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Abstract 
The subject of this report is the investigation of the sheath region of Interplanetary Coronal 
Mass Ejections (ICMEs). The region between the shock wave produced by the Coronal Mass 
Ejections (CMEs) when it is sufficiently fast and the beginning of magnetic structure of the 
CME is known as the sheath region of ICMEs. Magnetic field and electron density data from 
this region have been used in this report. The measurements used were provided by the Solar 
Orbiter (SolO) joint mission by NASA and ESA. To understand the fluctuations in the 
magnetic field and plasma density in the sheath region of CME, “PVI” (Partial Variance of 
Increments) method has been used.   

It is found from this project that the CME sheaths resemble the turbulence of the solar wind. 
The power spectra follow the Kolmogorov or Iroshnikov-Kraichnan scaling in the inertial 
range. In the high frequency regime, the spectral law is characterized by dissipative process in 
general. This implies that the solar wind turbulence captured and confined in the sheath has not 
been completely modified by the propagating CME. Also, the correlation between the PVI B 
(PVI of magnetic field) and PVI Ne (PVI of electron density) was found to be weak for smaller 
scales and there is no correlation for the larger scales in CME sheath region.  
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Introduction 

Solar wind turbulence and structures  

The solar wind can be seen as a fluid flowing out of the solar atmosphere due to pressure 
differences between the Sun and the interstellar medium. It could also be solar particles with 
large kinetic energy that emit from the sun's hot atmosphere into the interstellar medium. [1] 

Either way this solar wind is important to study because it travels through interplanetary space 
and affects every celestial body in the Solar system. In the case of the earth's, solar wind - 
magnetosphere interaction can cause geomagnetic storms. These geomagnetic storms can 
affect our communication systems in space and electrical distributions on ground causing them 
severe damage. 

The Solar winds emerging from the sun are not regular; they are in turbulent form. Turbulence 
is the state where fluid motion cannot be described by the laws of classical dynamics. We 
encounter turbulence every day whenever the velocity of the flow is high enough. For example, 
the water in the river experiences turbulence when its flow encounters an obstacle that can be 
seen in Figure 1. Another example can be seen in the atmosphere of the planet Jupiter. The 
atmosphere of Jupiter is full of gas. As these gasses interact with each other non-linearly they 
form different turbulence structures that can be seen in Figure 2. [2] 

 

 

Figure 1: Turbulence of water flow observed in a river. The turbulence arises due the obstacles like 
small stones encountered during the river flow. They naturally emerge above the water level of the river 
[2]. 
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Figure 2: Jupiter's atmospheric turbulence as seen by the Voyager spacecraft [2]. 

Turbulence's main characteristic is that the flow's behavior changes over time. Although 
turbulent motions are extremely sensitive to the obstacles that generate the disturbances, 
average properties are not. This suggests that the overall statistical behavior of turbulent flow 
remains constant from one sample to the next. [2] 

Turbulence distributes energy across many scales. Among all these dynamic scales, the 
nonlinear interactions cause a cross-scale energy transfer known as the cascade [2]. In an active 
dynamical system with a bigger Reynolds number (the ratio between the inertial and viscous 
forces), the energy enters the system at larger scales and then this energy is transferred non-
linearly through the scales with little or no dissipation and finally it is dissipated at smallest 
scales due to the viscosity [3]. The greater the Reynolds number, the more turbulent the fluid. 
This parameter is dependent on the viscosity coefficient 𝜂, a characteristic velocity 𝑈, and fluid 
flow length 𝐿 of the fluid. And it is given by			𝑅𝑒 = UL𝜌 η⁄   (where ρ is the mass density of the 
fluid) [2]. The Reynolds number is the parameter that determines the turbulent nature of the 
fluid. 

The nonlinear cascade produces structures called coherent structures because they can persist 
in time and/or space longer than the typical turbulent fluctuations and scales in the system. 
These coherent structures are responsible for the bursty appearance in the data from the 
spacecraft measurements. The structures are concentrations of gradients in the associated 
dynamical fields. The detection of coherent structures is important, because they are an integral 
part of turbulence and are associated with energy dissipation and plasma heating. [3] 
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Interplanetary Coronal Mass Ejections 

Coronal mass ejections (CMEs) are massive eruptions from the Sun releasing matter and 
magnetic fields in interplanetary space. These CMEs are referred to as Interplanetary Coronal 
Mass Ejections (ICMEs) when they are detected in situ by spacecraft in interplanetary space. 
An ICME carries stronger magnetic fields and denser plasma than the ambient solar wind in 
which they propagate. When an ICME’s magnetic field is oriented in a direction opposite to 
the Earth’s dipole magnetic field, it can interact with the Earth’s magnetosphere by disturbing 
the geomagnetic field and causing the so-called geomagnetic storms [4]. 

To study these ICMEs, we need to first identify them. The in-situ identification of ICMEs can 
be done by spacecraft observation with the help of their signatures in space based on the 
magnetic field, plasma dynamics and composition. Figure 3 represents a sketch with different 
ICME regions. The magnetic cloud is a flux rope-like structure (highlighted in orange) of the 
CME that is attached to the Sun. When the CME is faster relative to the background magnetic 
field, it produces a shock wave ahead of it when it propagates outwards, represented by the 
thick black curve. Confined between the shock and the magnetic cloud is the turbulent sheath 
region, formed by the gathered and accumulated solar wind plasma during the CME expansion 
in the interplanetary space [4]. 

