and after the third vertical line, its recovery phase.

Pre-storm phase: between 2 and 3 August (until 17:00 UT),
the magnetopause is in a state of relaxation characteristic of pe-
riods of interplanetary calm. The subsolar position (Ro) oscil-
lates steadily between 10.5 Re and 11.5 Re. This configuration
is maintained by minimal dynamic pressure (Pd) (∼1 nPa) and
a near-zero Bz component (Bz ≈ 0 nT ). This interval defines
the reference state required for quantifying the dynamic distur-
bances induced by the arrival of the solar structure.

Initial phase: an abrupt change in conditions occurred on
3 August at 17:40 UT, marking the impact of the CME shock
front. An increase in dynamic pressure (Pd) of one (01) order of
magnitude was observed, rising from 1 nPa to 10 nPa in a mat-
ter of minutes. This peak in Pd compresses the magnetopause,
reducing Ro by a factor of 1.6 to a minimum of 7 Re (observed
around 22:00 UT). Analysis shows that the compression ob-
served is not exclusively mechanical in origin. The southward
tilt of the Bz component introduces a secondary magnetic con-
tribution, in agreement with the work of Ref. [24], who showed
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that a southward orientation of the interplanetary magnetic field
favours the approach of the magnetopause from a state of pres-
sure equilibrium. In this moderate regime, the southward ori-
entation of Bz does not lead to fully developed erosion of the
magnetosphere on the day side, but activates an incipient mag-
netic coupling. As described by Refs. [25–27], this coupling is
accompanied by the activation of region 1 currents, which par-
tially weaken the magnetic field on the day side. This relaxation
reduces the magnetosphere’s ability to resist the dynamic pres-
sure of the solar wind, allowing the latter to dominate more ef-
fectively and accentuate the compression of the magnetopause,
without exceeding the limits of a regime in which the compres-
sion of the magnetopause remains essentially governed by the
dynamic pressure of the solar wind, with the magnetic contri-
bution playing a secondary role.

The main phase, between 01:00 UT and 19:00 UT on 4
August, shows a complex dynamic signature, alternating be-
tween residual compression and major expansion. The high-
light of this phase is a spectacular expansion of the magne-
topause reaching 13.5 Re between 12:00 UT and 13:00 UT.
This phenomenon, representing a growth of nearly 90% from
the minimum of the initial phase, resulted from a drastic drop
in Pd (falling to 0.5 nPa) coupled with a sustained shift of Bz

towards the north. This ‘rebound’ observed in this event is
characteristic of moderate storms where the rarefaction of solar
plasma following the dense front of the CME allows for an ex-
ceptional relaxation of the magnetospheric cavity, a behaviour
documented by Refs. [1, 2].

Recovery phase: from 19:00 UT on 4 August, the system
began recovery. The subsolar position (Ro) stabilised at distant
values (11 Re to 13 Re), reflecting a state of maximum relax-
ation of the magnetospheric cavity. The return of solar wind
parameters to their reference levels (∼1 nPa for Pd and ∼1 cm−3

for density N) confirms that the magnetosphere is free from the
compressive stresses imposed by the CME. The dissipation of
major fluctuations marks the restoration of Chapman-Ferraro
equilibrium under nominal post-storm conditions.

3.3. Variation of the subsolar location Ro of the magnetopause
during the entire course of the intense storm of June 23,
2015

During the strong geomagnetic storm of June 23, 2015, the
subsolar location of the Earth’s magnetopause Ro (Figure 4) ex-
perienced particularly strong and rapid fluctuations in response
to extreme changes in solar wind conditions induced by the ar-
rival of a coronal mass ejection (CME). We analyse the vari-
ability of Ro during this event.

The first vertical line indicates the time of the shock. Be-
fore this first line, we have the pre-storm (calm) period; be-
tween the first and second vertical lines, the initial phase of the
severe storm; between the second and third vertical lines, its
main phase; and after the third vertical line, its recovery phase.

Pre-storm phase: the period before 05:44 UT on 22 June.
At the start of this phase, the magnetosphere was initially calm,
with the subsolar position (Ro) stabilised between 10 Re and 11
Re. However, an isolated compression was observed at 17:00

UT on 21 June, bringing Ro back to 8 Re. Although no inter-
planetary coronal mass ejection (ICME) events are listed in the
official catalogues for this interval, the simultaneous increase
in dynamic pressure (Pd) and magnetic field intensity (B) sug-
gests the impact of an unidentified plasma cloud structure. This
forcing, lasting approximately eight (08) hours, appears to play
a role in preconditioning the magnetospheric cavity before the
arrival of the main shock.

Initial phase: the CME shock front impacts at 05:44 UT on
22 June, causing a sudden compression of the magnetopause.
The subsolar position (Ro) decreases by a factor of 1.5, reach-
ing a minimum of 6.8 Re. This response is driven by a Pd pulse
reaching 10 nPa, associated with a plasma density N>25 cm−3.
During this phase, the Bz component exhibits rapid fluctua-
tions around 0 nT , with intermittent excursions to positive and
negative values, without remaining in any particular range for
long. Under these conditions, the influence of Bz on the mag-
netopause is intermittent and unstable: periods of Bz < 0 tem-
porarily promote erosion and compression, while passages of
Bz > 0 allow partial relaxation, preventing sustained displace-
ment of the magnetopause. This indicates that in this initial
phase, the sustained inward displacement of the magnetopause
results from a dominance of purely mechanical forcing mech-
anisms. This observation validates the momentum transfer re-
sults of Ref. [23] under conditions of negligible magnetic re-
connection.

Main phase: The main phase, which began at 08:00 UT
on 22 June, was characterised by impulsive dynamics. After a
brief expansion to 9 Re following a northward orientation of Bz,
the system interacted with the compressive region of the ICME
between 18:00 UT and 20:00 UT. The magnetopause then un-
dergoes marked compression, with Ro reaching a minimum of
5 Re, placing the subsolar point well below the geosynchronous
orbit (6.6 Re). This compression results from the combined ac-
tion of two fundamental mechanisms: the first mechanism is
a dramatic increase in the dynamic pressure of the solar wind
(Pd∼49 nPa) associated with a high solar wind density (approx-
imately 58 cm−3): the solar wind exerts a direct force on the
magnetopause, pushing the Earth’s magnetic field lines inward.
According to the pressure equilibrium, such an increase in Pd

moves the magnetopause much closer to Earth than under nor-
mal conditions. The second mechanism is the strong southward
orientation of Bz (around −40 nT ) concomitant with an intensi-
fication of the interplanetary magnetic field B, which becomes
more intense (45 nT ): this configuration promotes magnetic re-
connection on the day side of the Earth’s magnetopause, allow-
ing solar plasma flux to temporarily enter the magnetosphere.
The reconnection opens up Earth’s magnetic field lines and pro-
motes the magnetopause’s approach towards Earth, which am-
plifies the compression induced by the dynamic pressure of the
solar wind in a very short time during this main phase, which
lasted only about two (02) hours, in accordance with the mech-
anisms described by Refs. [24, 27]. Our results in this main
phase of a strong geomagnetic storm induced by ICME demon-
strate that a strong pulse of Pd, or a strong pulse of Pd combined
with a strong rotation of Bz from north to south, or a strong ro-
tation of Bz from north to south without a pulse, is sufficient to
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bring the magnetopause inside the geosynchronous orbit.
Finally, during the recovery phase, after 04:00 UT, Ro grad-

ually rose above 8 Re, indicating a relaxation of solar wind pres-
sure and a Bz oscillating around 0 nT , also indicating a gradual
return to normal conditions.

