
1. Introduction
The Sun continually emits mass, momentum, and energy in the form of magnetized and ionized plasma from 
its outermost layer known as the solar wind (Hundhausen,  2012). The variation in energy content is closely 
related to the solar cycle. During the minimum activity phase, the predominant solar structures are the coro-
nal holes (CH), from where the fast solar wind streams continuously emanate (Schwenn, 2006; Gosling, 1997; 
Gosling et al., 1976, and references therein). The interaction of ambient solar wind and fast solar wind forms the 
regions known as co-rotating interaction regions or CIR's (Alves et al., 2006; Smith & Wolfe, 1976). During the 
maximum solar activity phase, the predominant large-scale solar structures are the sunspots and active regions, 
where continuous magnetic reconfigurations release a large amount of magnetized plasma into the interplanetary 
space known as Coronal Mass Ejections (CME). A subclass of CMEs identified in the interplanetary medium 
is the magnetic clouds (MC) (Burlaga & Burlaga, 1995; Burlaga et  al., 1998) An important characteristic of 
MC concerns its signature observed by the satellite when crossing the flux tube magnetic structure, which can 
be seen as an intense magnetic field with smooth rotation and low plasma beta value, also being able to be 
defined as a force-free structure having cylindrical symmetry (see, Kilpua et al., 2017; Goldstein, 1983, for more 
details). These MC-type solar and interplanetary structures in comparison to structures that are predominant in 
the minimum of solar activity can intensely and abruptly affect the magnetosphere-ionosphere system and upper 
atmosphere if they have a southward-directed interplanetary magnetic field (IMF) component through magnetic 
reconnection (Dungey, 1961). The primary evidence of the abrupt penetration of mass, momentum, energy, and 
magnetic flux into the inner regions of the magnetosphere is the emergence of magnetic storms and substorms 
(Chapman & Ferraro, 1933; Gonzalez et al., 1994), together with global perturbations in the particle flux which 
make up the ring current (RC) and the Radiation Belts (RB) that are highly influenced by the occurrence of 
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the Bz and By components, corresponding to the period of the high geomagnetic activity. The conversion rate for 
the I4 and I5 was similar, however, the integrated power spectral density (IPSD) of the Eϕ and Er components 
is more intense in I5. During the I6 interval, with predominant IMF By, the energy conversion rate is intensified 
mostly for inner radial distances R < 6 RE, and the Ek component becomes close to zero for outer regions. The 
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Ei, with the Ek energy component always present but with lower intensities.
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wave-particle interactions which in turn engender both acceleration and loss processes (Baker,  2021; Baker 
et al., 2004; Zong, 2022).

Many studies in the last decades, through observation and numerical simulations, are providing important 
information on the coupling of geoeffective interplanetary structures and the possible causes of the variation 
of energetic particle populations in the magnetospheric environment, (see, e.g., Baker, 2021; Baker et al., 2004; 
Claudepierre et al., 2008, 2010; Da Silva et al., 2019; Ebihara et al., 2005; Elkington, 2006; Fok et al., 2014; Jauer 
et al., 2019; Souza et al., 2018; Paral et al., 2015, and references therein). The magnetosphere can be considered 
as an electromagnetic resonance box where many wave propagation modes can coexist and interact with preex-
isting particle populations accelerating them to relativistic levels. Through numerical experiments, Claudepierre 
et al. (2010) showed that pressure pulses existing in the solar wind have the ability to generate disturbances in 
the poloidal and toroidal electric field components in the ultra-low frequency (ULF) PC5 range. This modulation 
of ULF waves can be effective in accelerating electrons in the region of the outer radiation belts and cause radial 
diffusion (Elkington, 2006; Elkington et al., 1999) either due to oscillations in the electric and magnetic fields in 
the inner magnetosphere (IM) caused by the interaction of interplanetary structures with Earth's magnetosphere 
or due to internal processes associated with magnetospheric convection. Baker and Daglis (2007) showed a great 
variability of the 2–6 MeV energy range electron flux in the outer radiation belt measured by (SAMPEX, Solar 
Anomalous, and Magnetospheric Particle Explorer) around the minimum phase of solar activity in 1994 and 
around the maximum of solar activity in 2003. During the minimum, the variability of the electron flux is modu-
lated by interplanetary structures that cause recurrent HSS/CIR's-related magnetic storms. During the period of 
maximum solar activity, the predominant solar transient structures are the active regions where solar flares and 
CMEs can occur. In this period the interplanetary medium and the global magnetosphere (GM) are subject to 
an intense coupling due to the characteristics of magnetic field and velocity. From October–November 2003, the 
IM experienced a strong and singular response due to the interaction of a set of CMEs there was a substantial 
increase in energy level and electron flux that extended from the slot region L ∼ 2.0 to near the geosynchronous 
orbit L ∼ 6.6 (Baker et al., 2004). Several effects on the technological system, and on the ground, have been stud-
ied and reported. Device failures aboard satellites such as power supply and degradation, and auroral brightness 
was seen at low latitudes were also reported (Lopez et al., 2004). 29–31 October 2003, was an intense period of 
coupling of a CME-type interplanetary structure with the Earth's magnetosphere, promoting an intense period of 
energy transfer and conversion in the global, inner, and ground magnetosphere. Large and intense Geomagnet-
ically induced currents (GIC) were intensified due to the emergence of a super geomagnetic storm, which was 
responsible for an hour-long blackout in southern Sweden (Pulkkinen et al., 2005).

In this way, we can see that the interaction between solar structures can be the trigger of an abrupt transfer and 
conversion of energy in the environment of the global and IM and the study of this coupling is of paramount 
relevance from a scientific, technological and human point of view. Today humanity reaches a high depend-
ence on technological systems that are affected by solar activity. Looking at our past Carrington-type events 
(Carrington, 1859) would have unprecedented impacts on the magnetospheric environment. Thus, it is of great 
importance to understand the mechanisms of the coupling of CME-type events that cause abrupt energy conver-
sion and also the amplification and propagation of perturbations that cause the interaction with particles that 
surround the Earth.

This work makes use of global magnetohydrodynamic (MHD) simulations, which are validated by in situ Van 
Allen Probes (Mauk et al., 2012) observations, to investigate the large-scale interaction between Earth's magne-
tosphere and an MC-type structure that arrived at Earth on 27 May 2017. Specifically, we assess the impact 
the MC-type structure had in the equatorial IM in terms of the intensification of electromagnetic waves in the 
0.5–16.6 mHz frequency range which falls within the lower spectrum of the ULF range. Additionally, the conver-
sion among three energy forms, namely, magnetic, internal, and kinetic energies is also analyzed in the same 
region where the ULF waves are intensified as a result of the MC-type structure arrival. This study allows us to 
obtain physical information on the global distribution of the energy conversion rate and the intensification of ULF 
waves during different stages of the MC interaction with Earth's magnetosphere.

This paper is divided as follows: Section 2 presents the solar origins of the MC-type magnetic structure, as well 
as a brief discussion of the interplanetary structure as seen by the DSCOVR satellite. Section 3 discusses obser-
vations at selected intervals of the inner magnetosphere's response in terms of ULF wave generation. The meth-
odology is presented in Section 4 as well as the definition of the configuration of the model and the technique 
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used to analyze the results. The MHD results and discussions are presented 
in Section 5. Finally, a summary, conclusions, and future ideas are presented 
in Section 6.

2. ICME Propagation and Global Magnetospheric 
Activity
Throughout 23 May 2017, five active regions on the solar disk were recorded. 
Figure  1 shows the Sun observed at 335  Å by the Atmospheric Imaging 
Assembly (AIA) onboard the Solar Dynamic Observatory (SDO) (Lemen 
et al., 2012). The channel 335 Å comes from the Fe XVI line 335.41 Å which 
highlights the active regions (O’Dwyer et  al.,  2010). The locations of the 
sources of the active regions are shown in Figure 1a. In the GOES 15 satel-
lite records, Figure 1b, only one solar flare was detected on 23 May 2017. 
Event SOL2017-05-23 (B4.4) started at 14:04 UT and peaked around 14:21 
UT. The event origin was from the active region 12660 NOAA (S12W21). 
At around 05:00 UT on 23 May 2017, a type II halo CME was detected 
on LASCO's C2 coronagraph, as shown in Figure  1c. Table  1 shows the 
parameters from the CME detected by the Computer Aided CME Tracking 
(CACTUS) algorithm. According to the Space Weather Database Of Noti-
fications, Knowledge, Information (DONKI, https://kauai.ccmc.gsfc.nasa.
gov/DONKI/), and the AIA instrument onboard the SDO the CME was 
observed at a 193  Å dimming from the active regions 12660 and 12658. 
Information from the CME analysis at DONKI to a distant 21.5 solar radii 
that occurred around 15:27 UT showed the following parameters: 12.0° 
longitude and—7.0° latitude in Heliocentric Earth Equatorial coordinates, 
and radial velocity of 375 km/s. These results were obtained using data from 
STEREO-A through the Space Weather Prediction Center CME Analysis 
Tool (SWPC CAT https://webserver1.ccmc.gsfc.nasa.gov/swpc_cat_web/). 
These CME parameters are the inputs of the WSA-ENLIL + Cone model.  The 
simulation result (not shown) indicates that the flank from CME would reach 
the Lagrangian L1 point at about 2017-05-26T18:00Z (±7 hr). The model 
predicted a glancing blow with the arrival of the shock at Lagrangian L1 
point on 2017-05-26T18:00Z (±7 hr). This model prediction is somewhat 
close to the actual time, that is, 2017-05-27T14:45Z, the interplanetary CME 
(ICME) shock arrived at the Lagrangian L1 point as recorded by instrumen-
tation onboard the DSCOVR spacecraft (DSCOVR, https://www.nasa.gov/
planetarymissions/discovery.html).

