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Abstract

This article examines the magnetospheric convection electric field (MCEF) fluctuations during seven moderate to severe storms in the declining
phase of solar cycle 24. The storms induced by ICMEs were selected based on specific conditions. The primary aim of this study is to assess
the influence of geoeffective ICMEs on the MCEF. We conducted a cross-correlation analysis to examine the temporal delays between MCEF
fluctuations and geomagnetic indices (Sym-H and AE), as well as the IMF Bz. A linear regression was employed to assess MCEF fluctuations in
relation to variations in Sym-H, AE, and Bz. A strong correlation (R = 0.81) was seen between the average transit speed of ICMEs and MCEF
fluctuations in the initial phase, underscoring the direct influence of ICMEs on the MCEF. ICMEs with speeds ≥ 800 km/s cause substantial MCEF
variations during the storm’s initial phase, with a variation of 0.08 mV/m for every one nT change in IMF Bz. During the complete evolution of
the examined storms, fluctuations in the AE index precede those of the MCEF, with time delays between 21 and 44 minutes. MCEF variations
exhibit a delay relative to Sym-H index fluctuations, with estimated intervals ranging from 60 to 306 minutes.
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1. Introduction

The Sun is a plasma sphere that interacts with geospace via
solar radiation and wind under the influence of its magnetic
field. During this interaction, the solar wind (SW) transfers an
enormous amount of energy and matter to Earth’s environment

∗Corresponding author: Tel.: 002-267-144-4242

Email address: zounchr@yahoo.fr (Christian Zoundi )

through coronal mass ejections (CMEs) and corotating inter-
action regions (CIRs) [1–5]. The energy transferred to Earth’s
environment then influences the geomagnetic field [6–8].

A geomagnetic storm (GMS) occurs when the flow of mat-
ter and energy from the solar wind into the magnetosphere is
intense and prolonged [9]. The widely used geomagnetic in-
dices to measure the various geomagnetic disturbances during
GMSs are the Dst (Disturbance Storm Time) index and the
AE (Auroral Electrojet) index [10, 11]. The Dst index rep-
resents the decrease in the average longitudinal geomagnetic
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field at low latitudes, which is the most common approach for
detecting the strength of GMSs and the magnetospheric ring
current [7, 12, 13]. On the other hand, the AE index quanti-
fies the overall activity of the auroral electrojet in the auroral
zone [14]. Currently, the Sym-H (Symmetric Horizontal) in-
dex is used for greater accuracy in describing the strength of
GMSs [15–17]. Nowadays, the impact of GMSs on human ac-
tivities has led to growing interest in their prediction. Current
approaches generally fall into three main categories: physical
models [18, 19], statistical models [20] and machine learning
methods. Machine learning methods have recently emerged
as powerful tools for capturing complex nonlinear relationships
within high-dimensional datasets [21–23].

GMSs are classified according to the Dst index as follows :
(1) Weak (−50 nT < Dst ≤ −30 nT), (2) Moderate (−100 nT <
Dst ≤ −50 nT), (3) Intense (-200 nT < Dst ≤ −100 nT), (4) Se-
vere (−350 nT <Dst ≤ −200 nT), and (5) Extreme (Dst ≤ −350
nT) [24, 25]. Intense and severe GMSs are typically induced by
solar phenomena such as inter planetary coronal mass ejections
(ICMEs) [26–30].

The SW carries a portion of the Sun’s magnetic field with
it. The solar magnetic field carried by the SW is called the in-
terplanetary magnetic field (IMF) Bz. Combining the IMF Bz
component and the SW with velocity Vx generates an interplan-
etary electric field (IEF) Ey. Additionally, the coupling between
the SW and Earth’s magnetosphere creates, through a dynamo
effect, an electric field called the magnetospheric electric field,
which is oriented from dawn to dusk and induces plasma mo-
tion (or convection) from the magnetotail toward Earth[31–33].

Numerous studies have been conducted on magnetospheric
dynamics, particularly on the injection and acceleration of par-
ticles within the magnetosphere, as well as the convection
of low-energy magnetospheric plasma, by various researchers
[34–42]. Magnetic reconnection, as described by Dungey
[34, 35], is now well recognised as the principal mechanism for
the transfer of energy, matter, and momentum from the SW to
the magnetosphere. The MCEF is influenced by geomagnetic
activity [36, 37, 40], the orientation of the IMF Bz [39, 41, 42]
and the IEF Ey [38]. Figure 1 illustrates the two magnetic re-
connection configurations based on the Dungey model, which
helps explain specific responses of the MCEF depending on the
orientation of the IMF Bz.