Our results during the main phase of the geomagnetic storm
of 22 June 2015, based on the model by Ref. [5], are consis-
tent with the observations of Ref. [28], which identify mag-
netopause crossings by the GOES 13 and GOES 15 satellites
between 18:30 UT and 20:00 UT on 22 June 2015, caused by
a similar increase in density (10 cm−3 to 60 cm−3) and a south-
ward orientation of Bz reaching -40 nT . Both studies confirm
that the magnetopause moved inside the geosynchronous orbit
before relaxing following a northward rotation of Bz and a de-
crease in density. Our results provide further clarification by
distinguishing three scenarios for the passage of the magne-
topause below the geosynchronous orbit: a single pulse of Pd, a
pulse combined with a southward rotation of Bz, or a southward
rotation of Bz without a dynamic pressure pulse, thus highlight-
ing the complexity of the interactions between solar wind pa-
rameters and magnetospheric dynamics for this case of a CME-
induced geomagnetic storm.

3.4. Variation of the subsolar location R0 of the magnetopause
during the entire course of the extreme storm of March 17,
2015

The extreme geomagnetic storm of March 17, 2015, of-
ten referred to as the “Saint Patrick’s Day Storm,” is an ex-
ample of extreme interaction between a coronal mass ejection
(CME) and the Earth’s magnetosphere during solar cycle 24.
The evolution of the subsolar magnetopause location, Ro (Fig-
ure 5), during this event shows strong fluctuations in the bound-
ary layer.

The first vertical line indicates the time of the shock. Before
this first vertical line, we have the pre-storm (calm) period; be-
tween the first and second vertical lines, the initial phase of the
extreme storm; between the second and third vertical lines, its
main phase; and after the third vertical line, its recovery phase.

The pre-storm phase lasted from 16 to 17 March at around
04:45 UT. It was characterised by unstable magnetopause dy-
namics, with the subsolar position fluctuating upstream of the
initial phase between 7.4 Re and 10 Re. In fact, as early as 02:00
UT on 16 March, a marked compression reduces Ro to 7.4 Re.
This magnetopause dynamics is a direct response to high dy-
namic pressure Pd (>12 nPa) associated with high solar wind
plasma density (N ≈ 40 cm−3). This ‘breathing’ phase of the
magnetopause reflects the heterogeneity of the precursor solar
wind. The role of the magnetic component Bz is decisive here:
a strongly negative orientation between 02:00 UT and 06:00 UT
intensifies reconnection, preventing the system from stabilising
at its nominal position. It was only after 04:00 UT on 17 March
that the return to a north polarity of Bz and a drop in dynamic
pressure Pd allowed a transient relaxation to 9.8 Re.

Initial phase: the arrival of the ICME shock wave after
04:30 UT triggers a strong compression of the Earth’s magne-
topause. The subsolar position Ro decreases by 3.6 Re (from 9.5

Re to 5.9 Re), crossing the geosynchronous orbit (6.6 Re). This
response, consistent with the models of Ref. [23], illustrates the
impact of a supersonic shock, with dynamic pressure reaching
extreme levels (30 nPa) and plasma density close to 40 cm−3.
The simultaneous increase in the total magnetic field (B) and
the southward tilt of Bz suggest that, from the initial impact, the
magnetopause is subjected to a double constraint: violent me-
chanical compression and magnetic reconnection, which erode
the nascent magnetopause.

During the main phase, from 17 March at 08:00 UT to ap-
proximately 23:00 UT, Ro values fluctuated between approxi-
mately 8 Re and 5.2 Re. The lowest values were recorded at
14:00 UT and 17:00 UT, indicating extreme compression of the
magnetosphere. This compression was caused by a sudden in-
crease in Pd from around 30 nPa to 39 nPa linked to high so-
lar wind density (58 cm−3) and a significant southward rotation
of Bz (up to -20 nnT ) over a prolonged period. During this
time, the dynamic pressure Pd remained high, allowing magne-
topause erosion to set in, making it even more vulnerable at the
subsolar point.

This erosion process, well documented in the literature
Refs. [24, 29], occurs when the interplanetary magnetic field
(IMF) is oriented southward, facilitating magnetic reconnec-
tion on the day side. This reconnection creates open field lines
that are transported towards the magnetotail, reducing the mag-
netic flux on the day side. When the rate of reconnection on
the day side exceeds that on the night side, the magnetopause
moves towards Earth. This mechanism is corroborated by sta-
tistical observations [4, 27, 30] and numerical simulations [31].
Thus, our results confirm that the prolonged stability of Bz in
the south, under strong dynamic pressure, is a key factor in the
erosion of the magnetopause and its extreme approach to Earth
during an extreme geomagnetic storm induced by an ICME.

During this extreme geomagnetic storm caused by an
ICME, the magnetopause at the subsolar point, as modelled by
Ref. [5], was compressed beyond the geosynchronous orbit in
both the initial and main phases. Unlike the strong storm stud-
ied, the intensity of the ICME disturbance is more pronounced
only during the main phase, with the magnetopause at the sub-
solar point moving inside the geosynchronous orbit. It should
be noted that these significant compressions can cause the mag-
netopause to cross the drift shells (magnetopause shadowing).
This phenomenon is the main process responsible for rapid par-
ticle losses in the outer belt above 100 keV [32].

During the recovery phase, after 23:00 UT on 17 March, all
solar wind parameters and B intensity dropped to low values,
Bz oscillated around 0 nT , and Ro oscillated between 10 and
9 Re, indicating that the magnetopause had been released from
the constraints imposed by ICME, signalling its stabilisation.

Our results from the main phase of this extreme ICME-
induced storm are consistent with those of Ref. [33], who used
multi-mission data to identify an intensification of field-aligned
currents, an equatorial shift of the auroral oval, and magne-
topause crossings, confirming the global impact of reconnec-
tion on the day side of the magnetosphere.
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Figure 5. From top to bottom, daily variations in IMF intensity (B), north–south component of IMF (Bz), proton density (N), solar wind dynamic
pressure (Pd), and subsolar position R0 of the magnetopause during the extreme storm from March 16 to 19, 2015.

Table 3. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the complete evolution
of the moderate ICME storm of 4 August 2010.

Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
(Pd, Ro) 77.3 -0.91 [-0.94, -0.86] 0 0.59 ± 0.26 0.35 ± 0.16
(Bz, Ro) 116.4 -0.01 [-0.19, 0.18] 0.946 1.40 ± 0.45 1.34 ± 0.47
(B, Ro) 78.3 -0.58 [-0.71, -0.41] 2.15×10−8 1.28 ± 0.23 1.92 ± 1.28
(N, Ro) 81.9 -0.89 [-0.93, -0.83] 0 0.68 ± 0.26 0.49 ± 0.20
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Figure 6. Linear and nonlinear correlation and regression between the subsolar location R0 of the Earth’s magnetopause and Pd, Bz, B, and N
during the entire evolution of the minor storm on April 20, 2014.

Table 4. Correlation and regression coefficient values between Ro and solar wind parameters during moderate CMEs 2 (2 October 2013) and 3 (6 November 2015).
Events Minor Storm 2 Minor Storm 3
Indicators of dependency Corr(r) Linear (R2) Poly2 (R2) Corr(r) Linear (R2) Poly2 (R2)
(Ro, Pd) -0.89 0.79 0.91 -0.88 0.77 0.88
(Ro, N) -0.87 0.75 0.86 -0.85 0.72 0.76
(Ro, B) -0.76 0.58 0.61 -0.35 0.12 0.19
(Ro, Bz) -0.11 0.01 0.22 0.04 0.00 0.10

3.5. Correlation analysis and linear and nonlinear regression
between the subsolar location Ro of the Earth’s magne-
topause and solar wind parameters during geomagnetic
storms

To complement the analysis of temporal variability in Ro,
this section focuses on the quantitative evaluation of the rela-
tionships between Ro and solar wind parameters across cate-
gories of geomagnetic storms induced by coronal mass ejec-
tions (CMEs).
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Table 5. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the complete evolution
of moderate storms ICME 2 (02-10-2013) and 3 (06-11-2015).

Events Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
Minor Storm 2 (Pd, Ro) 44.9 -0.89 [-0.94, -0.80] 6.66×10−16 1.82 ± 2.30 14.08 ± 27.22

(Bz, Ro) 58.7 -0.11 [-0.36, 0.15] 0.405 1.49 ± 0.81 1.34 ± 0.73
(B, Ro) 40.6 -0.76 [-0.87, -0.59] 1.08×10−8 1.45 ± 1.16 14.36 ± 26.88
(N, Ro) 45.2 -0.87 [-0.93, -0.77] 1.04×10−14 0.82 ± 0.38 1.00 ± 0.80

Minor Storm 3 (Pd, Ro) 64.4 -0.88 [-0.92, -0.81] 0 0.44 ± 0.22 0.35 ± 0.22
(Bz, Ro) 72.8 0.04 [-0.19, 0.27] 0.724 0.87 ± 0.28 0.84 ± 0.26
(B, Ro) 58.8 -0.35 [-0.56, -0.10] 6.80×10−3 0.86 ± 0.27 2.44 ± 3.42
(N, Ro) 64.9 -0.85 [-0.90, -0.76] 0 0.48 ± 0.26 0.44 ± 0.30

Figure 7. Correlation and linear and nonlinear regression between the subsolar location Ro of the Earth’s magnetopause and Pd, Bz, B, and N during
the entire evolution of the moderate storm on August 4, 2010.

3.5.1. Case of the minor CME storm: April 20, 2014
A detailed analysis of the minor ICME storm of 20 April

2014 is conducted as a reference case. Figure 6 shows the
linear and non-linear correlations and regressions between the
magnetopause subsolar position (Ro) and solar wind parameters

throughout the event. Table 3 summarises the statistical robust-
ness and fidelity indicators for the associated models.

The results confirm the models of Refs. [4, 23]: dynamic
pressure (Pd) is the main driver of the dynamics of the Earth’s
subsolar magnetopause position (Ro) during this event. The
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Table 6. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the complete evolution
of the moderate ICME storm of 4 August 2010.

Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
(Pd, Ro) 84.2 -0.85 [-0.90, -0.77] 0 1.63 ± 2.12 10.62 ± 20.38
(Bz, Ro) 94.2 0.23 [0.03, 0.41] 0.0263 1.38 ± 0.77 0.98 ± 0.49
(B, Ro) 68.2 -0.78 [-0.86, -0.66] 7.55×10−15 1.04 ± 0.73 2.33 ± 3.13
(N, Ro) 85.5 -0.85 [-0.90, -0.78] 0 0.73 ± 0.46 1.46 ± 2.20

Table 7. Correlation and regression coefficient values between Ro and solar wind parameters during moderate ICMEs ICME 2 (2 October 2013) and 3 (6 November
2015).

Events Moderate storm 2 Moderate storm 3
Indicators of dependency Corr(r) Linear (R2) Poly2 (R2) Corr(r) Linear (R2) Poly2 (R2)
(Ro, Pd) -0.66 0.44 0.68 -0.86 0.75 0.85
(Ro, N) -0.76 0.58 0.73 -0.80 0.63 0.69
(Ro, B) -0.52 0.27 0.27 -0.14 0.02 0.02
(Ro, Bz) 0.37 0.14 0.17 0.44 0.20 0.45

Table 8. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the complete evolution
of moderate ICME storms 2 (02-10-2013) and 3 (06-11-2015).

Events Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
Moderate storm 2 (Pd, Ro) 53.7 -0.66 [-0.79, -0.48] 5.63×10−8 2.91 ± 2.07 13.91 ± 24.77

(Bz, Ro) 83.6 0.37 [0.17, 0.54] 5.40×10−4 2.42 ± 1.10 2.31 ± 1.17
(B, Ro) 48.5 -0.52 [-0.70, -0.27] 1.56×10−4 2.07 ± 1.33 4.74 ± 4.59
(N, Ro) 51.8 -0.76 [-0.86, -0.62] 5.92×10−11 1.76 ± 1.01 1.57 ± 1.10

Moderate storm 3 (Pd, Ro) 76.5 -0.86 [-0.91, -0.79] 0 0.53 ± 0.26 0.44 ± 0.20
(Bz, Ro) 93.6 0.44 [0.26, 0.59] 8.26×10−6 0.90 ± 0.45 1.02 ± 0.67
(B, Ro) 67.1 -0.14 [-0.37, 0.11] 0.266 1.20 ± 0.65 2.17 ± 1.76
(N, Ro) 81.6 -0.80 [-0.86, -0.70] 0 0.61 ± 0.30 0.69 ± 0.37

Table 9. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the entire evolution of
the strong ICME storm of 23 June 2015.

Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
(Pd, Ro) 59.5 -0.73 [-0.83, -0.59] 3.62×10−11 2.51 ± 1.42 8.67 ± 9.27
(Bz, Ro) 92.9 0.13 [-0.08, 0.32] 0.231 2.00 ± 0.32 3.49 ± 2.29
(B, Ro) 58.5 -0.64 [-0.77, -0.46] 5.81×10−8 1.78 ± 0.78 2.96 ± 2.18
(N, Ro) 58.1 -0.73 [-0.83, -0.58] 7.10×10−11 1.40 ± 0.32 3.76 ± 4.50

Table 10. Correlation and regression coefficient values between Ro and solar wind parameters during the strong ICME storm 2 (24-10-2011) and 3 (14-07-2012).
Parameters Strong storm 2 Strong storm 3
Dependency indicators Corr(r) Linear (R2) Poly2 (R2) Corr(r) Linear (R2) Poly2 (R2)
(Ro, Pd) -0.92 0.84 0.95 -0.68 0.46 0.63
(Ro, N) -0.86 0.74 0.75 -0.68 0.46 0.56
(Ro, B) -0.47 0.22 0.25 -0.68 0.47 0.48
(Ro, Bz) 0.34 0.12 0.39 0.52 0.27 0.39

strong anticorrelation (r = −0.91), validated by a Neff = 77.3
(p = 0), demonstrates a robust physical link after autocorre-
lation correction. The second-order polynomial fit (RMSE =
0.35±0.16) outperforms the linear model (0.59±0.26), reflect-
ing the non-linear nature of plasma compression during this mi-
nor ICME.

Conversely, the absence of correlation with Bz (r = −0.01;
p = 0.946) attests to an exclusively mechanical process regime.
In accordance with Ref. [34], the oscillation of Bz around zero

prevents any coupling by effective magnetic reconnection. Al-
though the influence of total intensity B remains secondary (r
= −0.58), its linear response (RMSE = 1.28±0.23) validates a
transfer of momentum without curvature effects, in agreement
with the simulations of Ref. [20]. At the same time, the density
N shows a critical polynomial dependence (r = −0.89; RMSE
= 0.49±0.20), isolating the compressed structures at the shock
front.

The robustness of our results is underscored by their con-
13
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Figure 8. Correlation and linear and nonlinear regression between the subsolar location Ro of the Earth’s magnetopause and Pd, Bz, B, and N during
the entire evolution of the strong storm on June 23, 2015.

Table 11. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the complete evolution
of strong ICME storms 2 (24-10-2011) and 3 (14-07-2012).

Events Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
Strong storm 2 (Pd, Ro) 48.2 -0.92 [-0.95, -0.86] 0 0.78 ± 0.51 1.11 ± 1.55

(Bz, Ro) 54 0.34 [0.08, 0.56] 0.0109 1.37 ± 0.53 1.27 ± 0.52
(B, Ro) 44.8 -0.47 [-0.67, -0.20] 1.31×10−3 1.32 ± 0.51 1.83 ± 1.33
(N, Ro) 48.6 -0.86 [-0.92, -0.77] 2.89×10−15 0.71 ± 0.39 0.79 ± 0.38

Strong storm 3 (Pd, Ro) 80 -0.68 [-0.78, -0.54] 5.46×10−12 4.45 ± 5.24 69.54 ± 136.01
(Bz, Ro) 80.1 0.52 [0.33, 0.66] 9.80×10−7 2.15 ± 0.58 2.65 ± 1.51
(B, Ro) 74.9 -0.68 [-0.79, -0.54] 1.51×10−11 2.78 ± 1.62 3.07 ± 2.04
(N, Ro) 81.2 -0.68 [-0.78, -0.54] 2.44×10−12 2.40 ± 1.32 14.29 ± 25.27

sistency with the statistical study by Ref. [8]. Despite differ-
ent methodologies and models, Ref. [35] versus Ref. [5], our
event coefficients (r = −0.91 for Pd, r = −0.89 for N, and r =
−0.58 for B corroborate the long-term annual averages. Our ap-
proach, with its high-resolution and temporal-persistence cor-

rection, rigorously demonstrates that the insensitivity of Ro to
Bz is not an artefact but a sign of ‘cold’ (purely mechanical)
compression dominating reconnection during this minor ICME
storm in cycle 24.
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Figure 9. Correlation and linear and nonlinear regression between the subsolar location Ro of the Earth’s magnetopause and Pd, Bz, B, and N during
the entire evolution of the extreme storm of March 17, 2015.

Table 12. Indicators of statistical robustness and model fidelity (linear and polynomial) of the influence of solar wind parameters on Ro during the entire evolution
of the extreme ICME storm of 17 March 2015.

Parameters Neff r IC95% p-value RMSE Lin (±σ) RMSE Poly2 (±σ)
(Pd, Ro) 52.6 -0.81 [-0.89, -0.70] 1.71×10−13 0.72 ± 0.35 0.72 ± 0.48
(Bz, Ro) 58.1 0.47 [0.25, 0.65] 1.65×10−4 1.27 ± 0.42 0.94 ± 0.31
(B, Ro) 46.7 -0.75 [-0.85, -0.58] 2.16×10−9 1.16 ± 0.78 0.94 ± 0.33
(N, Ro) 50.5 -0.62 [-0.76, -0.41] 1.51×10−6 1.01 ± 0.57 0.99 ± 0.63

Comparative analysis: minor CME storms. Following a de-
tailed analysis of the moderate ICME storm of 20 April 2014,
considered here as event number 1 in the category (ICME 1),
the study is extended to two other events of the same intensity,
ICME 2 (2 October 2013) and ICME 3 (6 November 2015), in
order to assess the consistency of the mechanisms identified.
Tables 4 and 5 summarise the results associated with these two
events.

The correlations with kinetic parameters (Pd and N) are ro-
bust (r ≈ −0.85 to −0.91), as evidenced by significant Neff val-

ues and p-values of 0, ruling out any autocorrelation artefacts.
The analysis of root mean square errors (RMSE) provides a

critical nuance to the modelling: while the non-linear response
to dynamic pressure is confirmed, the numerical instability of
the polynomial model for event 2 (RMSE = 14.08±27.22) re-
veals a risk of overfitting. In this context, linear adjustment
proves more robust for describing the Ref. [21] equilibrium, in
which the boundary continuously adjusts to the incident plasma
load.

Regarding the total interplanetary magnetic field (B), its
15
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Figure 10. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N during the minor ICME storm of 20
April 2014. The dotted black horizontal line (upper left graph) indicates the significance threshold (p < 0.05).

role in compressing the magnetopause is reflected in a system-
atic but heterogeneous anticorrelation (r = −0.58, −0.35, and
−0.76). This variability, confirmed by p-values <0.01, suggests
that the effectiveness of B depends on the internal structure of
the ICME (particularly the sheath). Unlike the annual averages
reported in [8], our event-based approach shows that B acts as a
simple additive component in the pressure balance, without ad-
ditional structural complexity, and that the linear model remains
the most effective here.

Finally, the influence of the Bz component is statistically
zero in all three cases. The coefficients r ≈ 0, the p-values
well above (>0.05) and the confidence intervals surrounding
zero (0) demonstrate the inactivity of magnetic reconnection.
The magnetopause then acts as an impermeable interface, in-
sensitive to the orientation of the interplanetary magnetic field.
These results corroborate the conclusions of Ref. [36]: for mi-
nor storms, dynamic pressure largely prevails over directional
electromagnetic forces in controlling the dynamics of the mag-
netopause’s subsolar position (Ro).