Figure  2 shows an overview of the solar wind parameters observed by 
DISCOVR spacecraft (panels a–c) of the May 27–29 MC event along with 
other two indicators that provide us with an idea of the impact the MC had 
upon the Earth's magnetosphere. The first three parameters are (panel a) the 
North-South (Bz, red line), and East-West (By, blue line) components of the 
IMF in the Geocentric Solar Magnetospheric (GSM) coordinate system, and 
its magnitude shown as a black line, (panel b) the solar wind dynamic pres-
sure, and (panel c) the solar wind speed. The aforementioned indicators are 
(panel d) the magnetopause's stand-off distance in Earth radii as given by 
the(Shue et al., 1998) empirical model, and (panel e) the Akasofu's parameter 
(Akasofu, 1981; Perreault & Akasofu, 1978) which is a proxy for the energy 
input in the Earth's magnetosphere. We analyzed MHD results regarding 
energy conversion and ULF wave generation during seven 2-hr long periods 
delimited by the seven pairs of vertical black lines in Figure 2 and numbered 
from 1 to 7 on the top of Figure 2e. Each of these 2-hr long periods features 
different stages of the MC's interaction with Earth's magnetosphere. The first 

Figure 1. Disposition of active regions on the solar disk recorded on 23 
May 2017 (b) Soft X-ray flux from GOES 15 satellite with a 2-s temporal 
resolution. (c) LASCO's coronagraph two field-of-view image of the coronal 
mass ejection with initial observation at 05:36 UT on 23 May 2017.
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interval, which goes from 13:30 UT to 15:30 UT on May 27, presents the background solar wind conditions prior 
to the MC's arrival at Earth's magnetosphere. They are characterized by typical solar wind conditions at 1 AU, 
that is, IMF magnitude of ∼3 nT, the particle number density of about 5/cm 3 (not shown), and a somewhat slow 
solar wind speed reaching 304 km/s.

The average dynamic pressure of ∼1.0 nPa during the first interval is the lowest of all seven analyzed inter-
vals. The following, that is, the second interval I2 has been taken inside the MC's sheath region where the IMF 
magnitude, alongside both IMF By and Bz components, have shown increased levels of fluctuations. The dynamic 
pressure during this interval steadily increased from ∼10 nPa to about 20 nPa thus significantly compressing 
the dayside magnetopause, as indicated by the Shue et al.  (1998) model in Figure 2d, which showed that the 
magnetopause stand-off location should have moved inwards to less than 8 RE. The third interval I3 in Figure 2 
presents a transition region between the MC's sheath and the MC region itself, with the dynamic pressure reach-
ing its peak value of 23 nPa, and afterward decreasing abruptly to about 7 nPa, accompanied by the IMF Bz 
which turned southward and remained at elevated levels of ∼−17 nT for the remainder of the interval. Intervals 
4 through 7, which are taken inside the MC itself where the magnetic field in the YZGSM plane rotates smoothly, 
are characterized by somewhat similar driving with respect to IMF magnitude (∼13 to ∼19 nT) and solar wind 

T0 (UT)
Principal 

angle (degree)

Angular 
width 

(degree)

Median 
velocity 
(km/s)

Lowest velocity 
detected within the 

CME

Highest velocity 
detected within the 

CME Halo

2017/05/23 05:36 251 116 192 121 262 II

Table 1 
Parameters Observed by CACTUS (Computer Aided CME Tracking) of the Coronal Mass Ejections (CME) Took Place on 
23 May 2017, at 05:36 UT

Figure 2. Solar wind parameters for event 27–29 May 2017. In the first row in black it illustrates the interplanetary magnetic field magnitude, in blue color the By 
component and in red color the Bz component. The dynamic pressure of the solar wind is illustrated in the second row. The third shows the solar wind speed. The fourth 
row illustrates the position of the terrestrial magnetopause as given by the Shue et al. (1998) empirical model. The last row shows Akasofu's epsilon (ϵ) parameter 
(Akasofu, 1981). The vertical black lines delimit the seven 2-hr long intervals where our analysis will follow. Panels (a–c) were obtained from the DSCOVR satellite. 
The panels (d, e) are results of analytic equations that use data from the Satellite as input parameters. https://ccmc.gsfc.nasa.gov/requests/GetInput/get_dscovr_L2.php.
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dynamic pressure (∼2.4 nPa). The main difference among them is the average IMF clock angle defined by tan −1 
(By/Bz). From interval 4 through 7 it goes, respectively, from (I4) ∼ 180°, that is, a due southward IMF with aver-
age Bz ∼ −18 nT, then (I5) to ∼225°, with average Bz ∼ By ∼ −10 nT, then (I6) to ∼270°, an essentially purely 
dawnward IMF with average By ∼ −13 nT, and finally (I7) to ∼360°(or ∼0°), a due northward IMF with average 
Bz ∼ 12 nT. In what follows, we discuss Van Allen Probes electromagnetic field observations in the ULF range at 
selected key intervals in order to assess the IM's response in terms of ULF wave generation.

3. Inner Magnetosphere Response to the MC-Like Structure: Van Allen Probes 
Observations
On one hand, the role of the ULF waves in the high-energy electron flux variability within the outer radiation belt 
has been widely discussed in the last decades(e.g., Da Silva et al., 2019; Da Silva, Shi, Alves, Sibeck, Marchezi, 
et  al.,  2021; Da Silva, Shi, Alves, Sibeck, Souza, et  al.,  2021; Elkington,  2006; Friedel et  al.,  2002; Jaynes 
et al., 2015; Lejosne & Kollmann, 2020), principally due to the observations provided by several missions such 
as SAMPEX (Baker et al., 1993), Van Allen Probes, and Arase(Miyoshi et al., 2018). On the other hand, energy 
conversion between magnetic, kinetic and internal energies, and its relationship with ULF waves intensifica-
tion in the outer radiation belt is not presently understood. In this work, we provide MHD results (presented in 
Section 5) that might aid in the likely connection between these two phenomena. Van Allen Probe's observations 
are used here only to validate our global MHD results. To compare them with observational data we use data from 
the level 2 Electric Field and Waves (EFW) instrument(Wygant et al., 2013) onboard Van Allen Probe A(Mauk 
et al., 2013). Figure 3 shows the ULF wave's electric field spectrograms, that is, their power spectral densities 
(PSDs) of the azimuthal electric field component (Eϕ) for the analyzed period. This electric field component is 
chosen because it is one of the main ingredients responsible for triggering the radial diffusion mechanism (see, 
e.g., Ozeke et al., 2014), which is essential to causing high-energy electron flux variability within the outer radi-
ation belt.

The azimuthal component Eϕ is obtained from the conversion from the SM coordinates, in the Cartesian coordi-
nate system, to polar coordinates—since the Ex component in the mGSE coordinate system is not provided in the 
L2 EFW data, we used the fluxgate magnetometer data from the Electric and Magnetic Field Instrument Suite 
and Integrated Sciences (EMFISIS) (Kletzing et al., 2013), along with the assumption that 𝐴𝐴 �⃗�𝐸 ⋅ �⃗�𝐵 = 0 to compute 
the Ex component. Then, the signal of Eϕ is filtered in the ULF frequency range from 1.6 to 16.6 mHz, essentially 
the same is used in the MHD results presented in Section 5, that is, from 0.5 to 16.6 mHz. Finally, a windowed 
Fourier transform is applied to the Eϕ time series giving the PSD of the signal, presented in Figure 3 (for the 
whole period) and Figure 4 (for the defined 2 hr seven intervals).

The azimuthal electric field spectrogram presented in Figure 3 shows a strong power between 16:00 UT on 27 
May and 15:00 UT on 28 May, which encompasses the time period of intervals 2 through 6 in Figure 2. It means 
that the enhancement of the ULF wave activity occurs under the influence of the MC-type solar wind structure, 
and it is important to compare the ULF wave observational data with the modeled data for each interval. The 

Figure 3. Van Allen Probe A ultra-low frequency power spectral density for the azimuthal (E) electric field component during the period when the Earth's 
magnetosphere was under the influence of the MC-type structure. Horizontal axis goes from 00:00 UT on 26 May 2017 to 00:00 UT on 30 May 2017.
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10 hr-duration periodic PSD pattern that appears in Figure 3 with PSD values 
larger than about 10 2 (mV/m) 2/Hz and at observed frequencies in the 0 and 
3 mHz range refers to the Van Allen probe A perigee, and it should be disre-
garded in the following analysis.