Lei et al. [38] established a robust empirical linear rela-
tionship between the MCEF and the IEF Ey. This relationship
was validated by Revah and Beauer [43]. Nevertheless, the for-
mula proposed by Lei et al. [38] has rarely been employed
in research concerning magnetospheric convection. Before this
study, other investigations, including those by Rostoker [11],
Smart et al. [44], and Baker et al. [45], and Meloni et al. [46]
had already analysed the cross-correlation between the IEF Ey
and the AE and Dst indices during GMSs. Nishimura et al. [47]
directly used Ey as an estimate of the MCEF. Rostoker [48] and
Baker et al. [45] used high temporal resolution data (5 minutes
and 2.5 minutes, respectively), while Smart et al. [44] and Mel-
oni et al. [46] relied on data with hourly resolution. Nishimura
et al. [47] demonstrated an almost immediate response of Ey
to variations in Bz with a one-minute temporal resolution, al-

Figure 1. Dungey’s two models of the reconnecting magnetosphere.
The top panel shows the case of an IMF Bz northward , and the bottom
panel shows an IMF Bz southward. The points labelled ’N’ are neutral
points or reconnection sites. The horizontal arrows show the direction
of accelerated plasma flows. (source: Bothmer et al. [39]).

though they did not explore a quantitative relationship.
Recently, the empirical formula proposed by Lei et al.

[38] has been employed by Salfo and Fédéric [40], Inza et al.
[49, 50], Salfo et al. [51], Stéphane et al. [52] and Bazié et
al. [53]. However, these studies have primarily focused on
analysing the magnetospheric convection electric field (MCEF)
under geomagnetic activity conditions classified according to
the four categories defined by Legrand and Simon [54] and
Zerbo et al. [55] without emphasising specific events such as
GMSs, as was the case in earlier studies.

This study analyses the MCEF’s response to GMSs during
the declining phase of solar cycle 24, specifically those trig-
gered by ICMEs, using the formulation proposed by Lei et al.
[38]. Its objective is to improve our understanding of MCEF
fluctuations during geoeffective ICMEs. Weak GMSs, which
have little or no significant effect on the magnetosphere, are
excluded from the analysis. Thus, only moderate and intense
GMSs are considered under specific conditions detailed in the
methodology section. A total of seven GMSs, selected accord-
ing to these particular conditions, were examined. The inclu-
sion of moderate GMSs in this study is justified because, during
these events, the Kp (planetary K) index exhibited behaviour
similar to that observed during intense or severe GMSs. Fi-
nally, we focus on the temporal fluctuations of SW parameters
(speed: VSW, plasma pressure: PSW, IMF Bz) and geomag-
netic indices (AE, Sym-H). This analysis will provide a better
understanding of the dependence between the MCEF and in-
dices (AE, Sym-H) and SW parameters during the complete
evolution of the analysed storms. We use a high resolution (1
minute) to compare the time shifts between the MCEF and the
predictor indices of GMSs, such as AE, Sym-H, and Bz, with
the results previously obtained. Section 2 presents the data and
methods used in the study. Sections 3 and 4 report the results
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and discussions. Finally, Section 5 addresses the conclusion.

2. Analysis methods

We analyse the response of the MCEF to Sudden Storm
Commencement (SSC) GMSs. To ensure the geoeffectiveness
of the associated ICME, we use the Kp and Dst indices as se-
lection criteria. The day of the SSC is considered the first day
of the storm. We focus on events where the Kp index reaches at
least 6 (K p ≥ 6) on the SSC day or the following day and where
the minimum Dst index is less than or equal to −50 nT (Dst
≤ −50 nT). To select temporally isolated ICMEs, we identify
periods of quiet magnetic conditions before and after the SSC
day. A quiet day is defined by a Kp index below 3 (K p < 3).
This method for selecting isolated ICMEs is inspired by Az-
zouzi [56]. The main characteristics of the identified storms
are summarised in Table 1. MCEF values were estimated using
the empirical relation MCEF = 0.13Ey + 0.09, following Lei
et al. [38].To examine the variability of the MCEF, we overlay
the daily profiles of SW parameters (VSW, PSW, Bz), indices
(Sym-H and AE), and the MCEF itself. We analyse its temporal
variations by comparing them to those of the SW parameters
and indices (AE, Sym-H) during the evolution of the storms.
For the MCEF, the variability of the quietest day of the month
is used as a reference. We will then perform a cross-correlation
analysis to determine the time lags between the MCEF and the
parameters (Bz, AE, Sym-H) for each storm. A linear regres-
sion analysis is conducted at the lag corresponding to the max-
imum correlation for each storm to assess the variations of the
MCEF and the parameters (Bz, AE, Sym-H). To establish a link
between the ICME and the MCEF fluctuations observed dur-
ing the storm, we analyse the dependence between the average
transit speeds of ICMEs (VICME), reported in Table 1, and the
extreme values of the MCEF observed during the storms’ initial
phase. We also examine the relationship between the average
transit speed of the ICME and the maximum VSW during this
phase through a linear correlation analysis.