 

Figure 3: Schematic of the 3D structure of an ICME with different signatures [4]. 
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Magnetic clouds signatures 

Magnetic clouds in in-situ measurements are identified by smooth and small fluctuations and 
slow rotation in one or two magnetic field components. While magnetic clouds are found to be 
in many ICMEs events, there are some events of ICMEs where such clear magnetic field 
features cannot be seen. Such ICMEs events are called magnetic ejecta. Sometimes two or 
more CMEs can interact forming the so-called complex ejecta. The magnetic fields of these 
complex ejecta have complex configurations [4]. 

Plasma dynamics 

CMEs travelling through the heliosphere experience expansion. Initially, the CME has some 
velocity VICME. During the propagation, the CME will experience a velocity difference between 
the front and back edge due to the drag that it experiences from the ambient solar wind plasma. 
This difference in velocities of the front edge and trailing edge is 2 times the CME’s expanding 
velocity i.e., 2Vexp [4].  

There is an empirical correlation between solar wind speed (VSW) and plasma proton 
temperature (TP). Sometimes the plasma proton temperature becomes very low which has been 
attributed to the magnetically isolated material ejected from a CME from the sun. The low 
proton temperature observation associated with smooth and rotating magnetic fields are 
signatures of CMEs. If the magnetic ejecta travels faster than the ambient solar wind, it creates 
a shock propagating a few hours ahead. And thus, the produced interplanetary shock (IPS) and 
the accumulated background solar wind ahead of the magnetic ejecta become parts of the 
ICMEs as they expand in interplanetary space [4].  

Plasma Composition 

Some spacecraft can measure the composition of the material in the solar wind. This can help 
the ICMEs identification. The magnetic clouds have an abundance of helium ions compared to 
the ambient solar wind implying that the material is ejected from the sun. Apart from the helium 
ion abundances, we can also observe the heavy ions content. As the normal solar wind does 
not have heavy ion abundances, it helps to make a distinction between ICMEs and background 
solar wind. In addition, the plasma charge states in ICMEs are higher than the ambient solar 
wind [4]. 

Electron signatures 

Typically observed in the solar wind are field-aligned suprathermal electrons. These field-
aligned beams are known as Strahl. Normally the Strahl is directed away from the sun 
propagating along the magnetic field of the sun. But in CMEs, they are bidirectional. They are 
termed bidirectional beams of suprathermal electrons (BDEs). The electrons in BDEs travel in 
the opposite direction of the CME’s magnetic field rope rooted in the sun [4]. 

 

 



8 
 

Method 
Solar Orbiter mission 

The Solar Orbiter mission (SolO) was launched on 10th February 2020 from Cape Canaveral 
onboard NASA Atlas V 411 launch vehicle [5]. It has 6 remote-sensing instruments for 
observation of the sun, solar corona, and the inner heliosphere and 4 in-situ instruments to 
measure the properties of solar wind and physical parameters of the heliosphere. The SolO is 
an ESA led mission with NASA participation. The SolO will cover the closest perihelion 
distance of 0.28 AU in 2022.   

The four in-situ science instruments are the Energetic Particle Detector (EPD), Magnetometer 
(MAG), Radio and Plasma Wave Analyzer (RPW) and Solar Wind Analyzer (SWA) [5]. For 
our project, we used the data provided from the Magnetometer (MAG) and Radio and Plasma 
wave analyzer (RPW).   

Magnetometer 

The Magnetometer (MAG) is a scientific instrument used to measure the in-situ magnetic field 
of the solar wind. It has a dual-sensor fluxgate design. This dual-sensor has two modes of 
working – normal mode and burst mode. The normal mode records the magnetic fluctuations 
up to 16 vectors/s while the burst mode records up to 64 vectors/s. MAG is designed to work 
in normal mode all the time during the mission. While the burst mode operation is just an hour 
per day. The MAG records magnetic fluctuation with a precision of 5 pT. This makes MAG 
sufficient to measure magnetic variations of the largest scales of solar wind associated with the 
solar rotation and also small ones of tens of kilometers below the proton gyroscale. MAG is 
used to measure the magnetic field structures and to understand the magnetic connection 
between the Sun and interplanetary space. It also helps to study the dynamic process like shocks 
and turbulence [5]. 

Radio and Plasma wave analyzer 

The Radio and Plasma wave analyzer (RPW) is used for the measurement of a magnetic and 
electric field. It provides plasma wave spectra and polarization properties of the solar wind, the 
spacecraft floating potential and the solar originated radio emissions in interplanetary space 
[5]. 

RPW consists of 3 main subsystems - Search Coil Magnetometer (SCM), Electric Antenna 
system (ANT) and Main Electronic Box (MEB). The SCM measures the three components of 
the magnetic field fluctuations in the solar wind. It can measure the frequency ranging from 10 
Hz to 10 kHz in all directions. It can also measure fluctuations ranging from 10 kHz to 500 
kHz but only in one direction. The SCM has 3 magnetic antennas that are installed orthogonally 
to the spacecraft instrument boom. It is a 4.40 m horizontal boom to accommodate several in-
situ sensors and RPW antennas [6]. 

The ANT system has 3 identical stacer antennas. It is used to provide the local plasma potential 
and 2 DC components of the electric field in the solar wind. They are attached to the instrument 
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boom 1 m from the tip. These electric antennas are aligned perpendicular to the spacecraft-sun 
direction. MEB is used to collect all the signals coming from the ANT and SCM [6].   