The modeling results can be considered reliable when the ULF's PSDs 
are similar to modeled data, considering each interval analyzed. Thereby, 
Figure 4 (from top to bottom) presents the ULF wave's electric field spec-
trograms for the 1st to 7th intervals. As expected, the first interval (first 
panel from top to bottom), which goes from 13:30 UT to 15:30 UT on 27 
May, presents weak ULF power spectral density (PSD) in response to the 
background solar wind conditions prior to the MC-type structure's arrival 
at Earth's magnetosphere. This observational result is compatible with the 
MHD model, as will be shown in Section 5, where it shows essentially no 
intensification of the ULF power in the equatorial magnetosphere in the 3 
RE to 9 RE radial distance range. The second interval (second panel) has been 
taken inside the MC's sheath region, in which the ULF PSD increases signif-
icantly coincident with the fluctuation in the IMF By and Bz components and 
the strong compression at the dayside magnetopause.

The ULF PSD within the third interval (third panel) is also strong as it has 
been driven by the substantial variation of the dynamic pressure within a 
transition region between the MC's sheath and the MC region itself (see more 
details of the mean values of plasma parameters in the Appendix A). The 
MHD model results also show an increase for both 2nd and 3rd intervals. 
The ULF PSD measured from the EFW instrument within the fourth inter-
val (fourth panel) is considered very strong compared with other intervals 
and occurs inside the MC itself. Although intervals 4 through 7 are taken 
inside the MC itself, the ULF PSD both measured and modeled in these inter-
vals decreases significantly compared to the measured ULF PSD on the 4th 
interval, principally in the 7th interval, which is similar to the 1st interval. It 
means that during the 7th interval, the MC-type structure effects in the IM 
have already decreased considerably. Before presenting the MHD results in 
Section 5, the following section describes the methodology used for acquir-
ing the modeling results.

4. Methodology
In Section 4.1 a brief introduction to the subject related to numerical simu-
lation is made and the global MHD model used is presented, as well as the 
particular configuration used in this paper. In Section 4.2 we will present in 
more detail the methodology used to analyze the modeled data regarding 
ULF waves and energy conversion.

4.1. Global MHD Simulation

In plasma physics, the vast majority of systems of equations cannot be solved 
by conventional techniques. They do not have an analytical solution, and only 
under certain arguments, simplification, and considerations can we arrive 
at a sketch of the behavior of such systems of equations. The ideal MHD 
equations, which incorporate the conservation laws and Maxwell's equa-
tions and that consider the plasma as a conducting fluid, are from the class 
of nonlinear systems of equations without an analytical solution; we can 
only obtain approximated solutions through numerical techniques. In view 
of the complexity of understanding the physical processes occurring in the 

Figure 4. Van Allen Probe A ultra-low frequency power spectral density for 
the azimuthal (Eϕ) electric field component for the 1st to 7th intervals depicted 
in Figure 2. The electric field was measured by the electric field and waves 
Instrument onboard the Van Allen Probes A.
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magnetosphere, ionosphere, and upper atmosphere only by means of observational data, space scientists have 
made efforts to develop global MHD models of the interaction of the solar wind with the Earth's magnetosphere. 
These models are self-consistent and can provide information on global physical processes in different spatial 
regions and time intervals and, at the same time, simulate scenarios with numerical experiments that either 
use as input parameters synthetic solar wind data or actual solar wind data provided by satellites orbiting the 
Lagrangean L1 point at approximately 1.5 million km away from Earth (Janhunen et al., 2012; Lyon et al., 2004; 
Ogino et al., 1994; Raeder et al., 2008; Tanaka, 1995; Tóth et al., 2012; Wang et al., 2013; Zhang et al., 2019). 
The vast majority of these global MHD models used by the scientific community are coupled to another magne-
tosphere, ionosphere, and upper atmosphere models in order to better represent the physical processes in each 
region since ideal MHD does not take into account the kinetic physical processes of wave-particle interaction 
and the movement of particles in complex field configurations, essential for understanding RC and radiation 
belt dynamics (Fok et al., 2014). In this work, we use the ideal version of the model SWMF/BATS-R-US (De 
Zeeuw et al., 2004; Gombosi et al., 2001, 2003, 2021; Tóth et al., 2005; Tóth et al., 2012, and references therein) 
global MHD code, developed at the University of Michigan in the Center for Space Environment Modeling 
(CSEM) and available at the Community Coordinated Modeling Center (CCMC/NASA). In order to have a better 
representation of the physical coupling processes of the MC-type structure, we chose to use three components of 
the SWMF/BATS-R-US, namely, GM (Powell et al., 1999), IM (specifically the Rice Convection Model—RCM 
(Toffoletto et al., 2003)), and the ionosphere electrodynamics (IE) modules (Ridley et al., 2006).

Due to its versatility, the SWMF/BATSRUS model allows the user to dynamically focus the grid resolution 
following physical parameters such as gradients, or maintain the arrangement of blocks with fixed resolution 
levels in a given region. For this research, we used the Geocentric Solar Magnetosphere (GSM) coordinate system 
and the choice of adaptive blocks arrangement was fixed, where we concentrated the 𝐴𝐴

1

4
𝑅𝑅𝐸𝐸 resolution in a region 

with dimensions of −32 < x < 12, −12 < y < 12, and −7 < z < 7. With this configuration, the domain includes all 
of the equatorial nightside and dayside regions where we will carry out the study of energy conversion together 
with the dynamics of ULF waves. The other configured parameters such as the Pedersen conductivity, simula-
tion domain, temperature, and density at the inner boundary of the model follow the same settings as in Jauer 
et al. (2019).

4.2. Integrated Power Spectral Density and Energy Conversion

In order to carry out the analysis and obtain a better understanding of the effects of the 46-hr long interaction of 
the MC-type structure with the GM, more specifically at the equatorial region z = 0, the following steps have 
been performed: as mentioned in Section 2, seven 2-hr long intervals, namely, I1 to I7 (see Figure 2-e), have been 
selected, and they feature different stages of the MC-type structure's interaction with Earth's magnetosphere. For 
each of these intervals, a spatial domain in the equatorial plane has been defined in polar coordinates (R, ϕ) with 
3 ≤ R ≤ 9 RE and 0 ≤ ϕ < 360. This region has been discretized with equally spaced steps of dR = 0.06 RE and 
dϕ = 3.6°, covering 24 hr in Local Time (LT). ULF wave intensification and energy conversion(transfer) are both 
analyzed in this equatorial region. The set of equations that describe the energy balance between the magnetic, 
kinetic, and thermal energy and the energy conversion terms are presented below (Birn & Hesse, 2005):

𝜕𝜕

𝜕𝜕𝜕𝜕

𝐵𝐵2

2𝜇𝜇0

= −∇ ⋅

(

�⃗�𝐸 × �⃗�𝐵

𝜇𝜇0

)

− 𝑉𝑉 ⋅

(

𝐽𝐽 × �⃗�𝐵

)

− 𝐽𝐽 ⋅ 𝐸𝐸′ (1)

𝜕𝜕

𝜕𝜕𝜕𝜕

𝜌𝜌𝜌𝜌 2

2
= −∇ ⋅

(

𝜌𝜌

2
𝜌𝜌

2
𝜌𝜌

)

+ 𝜌𝜌 ⋅

(

𝐽𝐽 × �⃗�𝐵 − ∇𝑃𝑃

)

 (2)

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
= −∇ ⋅

[

(𝜕𝜕 + 𝑃𝑃 )𝑉𝑉

]

+ 𝑉𝑉 ⋅ ∇𝑃𝑃 + 𝐽𝐽 ⋅ 𝐸𝐸′ (3)

Equation  1 describes the transport of magnetic energy and is derived through Faraday's law together with 
Ampère's law following some mathematical manipulations and assuming that the electric field in the plasma 
rest frame 𝐴𝐴 𝐸𝐸′ is given by: 𝐴𝐴 𝐸𝐸′ = �⃗�𝐸 + 𝑉𝑉 × �⃗�𝐵 . The two terms to the right of Equation 1 were derived by replacing 

the electric field 𝐴𝐴 �⃗�𝐸 with 𝐴𝐴 𝐸𝐸′ in 𝐴𝐴 �⃗�𝐸 ⋅ 𝐽𝐽  in the original equation presented by Birn and Hesse (2005). The physical 
implications of writing the electric field in this reference frame are related to the possibility of the emergence of 
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an electric field beyond the ideal regime. These implications occur not only due to the convection of plasma but 
also due to the other effects that follow the generalized Ohm's law (Vasyliunas, 1975), in which this electric field 
is correlated with non-ideal effects and the physical process of magnetic reconnection. In this work, we use an 
ideal version of the SWMF/BATSRUS model, that is, the electric field in the plasma rest frame is assumed to be 
zero, which implies that resistivity effects are not considered, and the term 𝐴𝐴 �⃗�𝐸′

⋅ 𝐽𝐽  representing ohmic dissipation 
is considered zero in Equations 1 and 3. However, the MHD models may generally present some non-ideal effects 
that mimic physical resistivity, which is purely numerical in nature. Global MHD models in general are designed 
to minimize these effects, and there is no clear and precise way to measure such effects due to their complexity. 
In general, the physical effects are more relevant than the numerical ones. The discussion about these effects is 
outside the scope of this work. The Equation 2, which represents the kinetic energy flux transport through the 
divergence and its conversion, can be derived with the help of the momentum equation and mass conservation 
equation following some mathematical steps (Birn & Hesse, 2005). Usually, the kinetic energy equation tells us 
that the temporal variation is associated with its transport through the flux term, the first term on the right, and the 
conversion term that is associated with the magnetic force and pressure gradient. Equation 3 represents thermal 
energy transport. It is obtained by subtracting the equation representing the conservation law of total energy from 
Birn and Hesse (2005) with Equation 2. In this way, the temporal variation of the thermal energy term on the left 

side of the equation is associated with the divergence of the enthalpy flux 𝐴𝐴

(

(𝑢𝑢 + 𝑃𝑃 )𝑉𝑉

)

 , and the 𝐴𝐴 𝑉𝑉 ⋅ ∇𝑃𝑃  term. The 
term that represents the ohmic dissipation effect, as explained above, is considered zero, that is, in an ideal MHD 
regime the only way to increase or decrease the internal energy is through the compression of the plasma (Keesee 
et al., 2021; Schindler, 2006).