Case of the moderate CME storm: August 4, 2010. A detailed
analysis of the moderate ICME storm of 4 August 2010 is con-
ducted as a reference case. Figure 7 shows the linear and non-
linear correlations and regressions between Ro and solar wind
parameters throughout the event. Table 6 summarises the statis-
tical robustness and fidelity indicators for the associated mod-
els.

Analysis of this moderate ICME storm reveals a transitional

regime: the dynamics of the subsolar magnetopause (Ro) de-
part from simple pressure equilibrium and incorporate global
MHD processes. While the dynamic pressure (Pd) and den-
sity (N) of the solar wind remain a driving force (r = −0.85;
p-values = 0), the RMSE analysis rejects the polynomial fit for
Pd. Despite a high R2 (0˙87˙), the substantial increase in RMSE
(10.62±20.38) indicates severe overfitting. The superiority of
the linear model (1.63±2.12) demonstrates that the magne-
topause responds proportionally to the forcing, indicating the
absence of complex non-linear processes or abrupt phase tran-
sitions.

The influence of the interplanetary magnetic field intensity
(B) is significant here, confirming the amplifying role of solar
wind magnetic pressure described by Ref. [20]. This contribu-
tion follows a linear superposition law, reinforcing mechanical
compression without distorting the cavity’s structure. Unlike
the three (03) minor cases studied, the Bz component shows a
statistically significant influence (r = 0.23; p-value = 0.0263).
The improvement in RMSE by the polynomial model (0.98 ver-
sus 1.38) suggests the onset of a non-linear response linked to
incipient magnetic reconnection. However, the event remains
‘non-erosive’; in accordance with Ref. [34], the absence of a
prolonged southward orientation of Bz prevents large-scale re-
connection from dominating the dynamics of the boundary.

The convergence of our results with the annual averages of
[8] (r = −0.78 versus −0.588 for B) indicates that the magnetic
field effect is intensified by the moderate nature of the shock
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Figure 11. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N for minor ICME storms 2 (5 June 2011)
and 3 (9 March 2018). The dotted black horizontal line (causality graphs) indicates the significance threshold (p < 0.05).

structure. Thus, although Bz becomes a conditional factor, the
compression of the magnetopause during this moderate ICME
storm remains governed by mechanical factors, with the lin-
ear model providing the most robust physical description of the
processes at work.

Comparative analysis: moderate CME storms. Following a
detailed analysis of the moderate ICME storm of 4 August
2010, considered here as event number 1 in the category (ICME
1), the study is extended to two other events of the same inten-
sity, ICME 2 (2 October 2013) and ICME 3 (6 November 2015),
in order to assess the consistency of the mechanisms identified.
Tables 7 and 8 summarise the results associated with these two
events.

The comparative study of the three moderate ICME events
in solar cycle 24 confirms that the dynamics are still dominated
by kinetic parameters (Pd, N), but marks a transition towards
complex coupling. The robust anti-correlations (r ≈ −0.66 to
−0.86; p-values ≈ 0) validate the persistence of mechanical
control. However, RMSE analysis reveals critical instability in
second-order polynomial models (e.g., RMSE = 13.91±24.77
for event 2 as for event 1), highlighting a risk of overfitting.
In this moderate regime, linear modelling is the most robust

method for describing the response of Ro to dynamic pressure
(Pd), avoiding numerical artefacts.

The influence of the interplanetary magnetic field intensity
(B) is irregular (r = −0.78 to −0.14) and strictly dependent on
the internal structure of the compression sheath. The absence of
a significant correlation for event 3 (p = 0.266) confirms that B
is not a universal predictor, but a secondary contextual factor in
these three cases of moderate ICME storm events in solar cycle
24.

The salient feature in this section is the emergence of a sig-
nificant dependence on Bz (r = 0.23 to 0.44). Unlike the mi-
nor cases studied, the greater stability of the polynomial mod-
els here suggests a gradual activation of magnetic reconnection
at the day-side magnetopause. This transition indicates that
during these three moderate geomagnetic storms of CME ori-
gin, the magnetopause ceases to be a simple pressure barrier
and becomes a dynamic interface where reconnection (Bz<0)
and compression (Pd) processes intertwine, altering the overall
morphology of the magnetospheric cavity.

Case of the intense CME storm: June 23, 2015. A detailed
analysis of the strong ICME storm of 22 June 2015 is conducted
as a reference case. Figure 8 shows the linear and non-linear
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Figure 12. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N during the moderate ICME storm of 4
August 2010. The dotted black horizontal line (upper left graph) marks the significance threshold (p < 0.05).

correlations and regressions between Ro and solar wind param-
eters throughout the event. Table 9 summarises the indicators of
statistical robustness and modelling fidelity in linear and non-
linear terms.

The study of this strong ICME storm reveals a counterintu-
itive dynamic in which, despite the event’s intensity, control of
the dynamics of the subsolar position (Ro) of the Earth’s mag-
netopause remains dictated by mechanical rather than erosive
effects. Dynamic pressure (Pd) and density (N) show a robust
negative correlation (r = −0.73; p-value = 10−11). However,
the RMSE explosion for the polynomial model (8.67±9.27 ver-
sus 2.51±1.42 for the linear model) indicates severe overfitting.
This result shows that during this violent shock, Ro follows a
quasi-linear power law, rendering the second-degree fit physi-
cally irrelevant.

The influence of the total interplanetary magnetic field (B)
is notable (r = −0.64), acting as an amplifier of mechanical
effects in accordance with the simulations of Ref. [20]. The
superiority of the linear model (RMSE = 1.78 versus 2.96 for
the polynomial) suggests that the magnetic pressure adds co-
herently to Pd at the shock front, maximising the compression
of the magnetopause.

Conversely, component Bz shows a marginal correlation (r
= 0.13; p-value = 0.231). This result, coupled with the insta-
bility of the polynomial model, confirms the absence of magne-
topause erosion. This shows that the dynamics of Ro in this case
of extreme ICME storm are governed by mechanical compres-

sion effects and can be explained by the internal structure of the
responsible ICME: a rapid northward shift of Bz after a strong
southward incursion (Bz< 0) prevented any sustained electro-
magnetic coupling. This finding qualifies the work of Ref. [34]
by demonstrating that erosion is conditioned by the duration of
the southward orientation of, and not solely by the intensity of
the shock. These results highlight the need to distinguish be-
tween ‘impulsive-compressive’ events and ‘energetic-erosive’
events, as the brute force of an ICME does not systematically
guarantee proportional erosion.

Comparative analysis: cases of strong CMEs. Following a de-
tailed analysis of the strong ICME storm of 22 June 2015, re-
ferred to here as event (ICME 1), the study was extended to two
other events of the same intensity, ICME 2 (24 October 2011)
and ICME 3 (14 July 2012), in order to assess the consistency
of the mechanisms identified. Tables 10 and 11 summarise the
results associated with these two events.