The radio receiver of RPW will observe the solar radio emission up to 16 MHz and the 
Langmuir like-waves in the solar wind.  The radio receiver also detects local quasi-thermal 
noise and with sufficient ambient plasma Debye length, it gives a precise measurement of in-
situ absolute electron density and temperature [5].  

Data sets 

In this project, we only use the data of MAG and RPW in-situ instruments provided by the 
SolO mission. MAG is used to obtain the in-situ magnetic field of ICME while the RPW is 
used for electron density. The magnetic field data is recorded in the normal mode of MAG in 
the Spacecraft Reference Frame (SRF). Here the electron density is used for this project instead 
of plasma density. This is due to the quasi-neutrality property of plasma. This indicates that all 
of the negative charges (electrons) are balanced by the positive charges (ions) in plasma.  

Partial Variance of Increments Method 

The coherent structures in the solar wind are important to study as they are related to energy 
dissipation and plasma heating. The “PVI” (Partial Variance of Increments) is a simple method 
to identify these coherent structures and help to understand the statistical intermittency in the 
turbulence from solar wind observations. It provides the normalized magnitude of the vector 
increment of the field at a given time lag. This normalization is done by the increment variance. 
With this method, a gradient of one or more components of a vector or scalar quantity can be 
obtained [3]. 

The discontinuities are the intrinsic properties of turbulence. There are many types of 
discontinuity like directional, tangential and rotational. PVI outputs are unbiased towards all 
discontinuities or other sharp structures like shocks, thus PVI method is very suitable for the 
detection of strong gradients [3]. 

For this project, we obtained the gradients of vector as well as scalar quantity by the PVI 
method. The vector and scalar quantities are the magnetic fields and electron density of ICME. 
The PVI of the magnetic field is represented by PVI B while the PVI of electron density by 
PVI Ne.  

PVI B is calculated from the increment in the magnetic field vector along the linear trajectory 
in space or time represented by s. 

∆𝐵(𝑠, 𝜏) = 𝐵(𝑠 + 𝜏) − 𝐵(𝑠)																																								(1) 

where B is the magnetic field vector and 𝜏 is a separation in space or time, then normalized by 
the variance: 

𝑃𝑉𝐼	𝐵(𝑠, 𝜏) =
|∆𝐵(𝑠, 𝜏)|

9⟨|∆𝐵(𝑠, 𝜏)|"⟩
																																								(2) 

where 〈⦁〉 implies an estimated average across the entire data set [3]. 
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We use the same PVI calculations for electron density, as we do for the magnetic field to obtain 
PVI Ne.  

∆𝑁𝑒(𝑠, 𝜏) = 𝑁𝑒(𝑠 + 𝜏) − 𝑁𝑒(𝑠)																																								(3) 

𝑃𝑉𝐼	𝑁𝑒(𝑠, 𝜏) =
|∆𝑁𝑒(𝑠, 𝜏)|

9⟨|∆𝑁𝑒(𝑠, 𝜏)|"⟩
																																								(4) 

where Ne is the electron density and 𝜏 is same as used in PVI B calculations.  

The PVI approach is sensitive to directional and magnitude changes in the given vector, as well 
as any type of rapid gradient changes in vectors or scalars. For statistical reliability the length 
of the interval must be sufficiently long – of several correlation lengths [3].  

It has been found that structure formations in the solar wind lead to a variety of physical effects. 
One of them is the formation of a thin current sheet due to magnetic field gradients [3]. The 
combination of PVI of magnetic field and its rotation is used to identify these thin structures. 
In 2D magnetohydrodynamic (MHD) turbulence simulations, it has been shown that strong 
PVI B peaks associated with large rotations (>90 deg) of the magnetic field correspond to the 
presence of thin current sheets [7]. 

To calculate the magnetic rotation in the observed solar wind, we need to estimate the magnetic 
shear angle (𝜃). It is the angle between two-time instances of the magnetic field vector 
separated by the time delay τ [7]. 

It is given by the following equation  

𝜃(𝑠, 𝜏) = arccos 2
𝐵(𝑠)	.		𝐵(𝑠 + 𝜏)
|𝐵(𝑠)||𝐵(𝑠 + 𝜏)|7																																								(5) 

where 𝜃(𝑠) is the magnetic shear angle and 𝐵 is the magnetic field [7]. 

As the solar wind carries strong magnetic field along with it, the solar wind fluctuations can be 
described with solutions of the MHD equations [2][3]. So, it is important to understand the 
MHD turbulence for solar wind and ICME sheath studies. Turbulence properties can be 
described using either the probability distribution functions (PDFs hereafter) of increments, or 
the longitudinal structure functions, which represent different order moments of the PDFs. 
Figure 4 shows the PDF of current density in the 2D simulation of intermittent MHD 
turbulence. It displays the PDF of out-of-plane electric current density along with the turbulent 
magnetic field lines. The PDF of this current density has three different regions: the Gaussian 
region (I), the sub-Gaussian region (II) and the large tail region (III). In these three regions, the 
magnetic field lines are plotted in the x-y plane and the electric current density in the z plane. 
The contours of the magnetic field lines are plotted with solid and dash. The solid one 
represents z>0 and the dash as z<0. The colored region shows the places where the PDF regions 
contribute to the magnetic field lines [3]. 
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Figure 4: Top upper left box is the PDF of out-of-plane electric current density in 2D MHD simulation. 
The rest three shows the magnetic field lines with the contours of constant magnetic potential. These 
three boxes represent the three regions of selected bands (I, II and III) of given PDF [3].   