The analysis methods presented in Section 2 are inspired by
those described in our previously published work (Nongobsom
et al. [57]), where a similar approach was employed. They
have, however, been slightly modified to suit the specific objec-
tives of the present study.

3. Results

Figures 2 to 8 illustrate the temporal variations of VSW,
PSW, Bz, Sym-H, AE, and the MCEF during the storms that
occurred on 17 March 2015, 23 June 2015, 16 August 2015,
20 September 2015, 20 December 2015, 1 January 2016, and
28 May 2017. From top to bottom, the panels in each figure
show the daily evolution of Bz, VSW, PSW, Sym-H, AE, and
the MCEF, respectively. In the lower panel, the black graph
represents the variation of the MCEF during the storm, while
the blue graph corresponds to the MCEF variation on a very
quiet day. The beginning of the storm is defined as the time
origin (t = 0), marked by the first red vertical line on each

figure. The space between the first and second red vertical lines
corresponds to the initial phase of the storm, denoted as ”I”
in the figure. Similarly, the main phase, denoted as ”M”, is
delimited by the second and third red vertical lines. Finally, the
recovery phase, denoted as ”R”, is delimited by the third and
fourth red vertical lines.

Figure 9 shows the comparative evolution of the MCEF dur-
ing the analysed GMSs. The time origin (t = 0 s) corresponds
to the onset of each storm. The black curve represents the evo-
lution of the MCEF during the 17 March 2015 storm, the blue
curve corresponds to the 23 June 2015 storm, and the green
curve reflects its behaviour during the 16 August 2015 storm.
The yellow curve indicates the MCEF evolution during the 20
September 2015 event, the orange one corresponds to the 20
December 2015 storm, the red curve represents the 1 January
2016 storm, and the violet curve represents the 28 May 2017
event.

Figure 10 presents the cross-correlation and linear regres-
sion between the MCEF and the parameters (Bz, AE, Sym-H)
during the complete evolution of the storm on 17 March 2015.
Panels (a), (b), and (c) show the cross-correlation between the
MCEF and AE, the MCEF and Sym-H, and the MCEF and Bz,
respectively. Panels (d), (e), and (f) illustrate the corresponding
linear regressions. The results of the cross-correlation and lin-
ear regression applied to all the analysed storms are presented
in Table 2. Figure 10 analyses, on the one hand, the relation-
ship between the average transit speed of the ICME (VICME)
and the extreme value of the MCEF observed during the initial
phase and, on the other hand, the relationship between the av-
erage transit speed of the ICME and the maximum solar wind
speed (VSW) during this same phase.

3.1. Temporal fluctuations of the MCEF during the analysed
storms

In all Figures 2 to 8, we observe a convergence between
the two MCEF graphs during the pre- and post-storm periods.
A marked difference is observed during the different phases of
the storm: the MCEF during the disturbed period is clearly
above that of the very quiet period. It increases during the ini-
tial phase, amplifies further in the primary phase, and gradually
decreases during recovery. By examining each storm individu-
ally, we arrive at the following quantitative analysis, taking into
account the different phases of the storm:

In the initial phase, during the storm of 17 March 2015
(Figure 2), the MCEF reached a maximum of 1.74 mV/m to
the west approximately 41 minutes after the start of the storm.
This change is associated with a northward Bz orientation of 21
nT. A rise in Sym-H to 69 nT was observed 5 minutes before
this MCEF variation. AE reached 790 nT 123 minutes after
the MCEF change. Additionally, an increase in VSW of 524
km/s and PSW of 19.08 nPa was recorded 20 minutes before
this change. During the storm of 23 June 2015 (Figure 3), the
MCEF reached 3.29 mV/m in 21 minutes. Simultaneously, Bz
oriented southward by 33 nT. At the start of the storm, Sym-H
recorded a peak of 83 nT. 21 minutes later, an AE peak of 2200
nT was observed. VSW and PSW reached 712 km/s and 57
nPa, respectively. In the storm of 16 August 2015 (Figure 4),
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Table 1. Characteristics of selected GMSs.
GMS Date SSC Date and Time Dst (nT) Kp CME Issue Date and Time Avg. ICME Speed (km/s)
17-03-2015 17-03-2015 (04:45:00) -234 8 15-03-2015 (01:48:05) 840
23-06-2015 22-06-2015 (05:44:24) -198 8 21-06-2015 (02:36:05) 1040
16-08-2015 15-08-2015 (08:29:00) -98 6 12-08-2015 (14:48:05) 640
20-09-2015 20-09-2015 (06:04:00) -81 7 18-09-2015 (05:00:06) 850
20-12-2015 19-12-2015 (16:16:12) -166 7 16-12-2015 (09:36:04) 540
01-01-2016 31-12-2015 (00:49:36) -116 6 28-12-2015 (12:12:05) 690
28-05-2017 27-05-2017 (15:34:00) -125 7 23-05-2017 (05:00:06) 400

the MCEF showed a maximum of 1.25 mV/m to the east after
100 minutes. Bz exhibited a southward polarity of 17 nT during
this time, while Sym-H reached 53 nT. AE recorded a peak of
1110 nT 130 minutes later. VSW and PSW reached 499 km/s
and 13 nPa after 100 minutes.

During the storm of 20 September 2015 (Figure 5), the
MCEF reached 1.31 mV/m after 17 minutes, Bz oriented south-
ward by 17 nT, and AE rose to 840 nT. At the time of the shock,
Sym-H increased to 8 nT. VSW reached 591 km/s, and PSW
reached eight nPa. During the storm of 20 December 2015
(Figure 6), the MCEF evolved westward, reaching 0.94 mV/m
after 680 minutes. At the same time, Bz exhibited a southward
polarity of 18 nT. AE recorded a peak of 880 nT after 310 min-
utes, while Sym-H reached its peak of 46 nT after 130 minutes.
VSW rose to 500 km/s after 200 minutes, and PSW reached 22
nPa after 110 minutes. In the storm of 1 January 2016 (Figure
7), the MCEF varied eastward, reaching 0.90 mV/m after 648
minutes, while Bz moved southward by 13 nT. AE peaked at
970 nT after 460 minutes, and Sym-H reached its maximum of
31 nT after 7 minutes. The maxima of VSW and PSW were
511 km/s after 310 minutes and 14 nPa after 640 minutes, re-
spectively. Finally, during the storm of 28 May 2017 (Figure
8), the MCEF showed a change of 0.95 mV/m after 370 min-
utes, while Bz moved southward by 18 nT. AE recorded a peak
of 570 nT at 410 minutes, while Sym-H reached 60 nT at 350
minutes. VSW peaked at 391 km/s at 250 minutes and PSW at
25 nPa at 320 minutes.

In the main phase, during the 17 March 2015 storm, the
MCEF reached its maximum value of 2.11 mV/m at 480 min-
utes when Bz was oriented southward by 26 nT. Sym-H de-
creased to -234 nT at 1080 minutes, while AE peaked at 2300
nT at 550 minutes. During the 23 June 2015 storm, the MCEF
peaked at 3.62 mV/m at 50 minutes in response to a southward
shift of Bz by 38 nT. AE reached 2700 nT after the MCEF peak
at 85 minutes, and Sym-H decreased to -208 nT at 600 min-
utes. During the 16 August 2015 storm, the MCEF peaked at
1.4 mV/m at 140 minutes, when Bz moved southward by 21 nT.
AE peaked at 1550 nT at 170 minutes, and Sym-H decreased to
-94 nT at 140 minutes. During the 20 September 2015 storm,
the MCEF peaked at 1.17 mV/m at 82 minutes, while Bz was
oriented southward by 14 nT. Sym-H decreased to -84 nT at
305 minutes, while the AE index peaked at 2300 nT at 73 min-
utes. In the 20 December 2015 storm, the MCEF peaked at
1.1 mV/m at 1770 minutes, when Bz moved southward by 17
nT. AE recorded its maximum of 1940 nT 140 minutes later,

while Sym-H decreased to -165 nT at 1830 minutes. During the
storm on 1 January 2016, the MCEF reached a maximum of 1.1
mV/m at 1160 minutes, while Bz moved southward by 16 nT.
AE reached 2180 nT at 710 minutes, while Sym-H decreased
to -117 nT at 1454 minutes. Finally, during the storm28 May
2017, the MCEF peaked at 1.14 mV/m at 502 minutes, when
Bz moved southward by 20 nT. AE reached its maximum of
1970 nT at 830 minutes, and Sym-H decreased to -142 nT at
942 minutes.