The comparative study of the three major ICME storms dur-
ing cycle 24 demonstrates that the subsolar position (Ro) of the
Earth’s magnetopause remains determined by mechanical com-
pression, despite the intensity of the magnetic fields in the so-
lar wind. Dynamic pressure (Pd) and density (N) maintain ex-
tremely robust anti-correlations (r up to −0.92; p-values = 0). A
major modelling observation is required: the collapse of poly-
nomial models for event 3 (RMSE = 69.54 versus 4.45 in the
linear model) confirms that the magnetopause responds impul-
sively and linearly to Pd. Attempting to adjust for non-linear
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Figure 13. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N during moderate ICME storms 2
(October 2, 2013) and 3 (November 6, 2015). The dotted black horizontal line (causality graphs) indicates the significance threshold (p < 0.05).

curvature leads to overfitting with no physical basis, as linear-
ity remains the most accurate descriptor of the boundary’s re-
silience under these conditions.

In accordance with the simulations by Ref. [20], the inten-
sity of the total interplanetary magnetic field (B) exerts a sta-
bilising influence (r from −0.47 to −0.68). Unlike the minor
and moderate cases studied, B acts here as a constant additive
pressure within the compression sheath, reinforcing the magne-
topause’s compression. The stability of the linear RMSEs (1.32
to 2.78) validates this magnetic contribution.

Finally, although dependence on Bz appears to be increas-
ing (r up to 0.52; p<0.05), actual magnetic erosion remains
marginal compared to the mechanical effects of magnetopause
compression. The analysis reveals a crucial aspect of the inter-
nal structure of these ICMEs responsible for the storms stud-
ied: the effectiveness of erosion does not depend solely on the
intensity of the southern Bz, but on its temporal stability in its
southern orientation. A rapid shift to the north is sufficient to
cancel out the erosive impact, leaving plasma pressure as the
sole driver of magnetopause displacement. These results re-
quire a rigorous distinction in space weather between mechani-
cal compression and magnetopause erosion by reconnection.

Case study: Extreme CME storm: March 17, 2015. The de-
tailed analysis of the extreme ICME storm of 17 March 2015,
known as the ‘Saint Patrick’s Day Storm’, is conducted as a
single case representative of the extreme category of solar cy-
cle 24. Figure 9 shows the linear and non-linear correlations
and regressions between solar wind parameters throughout the
event. Table 12 summarises the statistical robustness and fi-
delity indicators for the associated models.

Analysis of the extreme ICME storm of 17 March 2015 re-
veals an unprecedented synergy in which electromagnetic cou-
pling reaches a saturation threshold, rivalling the mechanical
compression effects of the Earth’s magnetopause. Unlike the
minor strong regimes studied, this extreme case requires poly-
nomial adjustment as the optimal descriptor. For dynamic pres-
sure (Pd), although the RMSEs are close, the polynomial model
significantly improves the explained variance (R2 = 0.73), cap-
turing the physical non-linearity specific to this extreme shock.

The influence of total intensity B (r = −0.75) and density
N (R2 polynomial of order 2 = 0.55) confirms the influence of
B. In agreement with Ref. [20], B acts as an additive pres-
sure to the dynamic pressure and, in this extreme case, also im-
proves the efficiency of magnetic reconnection. The major find-
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Figure 14. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N during the strong ICME storm of 22
June 2015. The dotted black horizontal line (upper left graph) indicates the significance threshold (p < 0.05).

ing in this extreme CME storm case remains the behaviour of
Bz: its highly significant positive correlation (r = 0.47; p-value
= 1.65.10−4) and the explosion of its coefficient of determina-
tion (0.23 to 0.55 in polynomial) indicate highly active recon-
nection. In line with the work of Refs. [25, 34], the prolonged
southward orientation of Bz induced magnetopause erosion via
the activation of Birkeland currents, pushing the magnetopause
below the geosynchronous orbit.

This study, covering ten events in solar cycle 24, demon-
strates that while the response to Pd is predominantly linear
in the minor-to-strong cases studied, it converges towards non-
linearity in the extreme case. This finding validates the his-
torical evolution of the model developed by Ref. [5]: linear-
ity fails to reproduce the extreme compressions observed by
Geotail and Interball-1. Our results establish the superiority
of polynomial formulations for capturing saturation effects and
require abandoning linear extrapolations in favour of saturated
dynamic models, which are essential for reliable operational
space weather forecasting in typical cases of this extreme ICME
storm.

3.6. Cross-correlation analysis, time delay, and Granger
causality between the subsolar position Ro of the Earth’s
magnetopause and solar wind parameters

To better characterise the magnetopause response during
the ICME events studied, we analyse cross-correlations and
Granger causality between the solar wind parameters (Pd, B,

Bz, and N). This approach, reinforced by uncertainty estimation
via bootstrap, allows us to distinguish the predictive coupling
delay from the maximum response time for each parameter. By
isolating these time scales, we provide a more detailed interpre-
tation of the dynamics of Ro under ICME constraints.

Case of the minor storm of April 20, 2014. The combined anal-
ysis of cross-correlation, Granger causality testing, and boot-
strap uncertainties enables characterisation of the temporal re-
sponse dynamics of (Ro) to fluctuations in solar wind param-
eters during the minor ICME storm of 4 August 2010 (Figure
10).

Granger causality and cross-correlation analysis in this mi-
nor ICME storm reveal that variations in (Pd, N) precede those
in Ro by 1 to 2 minutes and significantly influence these varia-
tions in Ro. The analysis also shows that Ro responds to these
mechanical compression constraints, and that their effects are
optimised immediately (r ≈ −0.91 at a lag of 0 min). This con-
firms and validates that plasma mechanical forces are the most
stable predictors of Ro dynamics during this minor ICME storm,
a robustness validated by the tight Bootstrap distributions.

The results also show a phase corresponding to structural
consolidation driven by the interplanetary magnetic field (IMF).
Although the variations in B and Bz precede those in Ro (1 min)
in this case of a minor ICME storm, the influence of B is signif-
icant, and that of Bz is marginal. As for the effects of B (solar
wind magnetic pressure) on Ro, they only optimise after a 30-
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Figure 15. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N during strong ICME storms 2 (24
October 2011) and 3 (14 July 2012). The dotted black horizontal line (causality graphs) indicates the significance threshold (p < 0.05).

minute maturation period (r = −0.62). This delay reflects the
time required for global magnetohydrodynamic adjustments,
including flux convection and magnetosheath stabilisation.

Thus, the dynamics of Ro in this case of a minor ICME event
studied can be summarised as instantaneous mechanical com-
pression, reinforced by a delayed structural adjustment dictated
by the magnetic configuration of the responsible ICME.

Comparative cross-correlation analysis: case of minor CME
storms. After analysing Case 1, a comparative study was con-
ducted with Cases 2 and 3 (Figure 11). This combined approach
allows distinguishing the predictive coupling delay (Granger)
from the maximum response time of Ro to each solar wind pa-
rameter.