Three types of energy densities which correspond to the terms to the right-hand side of Equations 1–3 in the 
MHD approximation are analyzed here, namely, magnetic (Em), internal (Ei) and kinetic (Ek) energies (Birn & 
Hesse, 2005; Ebihara & Tanaka, 2017, 2020), and their equations are defined in units of (nW/m 3) as follows:

𝐸𝐸𝑚𝑚 = −𝑉𝑉 ⋅

(

𝐽𝐽 × �⃗�𝐵

)

, (4)

𝐸𝐸𝑖𝑖 = 𝑉𝑉 ⋅ ∇𝑃𝑃 𝑃 (5)

𝐸𝐸𝑘𝑘 = 𝑉𝑉 ⋅

(

𝐽𝐽 × �⃗�𝐵 − ∇𝑃𝑃

)

, (6)

where 𝐴𝐴 𝑉𝑉  is the plasma bulk velocity, 𝐴𝐴 �⃗�𝐵 is the magnetic field vector, 𝐴𝐴 𝐽𝐽  is the plasma current density as derived 
from Ampère's law, and P is the plasma pressure. Notice that Equations 4–6 has dimensions of energy density 
flux, that is, Watt/m 3, but hereafter we will refer to them only as either of the three energy forms mentioned above, 
that is, magnetic energy, kinetic energy, and internal energy. The physical quantities Em, Ei, and Ek can assume 
both positive and negative values. Positive values mean that the physical quantity is increasing its energy  at the 
expense of decreasing the others or the combination of the others. We'll show it in more detail in the color map 
and temporal profiles in the Section 5.

To obtain the poloidal (Eϕ) and toroidal (Er) components of the electric field, as well as the energy conversion 
terms expressed in Equations 4–6, we sampled the MHD model output variables, that is, 𝐴𝐴 𝑉𝑉  , 𝐴𝐴 �⃗�𝐵 , 𝐴𝐴 𝐽𝐽  and P, at a time 
cadence of 30s, thus for each point of the discretized equatorial domain a 2-hr long time series of each of the 
MHD model output variables has been obtained with each time series having 240 elements. Then, the electric 
field was calculated as the vector product of the velocity and the magnetic field and rotated to an appropriate 
mean field-aligned coordinate system, as done by Jauer et al. (2019), that gives rise to the already mentioned 
poloidal and toroidal components of the electric field. Since the sampling frequency fs of all the time series is 
fs = 1/30s = 33.3 mHz, the highest resolvable frequency in our MHD analysis is fs/2 = 16.6 mHz. The MHD 
model electric field fluctuations are evaluated in the 0.5–16.6 mHz range by applying a Fast Fourier Transform 
(FFT), as done by Claudepierre et al. (2008), in each electric field component time series. As a result, a PSD in 
units of (mV/m) 2/Hz is obtained for each component, that is, 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝜙𝜙

 and 𝐴𝐴 𝐴𝐴𝐴𝐴𝐴𝐴𝐸𝐸𝑟𝑟
 , at each point of the discretized 

equatorial domain. The PSDs are then integrated in the (0.5, 16.6) mHz range at each point of the domain gener-
ating the integrated PSD, or integrated power spectral density (IPSD), as follows:

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝜙𝜙𝜙𝜙𝜙 = ∫
16.6 𝑚𝑚𝑚𝑚𝑚𝑚

0.5

𝐼𝐼𝐼𝐼𝐼𝐼𝐸𝐸𝜙𝜙𝜙𝐸𝐸𝜙𝜙
𝑑𝑑𝑑𝑑 𝜙 units of (mV/m)

2
. (7)
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In this way, we obtained for each of the seven 2-hr long intervals defined in Figure 2e a map of the spatial 
distribution of the electric field wave power integrated in the lower frequency spectrum of the ULF wave range. 
The energy conversion/transfer terms are calculated as the composition of the MHD output variables mentioned 
above at each point of the discretized domain. It should be noted that our analysis is restricted exclusively to 
variations over the equatorial z = 0 plane, that is, only the x and y components of the vectorial terms in Equa-

tions 4–6 are actually used, and also only the x and y components of the 𝐴𝐴 𝐽𝐽 × �⃗�𝐵 term:𝐴𝐴

(

𝐽𝐽 × �⃗�𝐵

)

𝑥𝑥

  = JyBz − JzBy, 

𝐴𝐴

(

𝐽𝐽 × �⃗�𝐵

)

𝑦𝑦

  = JzBx − JxBz. Regarding the spatial and temporal distribution of the energy conversion terms, we 
have a spatial slice (for each energy term) at each time interval of 30s, which means 240 slices per energy term 
for each of the seven 2-hr long intervals. In order to obtain a spatial slice, for a given energy term, that could be 
representative of the 2-hr long interval, we calculated the median value of the given energy term at each point 
of the discretized domain, thus resulting in a single slice per interval for that energy term. We can then visually 
compare such a slice with the IPSD maps of Eϕ and Er. We show in the next section that the median approximates 
reasonably well the temporal distribution of energy conversion along the equatorial plane of the modeled IM.

5. Results and Discussions
5.1. MHD and Van Allen Probes Data Comparison

This section aims to show the comparison made between the poloidal component Eϕ of the electric field obtained 
by both the spacecraft A of the Van Allen Probes (RBSPA) and the one modeled by the SWMF/BATSRUS. Their 
time series are shown in Figures 5 and 6. The Eϕ time series for the MHD model has been acquired along the orbit 
path of RBSPA for the several intervals analyzed in this study (see Figure 6c for orbit details).

Figure 5a depicts the comparison for the interval I1, which goes from 14:30 UT to 15:30 UT, and it is related to 
the quiet solar wind conditions. The red curve is for the MHD model whereas the black one is for RBSPA. As 
expected, the level of fluctuation in the IM is quite low for both model and observed cases, and more importantly 
the MHD model and RBSPA observations agree quite well in order of magnitude. This feature is actually present 
for all the intervals shown in Figures 5 and 6.

Figure 5b shows the comparison for interval I2, which represents the region of the magnetic sheath during the 
compression of the magnetosphere. Although the RBSPA interval in Figure 4b goes from 18:00 UT to 20:00 UT, 
the comparison was performed only for the last hour of the interval because before ∼19:00 UT the spacecraft 
radial distance was below 3 RE (see Figure 6-c) which lies outside of the spatial domain adopted for analyzing the 
MHD data, which is 3 ≤ R ≤ 9 RE. Even so, both modeled and observed data are quite consistent with one another.

The interval I3 that is shown in Figure 5-c represents the already disturbed conditions where the global and IM is 
still under the effect of an intense dynamic pressure of the solar wind and the IMF component changes its direc-
tion to southward Bz. We can verify again that both profiles are oscillating practically on top of each other with a 
small difference in amplitude.

The I4 interval as seen in Figure 6c is completely below R < 3 thus, as well as part of the I2 interval we did not 
perform the comparison for the reasons already explained above. The interval I5 that represents the time interval 
where the components By and Bz are oscillating with average values close and also starts the storm recovery phase. 
In this interval, as in the others, we can again see that both profiles are oscillating close with a slight perturbation 
in the initial part of the interval in the data of the MHD model.

The last interval to be analyzed is the I6 where the predominant component of the IMF is By and it is fully in 
the storm recovery phase. We can see that both the modeled profiles compared point to point and those from the 
RBSPA are in general agreement and oscillate with close values. Regarding the I7 interval below, we will show 
the reasons for not analyzing this interval in particular. In our analysis regarding the point-to-point comparison 
between the real data from the RBSPA and the modeled data provided by the MHD model, they are shown to be 
in agreement and consistent.
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Figure 5. Comparison between Van Allen Probes (RBSPA, black) and global magnetohydrodynamic (MHD) model results 
(MHD, red) for intervals I1 through I3. Observational results are plotted only when the spacecraft is above a radial distance of 
3 RE. Refer to Figure 6c for details of Van Allen Probes' orbit path.
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Figure 6. Same as Figure 5 but for intervals I5 (panel a) and I6 (panel b). Panel (c) shows Van Allen Probes' orbit paths 
during intervals I1, I2, I3, I5, and I6, along with the inner boundary (black circle) of the magnetohydrodynamic model.
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5.2. MHD Model Results

Before starting the discussions of the results we will make a brief comment regarding the interval I7. This interval 
represents the interaction of the interplanetary structure whose IMF configuration Bz is mostly northward. We 
found that with the choice of the limits of the color bar and also of the limits of the components Eϕ and Er of the 
IPSD, both the intervals I1 and I7 present qualitatively the same results, in this way, we will only analyze and 
present the interval I1.