In the recovery phase, the 17 March 2015 storm is char-
acterised by alternating peaks and troughs of the MCEF, with
maxima reaching 0.85 mV/m. Bz orients southward by 11 nT.
Sym-H recoveries reach -75 nT, and AE peaks at 1600 nT. Dur-
ing the storm on 23 June 2015, the MCEF peaks reached 1.5
mV/m, while the AE index reached 1900 nT, the Sym-H index
dropped to -150 nT, and Bz reached -10 nT. In the 16 August
2015 storm, the MCEF peaks rise to 0.75 mV/m, Bz presents
a southward polarity of about eight nT, and the recoveries of
Sym-H reach -58 nT. AE shows a maximum of 1270 nT. During
the storm on 20 September 2015, the MCEF peaks do not ex-
ceed 0.6 mV/m, with Bz oriented southward by about eight nT,
the recoveries of Sym-H not exceeding -40 nT, and AE reach-
ing peaks of 1270 nT. During the storm on 20 December 2015,
the MCEF peaks reach 0.7 mV/m, and Bz presents a southward
polarity of 9 nT. Sym-H recoveries do not exceed -40 nT, while
AE peaks at 960 nT. In the 1 January 2016 storm, the MCEF
showed peaks of 0.4 mV/m, and Bz dropped to -5 nT. AE max-
ima reach 590 nT, and Sym-H presents a southward polarity
of -40 nT. Finally, during the 28 May 2017 storm, the MCEF
reached a maximum of 0.82 mV/m, and Bz reached -14 nT. The
Sym-H index drops to -40 nT, while the AE index peaks at 970
nT.

3.2. Comparison of the evolution of the MCEF during the anal-
ysed GMSs

Figure 9 shows that the MCEF amplitudes during the 23
June 2015 storm stand out from those recorded during other
storms in the 0 to 720-minute interval. During this event, the
MCEF exhibited peak values exceeding 2.5 mV/m and minima
below –2 mV/m. In the case of the 17 March 2015 storm, max-
imum MCEF amplitudes reached approximately 2 mV/m over
the same time interval. This was followed by the storms of 28
May 2017 and 20 September 2015, during which the MCEF
amplitudes peaked at around 1 mV/m. Between 1140 and 2160
minutes, the MCEF associated with the 20 December 2015 and
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Figure 2. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 16 March to 22 March 2015.

1 January 2016 storms also stands out, with maxima close to 1
mV/m. Overall, the MCEF amplitudes gradually decrease for
all storms and tend to converge after 4320 minutes, with maxi-
mum values approaching 0.5 mV/m.

3.3. Cross-correlation analysis
The analysis in Figure 10 shows that during the complete

evolution of the storm on 17 March 2015, the MCEF, delayed
by 21 minutes, positively correlates with the AE index (panel
a), with a correlation coefficient of 0.71. It exhibits an anti-
correlation with Sym-H, with a time delay of 64 minutes and
an anti-correlation coefficient of -0.72 (panel b). Additionally,
the MCEF is strongly anti-correlated, with no time delay, to
Bz (panel c), with an anti-correlation coefficient of -0.99. Each
one nT change in AE (panel d) is associated with a change of
0.000976 mV/m in MCEF 21 minutes later. A decrease (or
increase) of 1 nT in Sym-H (panel e) is related to an increase (or
decrease) of 0.00667 mV/m in MCEF 64 minutes later. Finally,
any increase (or decrease) of 1 nT in Bz (panel f) is associated
with a reduction (or increase) of 0.0696 mV/m in MCEF.

The results of the cross-correlation analysis applied to all
the storms analysed are presented in Table 2. The time delay
(in minutes) and the correlation coefficient (R) are listed. The
analysis of Table 2 shows that during the complete evolution
of all storms, the delayed MCEF correlates well with AE. The
time delays range from 21 to 44 minutes, and the correlation
coefficients range from 0.43 to 0.86. The positive correlations

Figure 3. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 21 June to 27 June 2015.

indicate a direct relationship between the fluctuations of MCEF
and those of AE. This shows that the variations of MCEF are
strongly linked to those of AE. The correlations between MCEF
and Sym-H are negative for all storms, with positive time delays
ranging from 60 to 306 minutes. This indicates that during the
storms’ complete evolution, the MCEF variations follow those
of the Sym-H index. Finally, a nearly constant and robust cor-
relation (R ≈ −1) between MCEF and Bz is observed in all the
analysed storms, with no time delay (lag = 0). This indicates
an immediate relationship between MCEF and the IMF Bz.