Comparative analysis of the three minor ICME storms in
solar cycle 24 reveals a stable dynamic hierarchy dominated by
mechanical compression. In all cases, dynamic pressure (Pd)
emerges as the universal driver, with maximum anticorrelation
at lag = 0 min and quasi-instantaneous Granger causality (1 min
to 2 min). This behaviour validates the immediate mechanical
compression predicted by Ref. [21]. While density (N) gener-
ally follows this temporal linearity, the anomaly in case 3 (loss
of causal significance, p ≈ 0.06) suggests a saturation regime

in which the information carried by N becomes redundant for
predicting Ro.

For IMF B intensity, its variations precede Ro variations by
1 min and significantly influence them. The maximum response
of Ro to this constraint manifests itself with a delay that varies
according to the internal structures of the three minor ICME
events: a 30-minute delay (cases 1 and 2), which can be ex-
plained by an accumulation of magnetic flux in the magneto-
sphere slowing down the transmission of the magnetic signal,
while the 7-minute delay associated with the low correlation
(r = –0.35) in case 3 can be explained by a rapid but inef-
ficient transfer, probably linked to early reconnection in the
magnetosheath, dissipating part of the incident energy before
it reaches the magnetopause [37].

Finally, although variations in Bz precede those in Ro, its
influence remains marginal and delayed in the three cases of
minor ICME storms. The 30-minute delay (cases 1 and 2) con-
firms this and suggests that Bz does not act directly and immedi-
ately on the subsolar position, but rather through slower internal
processes. As Refs. [7, 38] point out, this delay reflects the time
required for tail currents to activate and for the magnetospheric
hysteresis effect to occur, thereby delaying the response of Ro.
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Figure 16. Cross-correlation and Granger causality of Ro dynamics under the influence of Pd, B, Bz, and N during the extreme storm of 17 March
2015. The dotted black horizontal line (upper left graph) indicates the significance threshold (p < 0.05).

Case of the moderate storm of 4 August 2010. The com-
bined analysis of cross-correlation, Granger causality testing
and bootstrap uncertainties makes it possible to characterise the
temporal response dynamics of (Ro) to variations in solar wind
parameters during the moderate ICME storm of 4 August 2010
(Figure 12).

Analysis of this moderate ICME event confirms the pre-
dominance of mechanical control, where dynamic pressure (Pd)
and density (N) drive the initial compression of the Earth’s mag-
netopause. In this case of moderate ICME storms, variations in
B precede those in Ro and significantly influence them. Still,
the response of Ro to these constraints only reaches maturity
after a 30-minute lag, as in the case of the minor storms 1 and
2 studied. This corresponds to the time required for the global
MHD reorganisation of the magnetotail and the stabilisation of
the response of the subsolar position (Ro) of the Earth’s mag-
netopause [37]. Although it exhibits Granger causality here,
its influence on amplitude remains modest (r ≈ 0.23), confirm-
ing that reconnection coupling, although effective, remains sec-
ondary to the dominant mechanical compression processes.

Comparative cross-correlation analysis: moderate CME
storms. After analysing Case 1, a comparative study was con-
ducted with Cases 2 and 3 (Figure 13). This combined approach
allows distinguishing the predictive coupling delay (Granger)
from the maximum response time (Ro) for each solar wind pa-
rameter.

Comparative analysis of moderate ICME storms reveals a
stable temporal hierarchy: variations in plasma kinetic param-
eters (Pd, N) precede and significantly influence those of Ro,
with Ro exhibiting an instantaneous response. As for B, in all
three cases, its variations precede and influence those of Ro, but
Ro’s response to these magnetic constraints is heterogeneous. In
fact, in the first two moderate storms, Ro reacts immediately to
B, with a strong correlation, and in the third case, the maximum
effect is delayed (30 min) with a very weak correlation (r =
−0.15). This shows that the impact of B varies with the ICME’s
internal structure and is not a reliable or universal indicator of
the dynamics in these three cases of moderate conditions. The
delay observed in case 3, in agreement with Refs. [37, 39], sug-
gests a slowing of the signal in the inner magnetosphere, where
the formation of a magnetic barrier and local processes (FTE)
may degrade the direct transmission of magnetic stress.

For Bz, the emergence of reconnection coupling (Bz<0) re-
mains weak, with modest correlations (r ≈ 0.23 to 0.44) de-
spite significant causality. Although secondary to the domi-
nant plasma compression, this signature is consistent with Refs.
[7, 40] and demonstrates that the dynamics of Ro are the result
of mechanical effects with a modest contribution from magnetic
reconnection at the day-side magnetopause in the case of our
three moderate ICME events. Thus, the dynamics of the subso-
lar position (Ro) are mainly governed by pressure equilibrium,
in accordance with the classical model [21].
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Case of the intense storm of 23 June 2015. The combined anal-
ysis of cross-correlation, Granger causality testing, and boot-
strap uncertainties enables characterisation of the temporal re-
sponse dynamics of (Ro) to fluctuations in solar wind param-
eters during the strong ICME storm of 22 June 2015 (Figure
14).

Unlike the minor and moderate regimes studied, the strong
ICME storm is characterised by an instantaneous, synchronous
response of the magnetopause’s subsolar position (Ro) to all pa-
rameters. The dynamic pressure (Pd) and density (N) drive the
compression with a maximum correlation at lag = 0 min (r ≈
-0.73). This synchronism reflects a massive transfer of mo-
mentum, forcing an instantaneous readjustment of the pressure
equilibrium at the subsolar point.

The salient feature of this regime is the disappearance of the
magnetic ‘maturation’ phases observed previously. The inten-
sity of the interplanetary magnetic field (B) exerts a significant
influence with a maximum effect on Ro at the immediate (r ≈
−0.64 at lag = 0 min). This regime marks the disappearance of
the magnetic maturation phases and indicates accelerated prop-
agation of a magnetic constraint within a stiffened magneto-
sphere. In agreement with Refs. [37, 39], this near-zero delay
indicates that the magnetosheath, which has become very thin,
no longer acts as a barrier, allowing for synchronous summation
of magnetic and dynamic pressures. Interplanetary energy is no
longer dissipated in the inner magnetosheath but is transmitted
entirely to the magnetopause.

Although Bz precedes and influences variations in Ro, its
impact remains marginal (r ≈ 0.13). The brevity of Bz’s south-
ern incursion prevents sustained erosion, leaving the boundary
controlled by the brute force of the plasma. The robustness
of this chronology, validated by a tight Bootstrap, demonstrates
that under this strong ICME storm, the magnetosphere becomes
an ultra-reactive transmission medium. For space weather fore-
casting, this regime requires integrated forecasting of the solar
wind’s torque (Pd, N) and magnetic pressure, acting in concert
without a consolidation delay.

Comparative cross-correlation analysis: case of strong CMEs.
After analysing case 1, a comparative study was conducted with
cases 2 and 3 (Figure 15). This combined approach allows dis-
tinguishing the predictive coupling delay (Granger) from the
magnetopause’s maximum response time (Ro) for each solar
wind parameter, thereby providing a more detailed view of the
dynamics under stress.