After the calculation of PVI for a 2D MHD, it is found that region (I) of PDF in Figure 4 
accounts for the Gaussian component of the distribution. Here the fluctuations values are very 
low and stay in between the lanes of magnetic flux tubes represented in the 2D plane as 
magnetic islands. While region (II) is associated with sub-Gaussian features of the PDF. The 
electric current density fluctuations lie in the central region of the magnetic islands. The region 
(III), where the PVI is 4 and above, represents the coherent structure of the turbulence. These 
fluctuations form the sharp edges (or discontinuities) of the magnetic islands [3]. 
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Power Spectral Density Analysis 

The power spectral density (PSD) analysis of the solar wind shows that the nature of the solar 
wind is turbulent. And this turbulence energy cascades from the MHD large scales to the 
electron scales (see Figure 5). From the injection scale, the energy is transferred through the 
inertial range without loss where also coherent structures emerged due to the non-linear 
process. The energy transfer continues until the dissipation scales are reached where the energy 
is converted to heat. This idealized picture comes from neutral fluid turbulence phenomenology 
grounded in the work of Kolmogorov (1941), known as K41. Later, the MHD analog has been 
developed independently by P.S. Iroshnikov (1964) and R. Kraichnan (1965) which is 
annotated as IK67. In these turbulence models, the prediction of the slope (𝑘) for the power 
spectra law (𝑓!) of the energy transfer in the inertial range is -5/3 (neutral fluid) and -3/2 
(MHD) [8]. 

Figure 6 shows an example of a PSD graph of the magnetic field fluctuations observed in the 
solar wind turbulence. Distinct ranges can be seen in the graph of the transfer of energy from 
large scales to smallest scales (electron scales): energy injection range (L), inertial range (l) 
and dispersion/dissipation range (𝜂). At the energy injection range (L), the injection of energy 
happens from uncorrelated magnetic field sources of the sun, and it is characterized by spectral 
index -1. The energy in the system then gets transferred through the inertial range (l) as a non-
linear cascade producing power scaling -1.7 which is very close to K41 prediction. After this, 
we have the dispersion/dissipation range. This range is further sub-divided into three parts - 
transition range, dispersive range and electron dissipation range. The slope of the transition 
range is -3.4. The dispersive range has a slope of -2.6 and the electron dissipation range’s slope 
is -3.7 [9].  

 
Figure 5: Diagram of the energy cascade, showing the energy transfer from large scales in the inertial 
range into the dissipation range where energy converted into heat [8]. 
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Figure 6: PSD graph of the magnetic field observed by the spacecraft instruments. Here the L is energy 
injection range, l is inertial range and 𝜂 is the dispersion/dissipation range. The axes of the given graph 
are logarithmic [9]. 
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Results and Analysis 
Event selection 

The term “event” refers to the detection of an ICME in interplanetary space. These events 
consist of interplanetary shock (IPS), sheath and magnetic obstacles (MO). Here MO represents 
all types of in-situ ICME identifications mentioned in the ICME section of the report. For this 
project, we selected seven such events which are observed by the SolO spacecraft and listed in 
the HELIO4CAST ICME catalog (https://helioforecast.space) [10][11]. This catalog is based 
on in situ magnetic fields and bulk plasma observed by different spacecraft in the heliosphere. 
We select seven events by looking at the in-situ magnetic field graph provided in the catalog. 
The magnetic field observation graphs for their corresponding events can be found in Annex 
from Figures 1.1 to 1.7. The selected events are numbered according to the date they have 
occurred (See Table 1).  

Table 1 shows in the first column the number of the ICME Event, the IPS time, and magnetic 
obstacle’s start and end times as MO in UTC, as well as the distance of SolO from the Sun. 
Since the SolO mission is currently an active mission it changes its position. The shock time, 
MO start time and MO end time for each event in Table 1 were taken from their respective in-
situ magnetic field graph. (See Figures 1.1 to 1.7). And the heliodistance values for each from 
their respective SolO position graph (see Figures 2.1 to 2.7). After choosing these events, the 
magnetic field and electron density data for corresponding events have been downloaded from 
the IRF data archive. We calculate the PVI B and PVI Ne in particular for the sheath regions 
of ICMEs. The sheath region of the ICME is defined as the space between the shock (Shock 
time) and the start of magnetic obstacles (MO start time). After that, we did a correlation 
between PVI B and PVI Ne. In addition, we obtain the power spectrum of the magnetic field 
of each ICME event. 

Table 1: List of all ICME events analyzed in the report 

ICME Events Shock time MO start time MO end time Heliodistance 
Event 1 4/19/2020 5:06 4/19/2020 8:59 4/20/2020 9:15 0.8076 
Event 2 7/25/2020 23:11 7/26/2020 5:59 7/26/2020 23:31 0.7094 
Event 3 8/21/2020 19:17 8/22/2020 7:37 8/23/2020 2:36 0.8653 
Event 4 11/12/2020 23:27 11/13/2020 9:33 11/13/2020 18:28 0.9405 
Event 5 12/19/2020 20:39 12/20/2020 10:15 12/21/2020 4:30 0.7682 
Event 6 4/15/2021 20:21 4/16/2021 9:49 4/17/2021 11:35 0.8373 
Event 7 5/10/2021 6:24 5/10/2021 14:01 5/11/2021 11:39 0.9245 
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Partial Variance of Increment of magnetic field and electron density 

The PVI of magnetic field (PVI B) and electron density (PVI Ne) are calculated by using 
equations 2 and 4 for all seven events. The time delay (𝜏) for the calculation of the PVI B and 
PVI Ne is taken in a range of data points from 2 to 213 for all the events. The time delays 
represent the length of the increment in the PVI. The sampling rate of B is 0.125s which is 
twice the Ne. The increments for each time delay are normalized by its variance to construct 
the PVI structure of the magnetic field and electron density.  