The MC-type structure event analyzed here promoted the emergence of intense magnetic storms with SYM-H 
index less than −100 nT and enhanced substorm activity as probed by the auroral electrojet AE index levels, 
which peaked at almost 2000 nT, as seen in the bottom-most panels in Figure A1. We show in this section that the 
IM was energized, and the energy conversion was at a high level of activity.

Figure 7 presents the MHD results for the interval I1, which features the background solar wind conditions prior 
to the MC-type structure's arrival at the DSCOVR satellite location. The top row of Figure 7 shows the equatorial 
(ZGSM = 0) maps of the magnetic Em, internal Ei, and kinetic Ek energies on the left, middle and right panels, 
respectively. The energy terms are presented with the same color bar range, that is, from −0.03 to 0.03 nW/m 3. 
For ease of comparison among the different stages of the MC interaction with the Earth's magnetosphere, such a 
color bar range has been fixed for all seven analyzed intervals. This color bar range has been optimized to avoid 
a high saturation level of the quantities plotted in some intervals. The bottom row of Figure 7 shows the IPSD 
values for the poloidal (Eϕ, left) and radial (Er, right) MHD electric field components with a common color bar 
range, that is, from 0 to 9 (mV/m) 2. As with the color bars for the energy terms, the ones for the electric field 
components have also been kept fixed for all of the seven analyzed intervals.

Note that the median values of the energy conversion terms throughout the equatorial region are near zero in 
Figure 7, which is consistent with the lowest of the average values of the solar wind input power as calculated by 
the Akasofu's ϵ = 1.98 × 10 10 W (see., Table A1). Likewise, almost no ULF wave activity is detected in the first 
interval as far as the IPSD values of the two electric field components are concerned. Compared to the following 
intervals presented below, this behavior was already expected since the IMF during this period was relatively 
steady with no noticeable fluctuations, and both solar wind speed and density were fairly typical.

Figure 7. Represents the I1 interval. The first row above left to right represents the median of the magnetic energy conversion term, the second represents the internal 
energy conversion term, and the last term represents the kinetic energy conversion. The second row represents the integrated power spectral density of the azimuthal and 
radial electric field component in the equatorial plane at z = 0. Both the median and the integrated values were taken within 2 hr long.
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As we move to the second interval I2, however, a drastic change is seen in all panels of Figure 8 as the magne-
tosphere is under a higher level of driving. The magnetosphere is greatly compressed during this interval, with 
the magnetopause stand-off position reaching values as low as 7.5 RE according to Shue's model, Figure 2d. 
Figure 9a shows a radial profile, from 3 RE to 9 RE, of the above-mentioned energy forms along 15 LT for the 
second analyzed interval. The dayside magnetopause location can be readily distinguished in Figure 9a as both 
internal (Ei, red line) and kinetic (Ek, cyan line) energies reach a positive and a negative peak value, respectively, 
at a radial distance of ∼7.8 RE. The average IMF components Bz and By are oscillating with an average value of 
−0.5 and 0.9 nT, respectively, that is, close to zero as seen in Appendix A (Table A1).

In Figure 8, note that the internal energy mostly balances the kinetic energy with a smaller contribution of the 
magnetic energy in the dayside region. Thus not only at 15 LT, but in a large portion of the equatorial dayside 
magnetopause, specifically in the 13:30–17:00 LT and 07:00–10:30 LT ranges, the kinetic energy density from 
the magnetosheath flow is being converted into mostly internal energy, and to a smaller degree to magnetic 
energy as well. When comparing the level of electric field fluctuations at 15 LT, as probed by the IPSD, we can 
see in Figure 9-b that the radial (Er) component is the one contributing the most to the IPSD of the electric field 
vector, particularly at the magnetopause (see, e.g., Jauer et al., 2019). We can also clearly see that the energy 
conversion region is close to or overlapping with the IPSD intensification regions, most evident in the toroidal (or 
radial) component as we can see in Figures 9a and 9b.

The energy conversion in the nightside region for 21:00 ≤ LT ≤ 03:00 and for radial distance 4.5 ≤ RE ≤ 9.0 
there is a predominance in the conversion between the internal energy and magnetic with a small contribution 
of kinetic energy. On the other hand, the kinetic energy conversion is mostly positive in the nightside region and 
its values increase moving away from the midnight meridian, tending toward the flank regions. The shape of the 
IPSD spatial distribution of the toroidal component on the nightside region surrounds the shape of the distribution 
of the medians of the energy conversion, especially the kinetic component. On the other hand, we observe that the 
IPSD of the poloidal component has a distributed behavior in the LT's and R's mentioned above.

The MC-magnetosphere interaction evolves through I2 and intensifies the energy conversion rate (due to 
compression of the magnetosphere), observed in the dayside and nightside regions. Additionally, it increases the 
IPSD. We must always keep in mind that energy transfer, MHD and electromagnetic through the Poynting vector 

Figure 8. Represents the I2 interval. The first row above left to right represents the median of the magnetic energy conversion term, the second represents the internal 
energy conversion term and the last term represents the kinetic energy conversion. The second row represents the integrated power spectral density of the azimuthal and 
radial electric field component in the equatorial plane at z = 0. Both the median and the integrated values were taken within 2 hr long.
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flux, requires the specification of a contour/area orientation (see, e.g., Palmroth et al., 2003; Wang et al., 2014; 
Brenner et al., 2021). In this article, the analyzed terms are scalar. Therefore, they are invariant, and it does not 
need to specify an oriented surface or region through which the energy is converted.

In fact, during intervals I2 and I3, the magnetosphere is under the action of a high value of dynamic pres-
sure ∼(16–14) nPa respectively (see., Table A1). The magnetosphere decreases its cross-section, as can be seen 
in Figure 2-d by the Shue et al.  (1998) empirical model of the magnetopause stand-off distance. This abrupt 
compression causes an intensification in the current system that couples the outer magnetosphere with the inner 
one and the ionosphere. The two important current systems in the magnetosphere are the region 1 (R1) and 
region 2 (R2) field-aligned current systems. The R1 current system couples the magnetopause currents to the 
high-latitude ionosphere, where this circuit is closed by Pedersen currents.

On the other hand, the R2 current system flows along closed magnetic field lines and couples in the lower latitude 
ionosphere. The R2 current system is generated in the inner part of the current sheet, and the RC region (Gombosi 
et al., 2003). Thus, as mentioned above in Section 4, the coupling of the RCM model allows better reproduction 
of these inner current systems, which play a fundamental role in the transport of momentum and energy flow. It is 
beyond the scope of this paper to an in-depth discussion of the coupling of current systems R1 and R2, but we are 
aware of their importance in energy conversion and power enhancement in the ULF range as they are associated 
with forces exerted on the plasma. Further details on the coupling of current systems in the global and IM and 
the emergence of dynamo regions can be found in Tanaka (1995). Future work will be carried out to detail the 
relationship of this coupling.

The next interval, I3, is delimited by two vertical black lines in Figure 2 and indicated in panel e. This interval 
presents a sharp transition in the observed plasma parameters; the IMF Bz component during approximately half 
of the interval oscillated around some positive value, then turned southward with a maximum peak of ∼−17 nT 
at 21:47 UT. The dynamic pressure peaked at 23 nPa at 21:22 UT and reaches a minimum value of ∼7 nPa at 

Figure 9. The first panel (a) on the left illustrates a radial profile in the interval (3 RE, 9 RE) of the three components of the median in Local Time (LT) 15. The second 
panel (b) in the right represents a radial profile, in the same LT and at the same radial distance of the integrated power spectral density for the radial and azimuthal 
component of the electric field.
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21:47 UT. The subsolar magnetopause has shifted to ∼7 RE position at 21:22 UT. The solar wind speed mainly 
remained constant, around 360 km/s.

Figure 10 in the first row illustrates the median of the energy terms. We can see in the color map that both on 
the dayside and nightside regions, but more visibly pronounced in the nightside region, there is a high level of 
energy conversion close to these regions with an intensification of the level of fluctuations in the frequency range 
of the ULF waves as represented by the IPSD. An interesting feature was found in the color map of the medians 
of energy conversion terms, and this pattern was more evident in the intervals I2 and I3 in the nightside region 
during high dynamic pressure. Note that the development of the storm (main phase) and substorm have not yet 
started, as can be seen in Figures A1e–A1f. The conversion rate between Em, Ei, and Ek forms a spatial pattern 
starting around 19:00 LT and extending to 05:00 LT. The median shows that for radial distances (3 RE − 6 RE), 
there is an exchange of sign between the terms Em and Ei. However, the kinetic energy remains positive, with an 
intensity close to zero for the 22:00 to 02:00 LT and radial distance (4.5 RE − 9 RE). This exchange pattern occurs 
mostly between the Em and Ei components, the Ek has little contribution to the conversion in this region.

One way to check if our entire methodology is consistent is to try to find theoretical physical evidence in the 
results of Figure 10. To be more specific, during interval I3, we have an opportunity to verify this, as the Earth's 
dayside magnetopause region is under the influence of an intense IMF Bz due south and is still under the action 
of the high dynamic pressure of the ∼14.6 nPa (see, Table A1) and oscillating in the vicinity between 7 RE and 8 
RE, that is, within our domain of study.