Comparative analysis of the three strongest ICME storms in
cycle 24 shows an almost instantaneous response of the Earth’s
magnetopause subsolar position (Ro) to the solar wind’s kinetic
parameters (Pd, N). Unlike the minor and moderate regimes
studied, the intensity of the interplanetary magnetic field (B)
here reinforces magnetic pressure compression synchronously,
without a maturation phase as already observed in case 1. Al-
though Bz activates reconnection coupling from the first minute,
its role remains secondary to the predominance of mechanical
compression effects in these three cases of strong ICME storms.

However, event 3 reveals a major discrepancy: while
the correlation between Ro and torque (Pd, N) is immediate,

Granger causality emerges only after ∼13 min. This temporal
decorrelation suggests a particularly thick and turbulent ICME
sheath, where high-frequency noise initially masks the predic-
tive relationship. This 13-minute delay reflects the transit time
of the turbulent plasma in the magnetosheath or the time re-
quired to establish a dynamic equilibrium consistent with the
incident flux.

Thus, while the strong regime tends towards an immediate
response, the ICME’s internal structure can introduce signifi-
cant delays in stabilisation. For space weather, it is therefore
crucial to distinguish between the instantaneous response (as
measured by the maximum correlation) and the stable response
(establishing physical causality) in the typical cases of strong
ICME events studied.

Case study: the extreme storm of 17 March 2015. The com-
bined analysis of cross-correlation, Granger causality testing,
and bootstrap uncertainties enables characterisation of the tem-
poral response dynamics of (Ro) to fluctuations in solar wind
parameters during the extreme ICME storm of 17 March 2015
(Figure 16).

Analysis of this extreme ICME event in the solar cycle re-
veals a causal chain in which the dynamics of Ro result from a
synergy between mechanical and electromagnetic effects. Con-
trary to classical pressure equilibrium, the combined action
of dynamic pressure (Pd) and an intense, sustained southward
Bz component triggers massive erosion of the Earth’s magne-
topause on the day side. This erosion is amplified by the inten-
sity of B, which maximises reconnection efficiency, reducing
the magnetosphere’s intrinsic resistance and intensifying com-
pression of the Earth’s magnetopause. The total solar wind
pressure fully exploits the weakening of the boundary following
magnetic reconnection on the day side of the magnetosphere,
since variations in B also precede those in Ro and significantly
influence them, with the maximum effect occurring immedi-
ately.

These results refine the work of Refs. [25, 34]: whereas
they describe an overall weakening, our study, using the
Granger test, shows that electromagnetic coupling is instanta-
neous in this extreme case. Our results validate the structures
of the Refs. [35, 41] models, which introduce the IMF B inten-
sity into their formulations of Ro. This detailed analysis enables
distinguishing the triggering of reconnection from the extreme
compression phase, a crucial parameter for space weather dur-
ing typical extreme ICME events.

4. Conclusion

This study demonstrates that the dynamics of the subso-
lar magnetopause position Ro are governed by a regime tran-
sition that depends on the intensity of ICME storms. The first
part of the study reveals that the mechanisms controlling the
dynamics of Ro vary according to the intensity and phase of
these ICME storms. In the case of a minor and moderate ICME
storm, Ro is driven almost exclusively by Pd. However, in the
case of strong and extreme ICME storms, a shift to a synergis-
tic regime occurs, where magnetic reconnection (Bz<0) in the
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strong case or magnetopause erosion in the extreme case be-
comes as decisive as the mechanical effects of the solar wind
in dictating variations in Ro. The analysis shows that crossing
the geosynchronous orbit (< 6.6 Re) is an exclusive signature
of the main phase of the strong storm of 22 June 2015, as well
as of the initial and main phases of the extreme storm of 17
March 2015. As for the second part of the study, extending the
four ICME storms to 10 storms and applying autocorrelation
correction by adjusting p-values, the study confirms that high
correlations between Pd and N and Ro are signatures of phys-
ical causality. For Pd, the relationship remains mostly linear
across the minor-to-strong events studied; the use of a second-
order polynomial is often counterproductive, leading to overfit-
ting, and this contrast fades in favour of convergence towards
non-linearity in the case of the extreme ICME storm studied.
Conversely, for Bz, the second-order polynomial model better
explains the variance (R2) in almost all 10 cases, while often
dominating in terms of stability and accuracy, suggesting that
the response of Ro to magnetic reconnection or erosion is more
complex than its response to the mechanical effects of the so-
lar wind. The Bootstrap correction for temporal uncertainty in
lags provided final proof of the processes’ stability. It showed
that in almost all ten cases of the events studied, variations in
Pd, N and B precede Ro by 1 to 3 minutes and significantly
influence it. The influence of Bz is only activated in moderate
cases and becomes significant in extreme cases. The constraint
of Pd and N on Ro is maximum at lag = 0 min in all events. On
the other hand, the response of Ro to the constraint imposed by
B and Bz depends on the intensity of the storm and the inter-
nal structure of the responsible ICMEs (sheath zones or ejecta
bodies). In fact, a 30-minute delay in response is observed for
the low-intensity storms studied, whereas an instantaneous re-
sponse (lag = 0 min) is observed for strong to extreme storms.
These results require a revision of the typical prediction models
of Shue et al. [5] in favour of saturated dynamic formulations
that incorporate adaptive weighting of the total interplanetary
magnetic field (B) and a persistence factor for Bz. Furthermore,
the evidence of compression anomalies prior to the shock high-
lights the importance of magnetosphere preconditioning, which
can alter its vulnerability to the impact of the ICME. The excep-
tional expansion of the magnetopause in the main phase to 13.5
Re during the moderate ICME storm of August 2010, follow-
ing a rarefaction of plasma, highlights a relaxation capacity of
the magnetopause that is significantly greater than its nominal
equilibrium position. These elements justify further investiga-
tion using a larger sample of events to better constrain these
processes.

Data availability

The geomagnetic storms induced by CMEs during so-
lar cycle 24 presented in Table 2 were obtained using the
catalogue of near-Earth interplanetary coronal mass ejections
since January 1996, compiled by Ian Richardson and Hilary
Cane, via the website: www.srl.caltech.edu/ACE/ASC/DATA/
level3/icmetable2.htm. The dates of sudden starts of geomag-
netic storms (SSC) on the ISGI website: http://isgi.unistra.

fr/data download.php and information on coronal mass ejec-
tions (CMEs) (speed, nature, etc.) available since 1996 on
the CDAW website: http://cdaw.gsfc.nasa.gov/CME list were
also consulted. To model the subsolar position (Ro) and the
magnetopause, we used solar wind parameters from the OMNI
database (https://omniweb.gsfc.nasa.gov/form/dx1.html). Data
relating to the intensity of the interplanetary magnetic field (B),
its southern component (Bz), plasma density (N) and dynamic
pressure (Pd) were extracted with a temporal resolution of one
(01) minute. This high resolution is essential for capturing rapid
variations in the solar wind.
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