Table 2 lists all the events we used to calculate the PVI B and PVI Ne corresponding to the 
sheath region of the ICME event. Except the event 2, due to the lack of data of Ne. Only PVI 
B and magnetic shear angle is calculated for this event (see Figure 3.2 in Annex). Thus, event 
2 is excluded from the list of ICME events for PVI analysis in Table 2. The time intervals taken 
for the PVI are different from the actual sheath region. The start time is 1 hour before the start 
of the sheath region and the end time is 1 hour after the end of it, in order to calculate the 
gradients with respect to the level of background fluctuations.  

Table 2: List of ICME events for PVI analysis of B and Ne 

ICME Event PVI start time PVI end time 
Event 1 4/19/2020 4:06 4/19/2020 9:59 
Event 3 8/21/2020 18:17 8/22/2020 8:37 
Event 4 11/12/2020 22:27 11/13/2020 10:33 
Event 5 12/19/2020 19:39 12/20/2020 11:15 
Event 6 4/16/2021 00:00 4/16/2021 10:49 
Event 7 5/10/2021 5:24 5/10/2021 15:01 

Here we exemplify the results of event 3 for PVI of B and Ne are shown in Figure 7. The rest 
PVI graph result for events mentioned in Table 2 can be seen in the Annex (see Figures 3.1 to 
3.6). Panel a) shows fluctuations of all the components and the total magnetic field of the sheath 
region of the ICME event 3. The big jump in the magnetic field at 19:17 UTC represents the 
start of the sheath region. The sudden jump is due to the interplanetary shock (IPS). At 07:37 
UTC the magnetic obstacle starts, and it represents the end of the ICME sheath region. The 
magnetic field fluctuations shown here are the in-situ observations from the spacecraft. Panel 
d) shows the in-situ electron density fluctuation observed by the SolO. Similar jumps can be 
seen in the electron density as in the magnetic field. 

PVI B and PVI Ne are shown in panels b) and e) of Figure 5 respectively. Panel b) shows the 
PVI B over a range of time delays from 0.25s to 256 s. To show the PVI for different time 
delays, a jet color scheme is used. Higher peaks have been observed at the shock and the start 
of the MO because they represent the strongest gradients in the magnetic field and electron 
density. Strong peaks have been observed in the sheath region which correspond to current 
sheets and discontinuities. 
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Figure 7:  PVI graph of sheath region of ICME event 3 from 8/21/2020 18:17 - 08:37 UTC a) In situ 
magnetic field recorded in SRF coordinates; b) PVI B with tau ranging from 0.25 to 256 s; c) rotation 
angle θ of magnetic field; d) electron density fluctuations; and e) PVI Ne for the same tau range as in 
b). 

For electron density, the same time delay (𝜏) has been used to obtain the PVI Ne. The color 
scheme used is the same as for PVI B. Higher peaks can be seen also throughout the sheath 
region, where both PVI B and PVI Ne show similar behavior – strong activity marking the 
detection of gradients in B and Ne, and rotations in B. The smaller the time delay, the stronger 
the peaks in PVI B and PVI Ne, implying that the concentration of energy is in the smallest 
scales. 

Panel c represents the magnetic shear angle (𝜃, in degrees), describing the rotation of the 
magnetic field vector. In this example, the strong rotations coincide with the strong peaks 
meaning that these gradients are due to the detection of current sheets. There is a large rotation 
> 130 deg in Bz ahead of IPS, seen in all time delays. Also, in the interval 04:00-05:15 UTC, 
the rotations are about 180 deg, which corresponds to antiparallel B. A similar antiparallel field 
is seen at  ̴ 07:45 UTC, representing the leading edge of the magnetic cloud. 
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Correlations between Partial Variance of Increment of magnetic field and 
electron density 

To obtain the correlation between the PVI of B and Ne of an ICME event, we use the simple 
Pearson correlation coefficient. It is calculated by dividing the covariance of the two variables 
by the product of their standard deviations. We took PVI B and PVI Ne to get the correlation 
coefficient which is listed in Table 3 for all events for the different time delays (𝜏). The graphs 
of PVI B and PVI Ne for all the events in Table 3 are in Annex from Figures 3.1 to 3.6. The 
correlation coefficient for event 2 is not available due to insufficient data points of electron 
density (see Figure 3.2). Here the correlation coefficient is calculated over six different values 
of 𝜏 from 0.25 to 256 sec. The time delays are the same for the calculation of PVI B and PVI 
Ne. In the calculation of the correlation coefficient, the resampling of PVI B and PVI Ne was 
required due to their different sampling rate in spacecraft instruments.  