The energy predominantly contained in the solar wind in the form of kinetic energy is first converted in the bow 
shock where Ek < 0 into magnetic energy Em > 0 and the internal energy of plasma, that is, (Ei > 0), as a dynamo 
process (MHD generator) (Siebert & Siscoe, 2002). This energy, stored in the magnetic field and plasma will 
again be reconverted in the region of the dayside of the magnetosphere, in the magnetopause load process through 
the physical process of magnetic reconnection. This conversion of the energy contained in the field will acceler-
ate the plasma and increase the internal energy, with a decrease in magnetic energy. We will look at evidence of 
this physical process at the medians of energy conversion and also near the approximate position of the Earth's 
magnetopause through a time history of the components of energy conversion over the 2-hr interval.

Figure 10. Represents the I3 interval. The first row left to right represents the median of the magnetic energy conversion term, the second represents the internal 
energy conversion term and the last term represents the kinetic energy conversion. The second row represents the integrated power spectral density of the azimuthal and 
radial electric field component in the equatorial plane at z = 0. Both the median and the integrated values were taken within 2 hours long.
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In Figure 11, which represents the response of the IM in terms of energy conversion during an interval with Bz 
southward, the energy contained in the magnetic field is converted into acceleration and the internal energy of the 
plasma around the magnetopause position. The first row left panel A represents the median of the energy conver-
sion components extracted from (3 RE to 9 RE) in LT 12. The median helps us get an idea of the spatial distribution 
and pattern of energy conversion during each of the I's 2-hr intervals. An approximate way to check during the 
I3 interval if the energy conversion is taking place in the vicinity of the magnetopause under the influence of the 
southward IMF Bz configuration is to extract a temporal profile at LT 12 around the mean position 7.64 Re into 
I3. As discussed earlier, the IMF Bz component becomes predominantly south after 21:47 UT, while the magne-
topause due to dynamic pressure variation does not remain in the same position. However, if we extract a time 
series, in the LT and R mentioned above we should get, after IMF orientation change, spikes in energy conversion 
when this setting is oscillating around position 7.64. In Figure 11b, after ∼77 min we observe a peak in the rate 
of conversion of magnetic energy into kinetic and internal energy, characteristic and also consistent with Load 
(Birn & Hesse, 2005; Ebihara & Tanaka, 2020). In this way, we find that the median of the energy conversion 
components, Figure 11a around the position R = 7.64 RE, is a representative amount of the energy conversion 
during the phase in which Bz changes orientation. An interesting feature can also be observed in Figure 11b that 
represents the time evolution of energy transfer between Em, Ei, and Ek. Even limiting ourselves to a specific LT 
and a fixed R, we can notice that in the interval of ∼(0–20) minutes the energy conversion takes place between 
the internal and kinetic energy terms with a small contribution from the magnetic energy. Right after ∼(20–60) 
minutes, this setting changes and the conversion becomes mostly magnetic, the positive value means by the defi-
nition Section 4 that the field is increasing its energy at the expense of the work done by the pressure gradient 
and by the motion of the plasma, that is, in this region or nearby a dynamo region is emerging. In the range of 
∼(60–120) minutes, due to the configuration of Bz southward this region is dissipating converting the energy 
stored in the magnetic field into internal and kinetic energy. What we can see is that in the same spatial region, 
not necessarily, a dynamo region can operate continuously, but at all times there is an exchange between load and 
dynamo. A physical consequence in terms of the dynamics of particles that perform movements and cross these 
energy conversion regions can abruptly affect the energy content of different particles that observe these regions 

Figure 11. Panel (a) represents the radial profile (3RE to 9RE) in the Local Time (LT) 12 in the Sun-Earth line from the median of Kinetic, Magnetic and Thermal energy 
conversion. Panel (b), on the right side, represents the temporal history of three components of energy conversion extracted in the LT 12 and radial distance 7.64 RE.
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differently temporally. In Figure 9 panels a–b, show that during the energy conversion there is an increase in the 
IPSD in the ULF band close to or superimposed on these regions, being able to interact effectively with particles 
that cross there.

The interval I4 represents the region of the MC-type structure, see Figure 2e, where the Bz component is mostly 
southward directed, with mean value ∼−18.4 nT, and the By component oscillates around zero. The magnetopause 
position oscillated around a typical value of 10 RE, and the average solar wind velocity component Vx ∼ 368 km/s. 
In Figure 12, the upper row illustrates the color maps of the medians of the energy conversion terms.

This interval, I4, which started at 02:27 UT on the 28th of May, was selected because it was within the main 
phase of the magnetic storm. Also, a substorm occurred on this day, as it can be seen in both the SYM–H and AE 
profiles in Figures A1e and A1f. During the storm's main phase the physical process of magnetic reconnection 
is in high activity on the dayside of the magnetopause. The power is carried by electric and magnetic fields, as 
probed by the ϵ parameter was ∼1.5 × 10 12 W. We can see by the median of the energy conversion terms that 
there is a high activity in the IM of energy conversion, it is noted that the most accentuated exchange between 
magnetic and internal energy. We can also see that there is an increase in ULF wave activity as observed by the 
Van Allen Probes (see Section 3).

We can observe in Figure 12, top row, the median of the color map, high activity in energy conversion being 
established in response to the change in the orientation of the Bz. Two large spatial extensions, in both energy 
conversion components, can be observed in the 15:00 LT—19:00 LT range on the dusk side and at midnight 00:00 
LT through 11:00 LT on the dayside. We observe a dynamo region forming (red color, in the color map of the Em) 
by the exchange between internal and kinetic energy. We also note that the exchange regions between magnetic 
and internal are of greater extension than the kinetic, where the latter participation is more evident on both flanks. 
The most evident and intense response in the IPSD of the poloidal and toroidal components was the toroidal 
component, with intensification regions close to or superimposed on the energy conversion region.

The I5 interval illustrates the region of MC-like interplanetary structure, which interacts with the global and 
IM Figure 2e. During this period, the position of the subsolar magnetopause oscillates around ∼9.8 Re, the IMF 
components Bz and By have very similar mean values ∼−9.7 and −9.9 nT respectively. The dynamic pressure 

Figure 12. Shows the I4 interval. The first row above left to right represents the median of the magnetic energy conversion term, the second represents the internal 
energy conversion term, and the last term represents the kinetic energy conversion. The second row represents the integrated power spectral density of the azimuthal and 
radial electric field component in the equatorial plane at z = 0. Both the median and the integrated values were taken within 2 hr.
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of the solar wind is around ∼2 nPa and the speed of the solar wind oscillates on average around 355 km/s. The 
average power transferred via ϵ is ∼1.0 × 10 12W, a value close to that shown in the previous interval I4. In this 
interval, the internal and GM continues at a high level of energy conversion, however, it is already moving to the 
recovery phase as shown in the Figures A1e and A1f.

In the color map of the energy conversion components Figure 13 the energy conversion/transfer pattern is similar 
to the interval I4. We can see that the energy conversion is happening more intensely between the magnetic and 
internal components, with the mediation of kinetic energy that occurs mainly in the flanks region. As discussed in 
the article by Tanaka (2007) and verified in our study, the kinetic energy conversion term in the internal magneto-
sphere presented itself as having the lowest value in relation to the other two energy conversion terms. However, 
the kinetic energy transfer term is always present mediating the process. In Figure 13, the magnetic and internal 
energy conversion region has large spatial dimensions with greater intensity in the night-to-dayside transition 
starting at LT 4:00 at outermost radial distances and extending to the dayside region at innermost radial distances. 
We also note that for inner radial distances, that is, R < 5 RE, the energy conversion pattern shows oscillatory 
behavior. The IPSD response from the radial and azimuthal components, also shares these regions, with greater 
intensity being observed in the radial component.

The last analyzed interval corresponds to I6, which represents the MC region, with a marked change in the orien-
tation of the IMF component. The average value of the positive Bz  component over the 2-hr long interval was 
∼0.7 nT. The predominant IMF component in this interval was By oscillating with an average value of −13 nT, 
which is essentially an intense dawnward component of the IMF. The vx component of the solar wind remains 
oscillating around 355 km/s, similar to the I5 interval. The dynamic pressure of the solar wind also remains oscil-
lating around values representative of the quiet solar wind ∼2.2 nPa. The mean position of the subsolar magnet-
opause oscillated around 10RE. The average power carried by the solar wind through the ϵ was ∼1.61 × 10 11 W, 
within the order of magnitude observed for the interval I3.

In the color map of Figure 14 in the first row we can see some interesting characteristics in the conversion of 
magnetic, thermal, and kinetic energy and also in the integrated power of the poloidal and toroidal components 
of the electric field. The energy conversion decreases appreciably compared to the ranges I2, I3, I4, and I5. We 
found that the spatial pattern of energy conversion is similar to the I4 and I5 intervals, however with an asymmetry 

Figure 13. Represents the I5 interval. The first row above left to right represents the median of the magnetic energy conversion term, the second represents the internal 
energy conversion term and the last term represents the kinetic energy conversion. The second row represents the integrated power spectral density for the radial and 
azimuthal component of the electric field component in the equatorial plane at z = 0. Both the median and the integrated values were taken within 2 hr.
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tending to intensify the energy conversion toward the dawnside, as already observed in the I4 and I5 intervals. 
The energy conversion rate is mainly between magnetic and internal, with low intensity mediated by kinetic 
energy. We observed that the energy conversion is concentrated for more inner regions R < 6, with the exception 
of the dawnside region, and the conversion is predominant between internal and magnetic. The power of the 
ULF waves for the poloidal component has a peak around the LT ∼ 3:00 and R ∼ 6 predominant in the nightside 
region. The IPSD of the toroidal component follows the pattern of energy conversion, both in the dayside and at 
nightside. It has a power distributed around 18:00–00:00 LT for the nightside region and a power increase region 
from 06:00–12:00 LT in the dayside sector region. If we compare the IPSD color maps of the poloidal and toroi-
dal components, from the I5 to the I6 interval, it appears that the intensification of the dawnward IMF component 
caused the power to have a sector-centered shift (18:00–00:00) nightside LT and sector (6:00–12:00) LT dayside 
region. What we can observe is that the major effect of the By component, and still maintain the energy conver-
sion both in the dayside and nightside regions, however for more inner radial distances R < 6 RE, that is, closer to 
Earth. The asymmetry observed in the energy conversion tending toward the dawn sector is strongly correlated 
with the physics modeled by the RCM component, due to the internal dynamics during the storm and substorm 
period. The details of this intense asymmetry have already been discussed in Jauer et al. (2019).