The analysis of the linear regressions between MCEF and
the AE index at different time delays informs us that each in-
crease (or decrease) of the auroral activity index of 1 nT is as-
sociated with an increase (or decrease) in MCEF of 0.000731
mV/m 34 minutes later during the storm on 23 June 2015,
0.000576 mV/m 28 minutes later during the storm on 16 Au-
gust 2015, 0.000536 mV/m 44 minutes later during the storm
on 20 September 2015, 0.000884 mV/m 16 minutes later dur-
ing the storm on 20 December 2015, 0.000671 mV/m 19 min-
utes later during the storm on 1 January 2016, and 0.000863
mV/m 34 minutes later during the storm on 28 May 2017. The
analysis of linear regressions between MCEF and the Sym-H
index at different time delays reveals that for each decrease (or
increase) of 1 nT in the annular current index, there is a corre-
sponding increase (or decrease) in MCEF of 0.00667 mV/m, 64
minutes later during the 17 March 2015 storm; 0.00382 mV/m,
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Bazié et al. / J. Nig. Soc. Phys. Sci. 7 (2025) 2696 6

Table 2. Time delays (lag) and cross-correlation coefficients (R) between MCEF and (AE, Sym-H, Bz) during the complete evolution of the storms in the descending
phase.
Note: Lag refers to the time shift between the MCEF and AE, Sym-H, or Bz, for which the correlation coefficient R is extremal.

GMS Date MCEF vs AE MCEF vs Sym-H MCEF vs Bz
Lag R Lag R Lag R

17-03-2015 21 0.71 64 -0.72 0 -0.99
23-06-2015 34 0.43 60 -0.29 0 -0.99
15-07-2015 28 0.75 103 -0.65 0 -0.99
20-09-2015 44 0.60 73 -0.40 0 -0.99
20-12-2015 16 0.67 63 -0.78 0 -1.00
01-01-2016 19 0.71 108 -0.61 0 -1.00
28-05-2017 34 0.86 306 -0.68 0 -1.00

Figure 4. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 15 August to 22 August 2015.

60 minutes later during the 23 June 2015 storm; 0.00678 mV/m,
103 minutes later during the 16 August 2015 storm; 0.00567
mV/m, 73 minutes later during the 20 September 2015 storm;
0.00598 mV/m, 63 minutes later during the 20 December 2015
storm; 0.00637 mV/m, 108 minutes later during the 1 Jan-
uary 2016 storm; and 0.00599 mV/m, 306 minutes later dur-
ing the 28 May 2017 storm. Finally, the analysis of linear re-
gressions between MCEF and Bz shows that every increase (or
decrease) of 1 nT is associated with a reduction (or increase)
of MCEF by 0.0696 mV/m during the 17 March 2015 storm;
0.0822 mV/m during the 23 June 2015 storm; 0.0603 mV/m
during the 16 August 2015 storm; 0.0651 mV/m during the 20

Figure 5. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 19 September to 25 September 2015.

September 2015 storm; 0.0546 mV/m during the 20 December
2015 storm; 0.058 mV/m during the 1 January 2016 storm; and
0.0481 mV/m during the 28 May 2017 storm.

3.4. Dependence between MCEF and ICME transit speed
Table 3 summarises the extreme values of the MCEF

recorded during the initial phase, the maximum solar wind ve-
locities in the initial phase, and the average transit speeds of
ICMEs. The direction (East or West) of the MCEF is also in-
dicated, as it is essential for understanding the effects of the
MCEF on the magnetosphere. From Table 3, it is observed that
the speed of ICMEs ranges from 400 km/s (Storm of 28 May
2017) to 1040 km/s (Storm of 23 June 2015), while the solar
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Figure 6. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 18 December to 24 December 2015.