Table 3: Correlation coefficient values for different events 

ICME Events 
Corr. Coeff. for different tau (τ) 

Tau=0.25 1 4 16 64 256 

Event 1 0.5209 0.4594 0.4679 0.5342 0.5665 0.5386 

Event 3 0.5767 0.5112 0.4393 0.3713 0.3402 0.2937 

Event 4 0.4961 0.4692 0.4087 0.4006 0.3867 0.335 

Event 5 0.4729 0.4049 0.3315 0.2801 0.2424 0.2069 

Event 6 0.5273 0.4544 0.4039 0.3766 0.3439 0.3407 

Event 7 0.4769 0.4043 0.3873 0.3814 0.3847 0.4514 

From observations [12][13] and MHD numerical simulations [14][15] has been found that 
coherent structures, such as current sheets, vortices, and density gradients near the proton scale 
are associated with plasma heating. Also, in simulations, a good correlation was found between 
strong shears in the velocity and magnetic field with local compressive regions. Since in the 
investigated here dataset there are only measurements of B and Ne, we look at the correlation 
between the PVI B and PVI Ne (shown in Figure 8 and Table 3). The highest correlation 
coefficient for each event was found to be for the case of the smallest time delay. However, the 
correlation is poor overall except for the smallest τ in event 3 (Corr. Coeff. = 0.58) and towards 
the larger τ ranging from tens to hundreds of seconds for event 1. For the rest of the events, 
there is a very weak correlation for the smallest time delay which worsens the larger the τ. Here 
event 1 and event 7 don’t follow the trend with the rest of the events in Table 3. Event 1 has 
complex behavior (see Figure 1.1) where there is a presence of both small-scale current sheets 
and large-amplitude jump and strong rotation in the magnetic field therefore the correlation is 
preserved from small to large scales. There is no magnetic field measurement for the entire 
sheath region in event 7 (Figure 1.7) therefore the result for the correlation coefficient is 
unreliable. Overall, the lack of correlation is probably due to the large variety of conditions 



18 
 

from event to event and the differences in the internal structure of each sheath – some 
containing larger scale magnetic structures, others – discontinuities and current sheets. 

 

Figure 8: Plot of the correlation coefficient values at time delays tau from 0.25 to 256 sec in logarithmic 
scale for different ICME events. 

Power Spectral Density of magnetic field 

To analyze the power spectrum of B (all components and magnitude of magnetic field) of each 
event, we have computed the Power Spectral Density (PSD) using Welch’s method. PSD graph 
of all the selected events can be seen in Annex except 7. Because Event 7 had insufficient 
magnetic field data to calculate the PSD of B (see Figure 1.7). For all events, the spectra of the 
magnetic components and magnitude show two power law (𝑓!" and 𝑓!#) regimes characterized 
by two slopes 𝑘1 and 𝑘2 that can be seen in Table 4. The slope values for event 3 are shown 
in Figure 9 and the slope for the rest of the events are in Annex from Figures 4.1 to 4.5. To 
calculate these slopes, we did a linear fit of the power spectrum. The frequency range of each 
linear fit is provided in Table 4 for both the slopes. These frequency range values are 
determined by looking at the PSD plot of each component and the magnitude of the magnetic 
field. 

Figure 9 shows the power spectral density (PSD) analysis of Bx, By, Bz and Btotal. The rest PSD 
graphs are in Annex from Figures 4.1 to 4.5. The slope of PSD is determined by the linear 
curve fitting (see Figure 9 and Table 4). Two power law regimes (dashed lines) can be 
identified in B components and magnitude. In Figure 9, the x-axis shows the logarithmic scale 
of frequency, and the y axis represents the PSD (nT2/Hz). In the higher frequency part, the 
slope of the power spectrum becomes steeper. The slope values for the lower frequency part 
are between –1.8 to –1.5 and for the higher frequency one is from –3.4 to –3.7. 
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Table 4: The slopes of the PSD for different components of magnetic field of each event and the 
frequency range of these slopes. 

ICME 
Event 

Magnetic field 
components 

Slopes 
Frequency range for 

slope 𝑘1 
Frequency range for 

slope 𝑘2 
𝑘1 𝑘2 start point end point start point end point 

Event 1 

Bx -1.5 -3.4 5.00E-04 1.20E-02 1.50E-02 6.00E-02 
By -1.8 -3.6 2.00E-04 1.50E-02 2.00E-02 6.00E-02 
Bz -1.7 -3.8 3.00E-04 1.20E-02 2.00E-02 6.00E-02 

Btotal -1.7 -3.5 6.00E-04 2.00E-02 2.50E-02 6.00E-02 

Event 2 

Bx -1.7 -3.1 1.00E-04 4.00E-03 5.00E-03 5.00E-02 
By -1.7 -3.3 3.00E-04 5.00E-03 7.00E-03 5.00E-02 
Bz -1.8 -3.1 2.00E-04 5.00E-03 7.00E-03 5.00E-02 

Btotal -1.8 -3 1.00E-04 1.00E-02 1.50E-02 5.00E-02 

Event 3 

Bx -1.5 -3.7 2.00E-04 8.00E-03 1.50E-02 5.00E-02 
By -1.7 -3.6 1.00E-04 9.00E-03 2.00E-02 5.00E-02 
Bz -1.7 -3.6 1.00E-04 1.00E-02 1.90E-02 6.00E-02 

Btotal -1.8 -3.4 1.00E-04 1.00E-02 3.00E-02 6.00E-02 

Event 4 

Bx -1.5 -3.1 1.00E-04 4.00E-03 5.00E-03 5.00E-02 
By -1.8 -3.3 1.00E-04 6.00E-03 1.50E-02 5.00E-02 
Bz -1.6 -3.2 1.00E-04 8.00E-03 1.50E-02 5.00E-02 