We can see from the analysis and discussions conducted above that the event between the 27th and 29th of May 
2017 had an intense and abrupt impact on both the global and IM. Through global MHD modeling, with real solar 
wind parameters, we obtained a global view of the magnetosphere response in terms of energy conversion and 
the emergence and intensification of the poloidal and toroidal electric field oscillation modes in the equatorial 
plane (z = 0).

In general, we can associate which energy conversion region can be connected with the increase and intensifi-
cation of the IPSD of both electric field components. This study found that the toroidal component had a more 
intense response. MHD wave dispersion relation is proportional to the ambient magnetic field magnitude squared 
and plasma density ratio. Therefore, the magnetic energy stored in the magnetic field acts to cause tension over 
the field lines and promotes two normal oscillation modes, poloidal and toroidal (Dungey, 1967; Kivelson & 
Russell, 1995). The initial conditions of the plasma disturbance can favor one specific mode, although a combi-
nation of them is expected when the system gains energy by some conversion process. The energy conversion 

Figure 14. Represents the I6 interval. The first row above left to right represents the median of the magnetic energy conversion term, the second represents the internal 
energy conversion term and the last term represents the kinetic energy conversion. The second row represents the integrated power spectral density for the radial and 
azimuthal component of the electric field component in the equatorial plane at z = 0. Both the median and the integrated values were taken within 2 hr.
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process in physical systems is not fully efficient; the energy excess is often released into waves in the ambient. 
In the magnetosphere, magnetic energy surplus from the conversion in internal or kinetic terms is related to the 
increase of ULF PSD, as shown in the bottom panels in Figures 8–14. Accordingly, the results show that the 
regions where energy conversion rates (ECRs) are higher correlate to those where high ULF PSD is observed. 
Therefore, the magnetic energy conversion excess provides energy to ULF waves, and this process might be 
initiated when the conversion surpasses a given threshold. Figures 8–14 show that in the intervals I3 to I6, the 
magnetic energy term gains energy from the other (internal and kinetic) terms, except for I2, when the magnetic 
term loses significant energy to the kinetic term. As the magnetic energy for MHD waves is stored in the magnetic 
field, ULF waves are expected to result from any energy changes related to the magnetic field term, even if they 
lose energy, as shown in Figure 8.

The energy stored in the ULF waves can be supplied to the particles increasing their energy as they cross these 
regions. As discussed above, the toroidal component, in general, had a more significant intensification due to the 
abrupt coupling of the structure favored the intensification of this toroidal mode, which may also be necessary for 
particle acceleration in the radiation belts region (Elkington et al., 2004). The effect of this toroidal component 
disappears in regions where the magnetic field presents symmetry, that is, for more internal regions. In addition 
to our results regarding ECRs and the disturbances in the frequency range of the ULF waves, we must also take 
into account the fact that during this period the magnetosphere was under the action of an intense and prolonged 
Bz southward that can promote the physical process of magnetic reconnection in the magnetopause and also 
later with the accumulation of magnetic flux in the region of the magnetic tail, in particular in the current sheet 
(Dungey, 1967; Gonzalez et al., 1994). The magnetic reconnection at nightside region can promote an abrupt 
and localized release of energy accumulated in the magnetic field in the form of Bursty bulk flows (BBFs) 
(Angelopoulos et  al.,  1994; Baumjohann et  al.,  1990; Zhang et  al.,  2010,  2020). These mesoscale structures 
of fast flow may be associated during periods of storms and substorms by transporting mass, momentum, and 
energy (Angelopoulos et al., 1994; Keesee et al., 2021; Wiltberger et al., 2015) and also by wave activity in the 
IM (Wang et al., 2020). In addition to observational study of these fast flows, numerical simulations were carried 
out specially configured to capture and better understand and describe the dynamics and consequently the better 
characterization of these BBF structures that can continuously affect the global magnetosphere and the iono-
sphere (Cramer et al., 2017; Keesee et al., 2021; Wiltberger et al., 2015).

In this way, and attempting to understand better the cause and effects in the results already shown, we tried to look 
for evidence of these fast structures in our simulation results and compare them with observational data during the 
analyzed period. To perform this verification on our modeled results, we extract temporal profiles of the magnetic 
field, velocity, thermal pressure, and density Figure B1 along the orbit of MMS1(Burch et al., 2015) and compare 
with the observed magnetic field from fluxgate magnetometers(Russell et al., 2014), density and bulk velocity 
from the fast plasma investigation (FPI) (Pollock et al., 2016) from MMS1 Figure B2. The interval analyzed 
started at 12:00 on 27 May until 29 May at 00:30. The starting position of MMS-1 was (−10.17, −1.66, −0.04) RE 
and the ending position (−17.35, −16.89, −0.08) RE, the location remained most of the time in the post-midnight 
sector. To verify the possible occurrence of BBF-like structures in our modeled results in Figure B1 of the Appen-
dix B, we followed the criterion given by Angelopoulos et al. (1994); Schödel et al. (2001) where the component 
Vx ≥ 400 km/s and 𝐴𝐴 |𝑉𝑉 × �⃗�𝐵| ≥ 2 mV∕m , however there may be additional features due to the physical nature of 
the phenomenon such as reduced density and plasma pressure (Johansson et al., 2009). Following the criteria, 
we can find evidence in our results of the presence of these BBF structures mostly during the period of greater 
coupling of the interplanetary structure. In the Figure B1, shows a vertical black line at 00:26 UT on 28 May 
where the component Vx has a peak of 522 km/s, illustrated in the second panel. The third panel shows an abrupt 
decrease in plasma thermal pressure, in the fourth panel a peak in the electric field modulus above 2 mV/m is 
also observed and in the last panel a decrease in plasma density. We can also see an increase in the Bz and By 
component of magnetic field first panel in red and green color respectively. All these features fit the description 
of BBF signature and are recurrent in the other time intervals, for example, around 04:15 UT illustrated by the 
vertical black line which in general agrees with the data observed by MMS1 Figure B2. It may be possible that 
these BBF-like structures when approaching and interact with Earth's magnetosphere in the nightside region are 
mediating the energy conversion and possible dynamics of the ULF waves, however, these are only speculations. 
Unfortunately our spatial grid configuration used may not be refined enough to solve in detail these BBF-like 
structures compared to the simulations already carried out (Cramer et al., 2017; Keesee et al., 2021; Wiltberger 
et al., 2015), thus, a point-to-point comparison with the observations loses the sense of validity. In the future, 

 21699402, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030615 by C
A

PE
S, W

iley O
nline L

ibrary on [18/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

JAUER ET AL.

10.1029/2022JA030615

21 of 28

we intend to perform simulation with configurations that allow an adequate capture of BBF, including non-ideal 
effects in the MHD model.

Borovsky and Denton (2006), listed 21 differences between CME-driven geomagnetic storms and CIR-driven 
geomagnetic storms. One of the main effects of the interaction of the CME-like structure is an increase in the 
RC. Its effects are short-lived and abrupt, which can potentially affect the magnetospheric environment through 
the intensification of the GICs. The CIRs, including the fast solar wind, are structures that affect the magneto-
sphere for a long period due to the solar characteristics (27-day rotation). They are more effective in accelerating 
electrons to relativistic speeds that can damage electronic devices onboard satellites. The time interval of ULF 
wave activity, for example, due to the interaction of a CME-type structure is shorter than the persistent ULF wave 
activity due to the interaction of a CIR-type recurrent interplanetary structure. Some fundamental physical ques-
tions remain open about the impact of each of the structures mentioned above on the dynamics of the relativistic 
electrons that populate the inner magnetosphere. What are the physical processes behind each interaction that 
would favor this complex dynamic? For more details on open physical issues (see, e.g., Fok et al., 2014; Borovsky 
& Denton, 2006).

6. Summary and Conclusion
In this research, we modeled the interaction of a geoeffective interplanetary structure (magnetic cloud) that 
occurred between 27–29 May, 2017, giving rise to an intense storm with SYM-H < −100 nT and high activity in 
the auroral region measured by the AE index that had peaked around 2000 nT.

The modeling of this MC-like interplanetary structure lasted 46 hr, capturing all the dynamics involving the 
interaction of this structure with the global and IM in terms of energy conversion/transfer and fluctuations in the 
frequency range of the ULF waves. To carry out a detailed analysis, we separated the entire period analyzed into 
seven key intervals, of 2 hours long, where we performed the analysis of the spatial distribution of energy conver-
sion through color maps of the medians and the integrated power (IPSD) of the poloidal and toroidal components 
of the electric field.