wind velocity fluctuates between 391 km/s (Storm of 28 May
2017) and 713 km/s (Storm of 23 June 2015). The MCEF val-
ues range from 0.90 mV/m (Storm of 1 January 2016) to 3.39
mV/m (Storm of 23 June 2015). In 71% of storms, the MCEF
exhibits an Eastward orientation during the initial phase. The
storms of 17 March 2015, 23 June 2015, and 20 September
2015 are associated with fast ICMEs (VICME ≥ 800 km/s) and
intense electric fields (MCEF ≥ 1.31 mV/m). It could, there-
fore, be concluded that these storms are potentially more dis-
ruptive to the MCEF. The remaining storms, which are associ-
ated with slow ICMEs (VICME ≤ 690 km/s) and weak electric
fields (MCEF ≤ 1.25 mV/m), are less disruptive to the MCEF.
Finally, the moderate storms of 20 September 2015 (Dst = −81
nT and Kp = 7 nT) and 16 August 2015 (Dst = −98 nT and
Kp = 6 nT) are more disruptive to the MCEF compared to the
intense storms of 20 December 2015 (Dst = −166 nT and Kp
= 7 nT) and 1 January 2016 (Dst = −116 nT and Kp = 6 nT).
These observations indicate that the MCEF response does not
depend on the magnetic disturbance level. The data for MCEF,
VSW, and VICME from Table 3 were used to plot the graphs
in Figure 11. Analysis of the graph in panel (a) of Figure 11
indicates a strong linear correlation between the transit speed
of the ICME and the maximum solar wind speed observed in
the initial phase (R = 0.93). Similarly, the graph in panel (b)
indicates a strong correlation between the average transit speed
of the ICME and the MCEF extremum observed in the initial

Figure 7. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 30 December 2015 to 4 January 2016.

phase, with a correlation coefficient of R = 0.81.

4. Discussions

Our study revealed a significant influence of the transit
speed of the ICME responsible for the storm on the maximum
solar wind speed observed during the initial phase of storms.
Specifically, higher transit speeds of geoeffective ICMEs corre-
spond to higher VSW values during the initial phase and vice
versa. These observations align with those of Kelley et al. [58],
Singh et al. [59] and Subedi et al. [4], which suggests that the
arrival of a geoeffective ICME at the magnetosphere generates
a shock wave, leading to an increase in VSW during the initial
phase of the resulting storm. Furthermore, the strong correla-
tion between the extrema of MCEF during the initial phase and
the ICME transit speed likely reflects the influence of geoeffec-
tive ICMEs on MCEF fluctuations. ICMEs with transit speeds
between 800 and 1040 km/s caused MCEF extrema ranging
from 1.31 to 3.39 mV/m over 21 to 41 minutes. In contrast,
those with velocities between 400 and 690 km/s induced MCEF
extrema ranging from 0.90 to 1.25 mV/m, ranging from 70 to
680 minutes.

Nishimura et al. [47] and de Sequeira et al. [60] demon-
strated that IMF Bz responds to changes in MCEF orientation,
a finding also reported by Salfo and Frédéric [40], Salfo et al.
[51] and Stéphane et al. [52] in their analyses of the impacts

7
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Table 3. Extreme values of MCEF, VSW during the initial phase, and VICMEs during the peak phase of the storms.
GMS Date VICME (km/s) VSW (km/s) MCEF (mV/m)
17-03-2015 840 524 1.74 (West)
23-06-2015 1040 713 3.39 (East)
16-08-2015 640 499 1.25 (East)
20-09-2015 850 591 1.31 (East)
20-12-2015 540 500 0.94 (West)
01-01-2016 690 511 0.90 (East)
28-05-2017 400 391 0.95 (East)

Figure 8. Daily variations of the IMF Bz, the solar wind speed (VSW),
the plasma pressure (PSW), the Sym-H index, the AE index, and the
MCEF from 26 May to 31 May 2017.

of geoeffective ICMEs and fast solar winds on MCEF. These
results are consistent with our observations. This study extends
previous work by providing minute-scale regression analyses.
For example, during the declining phase storms analysed in this
article, an ICME with a mean transit velocity between 400 and
690 km/s induces a Bz variation of 1 nT corresponding to an
MCEF variation of approximately 0.06 mV/m. For ICMEs with
speeds between 800 and 1040 km/s, a Bz variation of 1 nT re-
sults in an MCEF increase of approximately 0.08 mV/m.