Btotal -1.6 -2.7 3.00E-04 2.00E-02 2.00E-02 5.00E-02 

Event 5 

Bx -1.6 -3.3 2.00E-04 8.00E-03 1.70E-02 5.00E-02 
By -1.7 -3.9 1.00E-04 1.00E-02 2.00E-02 5.00E-02 
Bz -1.7 -3.7 1.00E-04 9.00E-03 2.00E-02 5.00E-02 

Btotal -1.7 -3.5 4.00E-04 9.00E-03 2.00E-02 5.00E-02 

Event 6 

Bx -1.6 -3.6 1.00E-04 7.00E-03 2.00E-02 5.00E-02 
By -1.7 -3.7 1.00E-04 1.00E-02 2.00E-02 5.00E-02 
Bz -1.8 -3.5 2.00E-04 1.00E-02 2.00E-02 5.00E-02 

Btotal -1.7 -3.4 2.00E-04 2.00E-02 3.00E-02 5.00E-02 
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Figure 9: The power spectral density (PSD) analysis of the magnetic field of the ICME event 3. Vector 
components and the magnitude of B are shown in different colors. These different components and 
magnitude of B overlap therefore they are shifted so that the shape and the slopes are better seen. The 
two dash lines represent the linear fitting of the two power laws (𝑓#$ and 𝑓#") for the spectra of vector 
components and magnitude of B, where 𝑘1 and 𝑘2 are the respective slopes.   

For all events, the power spectrum of the magnetic field has slope values similar to 
Kolmogorov's power law, i.e., close to –5/3. While the other slope in the high-frequency range 
represents the dissipation range. The predicted from the theory value should be around –4. The 
values we got here are around –3.9 to –2.7. The shallower slope below and close to -3 (see 
Table 4) for event 2 and event 4 (see Figure 4.2 and 4.3, respectively) indicates that at small 
scales the energy in the turbulent cascade is not fully dissipated, but there are dispersive 
processes, e.g., wave-particle interactions that generate additional cascade that continues to 
transfer energy towards the very high frequencies. This again emphasizes the large variability 
of the magnetic field behavior in each CME sheath. The power spectrum of the electron density 
could not be calculated because of the presence of data gaps in the timeseries of the electron 
density. 
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Conclusions 
In this project, we investigated the fluctuations of the magnetic field and electron density 
measured from the Solar Orbiter spacecraft in the regions of the turbulent sheaths of CMEs. 
The findings of the investigation are summarized below: 

• The power spectra of the magnetic field magnitude and vector components in the CME 
sheaths show two power-law regimes – one corresponding to the inertial range with 
average power slopes (Bx, By, Bz and Btotal are -1.6, -1.7, -1.7 and -1.7, respectively) 
close to the ones of Kolmogorov or Iroshnikov-Kraichnan turbulence phenomenology, 
and the second one in the high-frequency range with steep slopes (Bx, By, Bz and Btotal 
are - 3.4, -3.6, -3.5 and -3.3, respectively) indicating energy dissipation. This implies 
that in general the turbulence in the CME sheath resembles the turbulence in the solar 
wind and has not been significantly modified by the CME expansion and propagation 
in the interplanetary space. 

• Using the PVI method, gradients in B and Ne in the range of time delays from 0.25 up 
to 256 s have been detected. The strongest values of PVI of both quantities have been 
found for the smallest scales, which also occur at approximately the same locations. 
This suggests that the high PVI activity corresponds to the presence of coherent 
structures. However, when the correlation coefficient between PVI B and PVI Ne is 
calculated over the entire sheath for each event, we find a weak correlation at the 
smallest scale and there is no correlation over larger scales. 

• The close examination of B and Ne of the CME sheaths revealed a large variety in the 
amplitude of the fluctuations and structures at different time scales and different 
background conditions. Therefore, in future studies, the structure of the CME sheaths 
needs to be examined by methods based on regional coarse-grain correlations. 
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Annexure 

Set of Figures for all events 

All the Figures used for the report for their corresponding events are presented here. The first 
section shows the in-situ observations of the magnetic field for all the events taken from the 
HELIO4CAST ICME catalog (https://helioforecast.space/). The second section presents the 
schematic diagram of the position of SolO in space when the data are recorded for the 
corresponding event. The third section contains the PVI graphs for all the events, except event 
3 (see Figure 7) which is discussed in the results. And the fourth section shows the PSD graph 
for all events that are included in Table 4, except for event 3 (see Figure 9), which is discussed 
in the result section. 

1. In-situ Magnetic field observation 

Here you'll find all the in-situ magnetic field graphs for all the selected events. The magnetic 
field coordinate system used here is SpaceCraft Equatorial Coordinates (SCEQ). 

 
 

 

Figure 1.1: In-situ magnetic field observation of ICME event 1 with shock and magnetic obstacle (MO). 
Black line at 04/19/2020 05:06 UTC represents the shock. While other two lines at 08:59 and 09:15 
UTC marks the start and end of MO respectively.  
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Figure 1.2: In-situ magnetic field observation of ICME event 2 with shock and magnetic obstacle (MO). 
Black line at 7/25/2020 23:11 UTC represents the shock. While other two lines at 7/26/2020 05:59 and 
23:31 UTC marks the start and end of MO respectively.  

 

 

Figure 1.3: In-situ magnetic field observation of ICME event 3 with shock and magnetic obstacle (MO). 
Black line at 08/21/2020 19:17 UTC represents the shock. While other two lines at 08/22/2020 07:37 
and 08/23/2020 02:36 UTC marks the start and end of MO respectively.  
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Figure 1.4: In-situ magnetic field observation of ICME event 4 with shock and magnetic obstacle (MO). 
Black line at 11/12/2020 23:27 UTC represents the shock. While other two lines at 11/13/2020 09:33 
and 18:28 UTC marks the start and end of MO respectively.  