The main results can be summarized as follows:

•  During the intervals I1 and I7, the IM showed a low activity level. The interval I1 represented the quiet inter-
planetary medium before the interaction, and a persistent northward IMF Bz characterized the interval I7 (not 
shown).

•  The intervals I2 and I3 present similar behavior in terms of the spatial distribution of energy conversion. 
During interval I2, the magnetosphere is strongly compressed due to the high dynamic pressure value. As a 
result, the toroidal component of the electric field in the dayside and nightside region is more active than the 
poloidal one. We can identify the magnetopause region compressed within the study domain for both IPSD 
and the color map of the median energy conversion. The inner dynamics in terms of energy conversion and 
increase in IPSD were mostly due to the intense compression period as the main phase of magnetic storm and 
substorm was not yet developing. The I3 interval had a very intense response in the nightside region both in 
the IPSD and energy exchange.

•  The intervals I4 and I5 present a similar spatial distribution of energy conversion and intensification of ULF 
waves in the toroidal and poloidal components. The toroidal component was the most active, with peaks at 
dusk (18 LT) and dawn (06 LT) and in the region at 00 LT. However, similar regions were activated in the 
poloidal component with its lower intensity. Concerning the observations, we observed that the Interval I4 
had the highest peak of activity of ULF waves in the poloidal component. In the simulation, we observed a 
greater intensification of the toroidal component during the I3, I4 and I5 intervals. Where intervals I4 and I5 
are within storm and substorm development. During intervals I4 and I5 the energy conversion region becomes 
extremely activated and extends to greater radial distances. The predominant conversion components are 
internal and magnetic energy, where kinetic energy is predominantly active on the flanks of the equatorial 
magnetosphere. A large region of dynamos is established.

•  As shown in Figures 9a and 9b and also verified in the other intervals, the energy conversion region either 
closes or overlaps the enhancements of the poloidal and toroidal components, more evident in the toroi-
dal component. As already reported by Tanaka (2007), the largest source of energy in the interplanetary 
medium is contained in the kinetic component. However, when we change the scenario, we are going to 

 21699402, 2022, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030615 by C
A

PE
S, W

iley O
nline L

ibrary on [18/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

JAUER ET AL.

10.1029/2022JA030615

22 of 28

analyze within the magnetosphere the two components that the strongest exchange of energy is between the 
magnetic and internal. In this study, we observed for this event, mostly the exchange or conversion takes 
place between the magnetic and thermal energies, however, the kinetic energy is always present, mediating 
the process.

•  In the interval I6, which is during the storm recovery phase and coincidentally with the magnetic cloud phase 
with intense IMF By dawnward. We observed that the energy conversion rate remained active and concentrated 
on radial distances R < 6 RE, in most equatorial planes, except in the dawn region, maintaining the asymmetry 
seen in the intervals I4 and I5, however with reduced intensity. The kinetic energy conversion component 
becomes extremely low over much of the equatorial plane oscillating around zero. We observed that the toroi-
dal component of the electric field is mostly active in the regions 20:00–02:00 LT and 05:00–10:00 LT. The 
poloidal component of the field is active in the nightside region at ∼LT 02:00 around R ∼ 6. If we compare 
with the interval I5 and I6, a displacement occurred in the regions of IPSD's. Again, we observe that the 
conversion regions are close to or overlap the IPSD increase regions.

•  We found evidence in the results modeled and observed by MMS-1 of the occurrence of BBF's that may be 
associated with the energy conversion rate in the IM and the respective increase or decrease in the power of 
the ULF waves.

In view of the open physical questions mentioned at the end of the Section 5, we intend to carry out future 
controlled numerical experiments. These numerical experiments would select the main characteristics of the 
plasma that characterize CME and CIR structures that can be geoeffective and promote the emergence of 
storms, substorms, and the intensification of the spectral power of waves in the internal and GM. These numer-
ical experiments could answer some important physical questions. For example, during a CIR event, the energy 
conversion between Em, Ei, and Ek is predominant in which components? If the poloidal component is intensified 
during the CIR event relative to the CME, which energy conversion component has the greatest contribution 
and why?

Appendix A: Mean Interplanetary Plasma Parameters and Geomagnetic Indices
The mean values for both solar wind and magnetospheric activity parameters for each of the seven 2-hr long 
intervals presented in Figure A1 are shown in Table A1. The first column in Table A1 shows the physical 
quantities that characterize the interplanetary structure, that are: the magnitude, By and Bz component of 
the magnetic field, the dynamic pressure of the solar wind, the magnitude of the velocity, the position of 
the magnetopause, the energy dissipation and the density of the solar wind. Columns 2 to 8 represent the 
mean values of the physical quantities for each two-hour long interval. In Figure A1, panels A and B show 
the time series of the By and Bz components of the interplanetary magnetic field. In panel C illustrates the 

I1 I2 I3 I4 I5 I6 I7

|B| (nT) 3.01 4.36 15.25 19.65 16.23 16.97 13.41

By (nT) −2.02 0.9813 8.03 0.39 −9.93 −13.37 0.84

Bz (nT) −1.04 −0.56 −7.82 −18.41 −9.76 0.76 11.69

Pdyn (nPa) 1.01 16.35 14.66 2.14 2.84 2.20 2.45

|v| (km/s) 304.0 375.7 366.6 369.1 356.2 357.7 341.3

Mp (Re) 11.36 7.46 7.64 10.15 9.79 10.12 9.94

ϵ (W) (×10 10) 1.98 6.05 68.3 153 103 16.1 5.71

N (#/cm 3) 5.58 58.99 55.37 8.02 11.43 8.78 10.76

Note. The first column in the second row represents the average value of the IMF modulus. The third and fourth rows 
represent the mean values of the By and Bz components of the IMF, respectively. In the fifth row the mean value of the 
dynamic pressure of the solar wind is shown. The average value of the velocity modulus is shown in the sixth row. The 
average position of the calculated magnetopause is shown in the seventh row. The average value of power dissipated for each 
interval I's is illustrated in the eighth row. in the last row the average density value is illustrated in each of the I's intervals. 
Each of the plasma parameters illustrated in the table characterize the average intensity of the MC type event

Table A1 
Each Column Identified With the I's Represents the Average Values Within the 2 hr Long Intervals
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Vx component of the solar wind speed. In panel D the density of the solar wind is shown. In panels E and 
F illustrate the AE and SYM-H index, which measure the level of disturbance in the inner magnetosphere. 
The vertical lines in red color illustrate the two-hour long intervals from I1 to I7 where the analyzes were 
performed.

Appendix B: Comparison Between Observational and Modeled Data in the MMS-1 
Orbit
Panel A in Figure B1 shows the three components of the magnetic field and its modeled magnitude. In panel B, 
the three components of plasma velocity are shown. The horizontal black line is fixed at 400 km/s. In panel C the 
plasma pressure is illustrated. In panel D the three components of the convection electric field, together with  their 
magnitude, are shown. The horizontal blue line is fixed at 2mV/m in panel D. In panel E the plasma density is 
illustrated during the analyzed interval. Panel A in Figure B2 illustrates the time series of observational data of 
the three components of the velocity along the MMS-1 orbit. The horizontal blue line is fixed at 400 km/s. In 
panel B shows the observational profiles of the three components of the magnetic field and its magnitude along 
the orbit of MMS-1. In panel C the three components of the convection electric field and its magnitude are shown. 
The horizontal blue line is fixed at 2 mV/m. In panel D the plasma density along the MMS-1 orbit is illustrated 
during the analyzed period.

Figure A1. Shows solar wind plasma parameters AE and SYM-H magnetospheric indices. The vertical red lines represent each 2 hr long I's interval. Panels (a–d) 
illustrate the By, Bz, Vx and the solar wind density respectively. Panels (e, f) show the AE and SYM-H indices that illustrate the activity level of the inner magnetosphere. 
The data obtained in: https://omniweb.gsfc.nasa.gov/form/omni_min.html.
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Figure B1. Shows the modeled plasma parameters extracted along the orbit of the MMS-1 satellite starting on 27 May at 12:00 a.m. and ending at 00:30 on 29 
May. The first panel A represents the three components of the magnetic field Bx, By, and Bz together with the modulus of B. The second panel (b) illustrates the 
three components of the velocity Vx, Vy and Vz. The plasma thermal pressure P is shown in panel (c) Panel (d) shows the total convection electric field and its three 
components Ex, Ey, and Ez. The horizontal blue line is fixed at 2 mV/m. The last panel E represents protons density during the analyzed period. The starting position 
of MMS-1 was xi, yi, zi = (−10.17, −1.66, −0.04) RE and the ending position xf, yf, zf = (−17.35, −16.89, −0.08) RE your location remained most of the time in 
post-midnight sector.
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Data Availability Statement
Data used in this research are available at:

•  DSCOVR: https://ccmc.gsfc.nasa.gov/requests/GetInput/get_dscovr_L2.php
•  EMFISIS: https://emfisis.physics.uiowa.edu/Flight/
•  EFW: https://cdaweb.gsfc.nasa.gov/pub/data/rbsp/
•  AE Index: https://cdaweb.gsfc.nasa.gov/pub/data/omni/
•  SYM/H index: https://cdaweb.gsfc.nasa.gov/pub/data/omni/.
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