MCEF fluctuations closely follow those of AE indices dur-
ing storm evolution, albeit with a temporal delay. These ob-
servations corroborate the findings of Meloni et al. [46], who
showed that the AE index correlates with the Ey, and by exten-
sion with MCEF, with a one-hour delay. However, our anal-
ysis refines this observation by examining delays on a minute

Figure 9. Comparison of the temporal profiles of MCEF during the
seven analysed storms.

scale. The linear correlation coefficients we obtained, ranging
from 0.43 to 0.86, are significantly higher than those reported
by Meloni et al. [46]. Baker et al. [45] reported an average
delay of 40 minutes with a temporal resolution of 2.5 minutes.
This average delay is significantly higher than that estimated in
our study, which is 28 minutes.

The intensification of MCEF observed during the initial
and main phases of storms is accompanied by an eastward or
westward-oriented MCEF. An eastward-oriented MCEF corre-
sponds to a southward-oriented Bz, a configuration favourable
for magnetic reconnection [34]. Magnetic reconnection leads
to a massive influx of charged particles into the magnetosphere
[34, 40]. The east-west orientation of the MCEF can thus be
explained by an increase in reconnection mechanisms and the
accumulation of charged particles in the magnetosphere.

Studies by Salfo and Frédéric [40], Stéphane et al. [52] and
Bazié et al. [53] based on statistical analyses of MCEF vari-
ability, MCEF decay phases are associated with a northward-
oriented IMF Bz, indicating the absence of magnetic reconnec-
tion. However, according to Salfo and Frédéric [40], Badman
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and Cowley [61] and Siscoe et al. [62], magnetic reconnection
can also occur with a northward-oriented IMF Bz. Our results
confirm magnetic reconnection in the presence of a southward-
oriented IMF Bz and support the magnetic reconnection hy-
pothesis with a northward-oriented IMF Bz, which implies a
westward-oriented MCEF. In 71% of the storms analysed, the

Figure 10. Cross-correlation and Linear Regression between MCEF and
(AE, Sym-H, Bz) during the complete evolution of the storm on 17
March 2015.

MCEF orientation during the initial phase is eastward, sug-
gesting that magnetic reconnection with a northward-oriented
IMF Bz occurs in 29% of cases. Finally, all the GMSs anal-
ysed exhibited substorm activity during their recovery phases.
The MCEF peaks preceding these substorms confirm the con-
clusions of Singh et al. [63], who indicated that the prompt
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Figure 11. Correlation between VICME and a) VSW and b) MCEF
variation.

penetration of the electric field induces magnetic substorms oc-
curring during the recovery phase. Furthermore, the increase in
the AE index during these substorms corroborates the findings
of Lundstedt et al. [11] and Shadrina et al. [64], who iden-
tified pronounced AE peaks during the recovery phase as key
indicators of magnetic substorm activity.

5. Conclusion

The study of MCEF variability during storms occurring in
the declining phase of Solar Cycle 24 revealed a significant cor-
relation between the average transit speed of ICMEs and MCEF
variations during the initial phase, highlighting the direct im-
pact of ICMEs on MCEF. The transit speed of ICMEs directly
influences the maximum SW speed observed during the initial
phase of storms. High-speed ICMEs cause pronounced MCEF
variations during this phase. ICMEs with speeds between 400
and 690 km/s induce a displacement of IMF Bz by one nT, cor-
responding to an MCEF variation of 0.06 mV/m. Those reach-
ing speeds between 800 and 1040 km/s generate an MCEF vari-
ation of 0.08 mV/m for every nT change of IMF Bz. During the
complete evolution of the GMS, AE index variations precede

those of MCEF, and MCEF variations follow those of the Sym-
H index. All GMSs examined showed magnetic substorms dur-
ing their recovery phases. This study contributes to the under-
standing of the Earth’s magnetosphere dynamics. It provides
information on MCEF fluctuations during GMSs, offering rele-
vant insights to improve their forecasting.

Data availability

The SSC dates and times, CME launch dates and
times, and average ICME transit speeds presented in
Table 1 are available on the following websites, re-
spectively: https://isgi.unistra.fr/data download.php, https:
//cdaw.gsfc.nasa.gov/CME list, and https://izw1.caltech.edu/
ACE/DATA/level3/icmetable2.htm. Additionally, SW param-
eters (VSW, PSW, Bz) are better used to assess solar activity’s
contribution to the magnetosphere. The Kp and Dst indices are
used to characterise the identified geomagnetic storms. The AE
and Sym-H indices are used to better understand their depen-
dence on the MCEF. Minute values of the IEF Ey are used to
determine the MCEF. The website, https://omniweb.gsfc.nasa.
gov/form/dx1.html, provides minute values of VSW, PSW, Bz,
Ey, AE, and Sym-H, as well as hourly values of Kp and Dst.
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