 

Figure 1.5: In-situ magnetic field observation of ICME event 5 with shock and magnetic obstacle (MO). 
Black line at 12/19/2020 20:39 UTC represents the shock. While other two lines at 12/20/2020 10:15 
and 12/21/2020 04:30 UTC marks the start and end of MO respectively. 
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Figure 1.6: In-situ magnetic field observation of ICME event 6 with shock and magnetic obstacle (MO). 
Black line at 04/15/2021 20:21 UTC represents the shock. While other two lines at 04/16/2021 09:49 
and 04/17/2021 11:35 UTC marks the start and end of MO respectively.  

 

Figure 1.7: In-situ magnetic field observation of ICME event 7 with shock and magnetic obstacle (MO). 
Black line at 05/10/2021 06:24 UTC represents the shock. While other two lines at 14:01 and 
05/11/2021 11:39 UTC marks the start and end of MO respectively.  
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2. Schematic diagram of Spacecraft Position (SolO)  
Following enlist of all schematic diagrams of spacecraft position of SolO when B and Ne 
data are recorded for all selected events in space. The other spacecraft are Parker Solar 
Probe (PSP), BepiColombo (Bepi) and STEREO-A (STA). In the diagrams below, 
positions are shown using the Heliocentric Earth Equatorial Coordinates (HEEQ) system. 
 

 

Figure 2.1: The position of SolO when B and Ne data recorded at 04/19/2020 05:06 UTC for the event 
1 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.81 AU.  
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Figure 2.2: The position of SolO when B and Ne data recorded at 07/25/2020 23:11 UTC for the event 
2 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.71 AU. 

 

Figure 2.3: The position of SolO when B and Ne data recorded at 08/21/2020 19:17 UTC for the event 
2 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.87 AU.  

 

 

Figure 2.4: The position of SolO when B and Ne data recorded at 11/12/2020 23:27 UTC for the event 
4 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.94 AU. 
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Figure 2.5: The position of SolO when B and Ne data recorded at 2/19/2020 20:39 UTC for the event 
5 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.77 AU. 

 

 

Figure 2.6: The position of SolO when B and Ne data recorded at 04/15/2021 20:21 UTC for the event 
6 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.84 AU. 
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Figure 2.7: The position of SolO when B and Ne data recorded at 05/10/2021 06:24 UTC for the event 
7 along with the Sun, the Earth, the Mars and other spacecrafts are shown in the different colors of 
square dots. Trajectory of these spacecraft are represented in the corresponding color lines. The 
heliodistance of SolO is 0.93 AU. 
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3. PVI graphs 
This section contains all the PVI graphs used in the report. Figure 3.2 is incomplete due to 
the lack of Ne data for that event. For the PVI graph of event 3, see Figure 7. 

 

Figure 3.1: PVI of Sheath region of ICME event 1 from 4/19/2020 04:06 to 4/19/2020 09:59 UTC. a) 
In situ magnetic field fluctuations recorded in SRF coordinates; b) PVI B for the tau ranging from 0.25 
to 256 s; c) rotation angle θ of B; d) electron density fluctuations; and e) PVI Ne for the same tau range 
as in b).  
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Figure 3.2: PVI of Sheath region of ICME event 2 from 07/25/2020 22:11 to 07/26/2020 06:59 UTC. 
a) In situ magnetic field fluctuations recorded in SRF coordinates; b) PVI B for the tau ranging from 
0.25 to 256 s and c) rotation angle θ of B. The electron density fluctuations and PVI Ne are shown here 
like others due to the lack of Ne data. 
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Figure 3.3: PVI of Sheath region of ICME event 4 from 11/12/2020 22:27 to 11/13/2020 10:33 UTC. 
a) In situ magnetic field fluctuations recorded in SRF coordinates; b) PVI B for the tau ranging from 
0.25 to 256 s; c) rotation angle θ of B; d) electron density fluctuations; and e) PVI Ne for the same tau 
range as in b). 
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Figure 3.4: PVI of Sheath region of ICME event 5 from 12/19/2020 19:39 to 12/20/2020 11:15 UTC. 
a) In situ magnetic field fluctuations recorded in SRF coordinates; b) PVI B for the tau ranging from 
0.25 to 256 s; c) rotation angle θ of B; d) electron density fluctuations; and e) PVI Ne for the same tau 
range as in b). 
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Figure 3.5: PVI of sheath region of ICME event 6 from 4/16/2021 00:00 to 4/16/2021 10:49 UTC. a) 
In situ magnetic field fluctuations recorded in SRF coordinates; b) PVI B for the tau ranging from 0.25 
to 256 s; c) rotation angle θ of B; d) electron density fluctuations; and e) PVI Ne for the same tau range 
as in b). Note: PVI of B and Ne is calculated over approximately half of the sheath interval due to the 
lack of Ne data. 
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Figure 3.6: PVI of Sheath region of ICME event 7 from 05/10/2021 05:24 to 05/10/2021 15:01 UTC. 
a) In situ magnetic field fluctuations recorded in SRF coordinates; b) PVI B for the tau ranging from 
0.25 to 256 s; c) rotation angle θ of B; d) electron density fluctuations; and e) PVI Ne for the same tau 
range as in b). Although the data for B is incomplete, the PVI for this event is calculated because the 
recorded data cover a small portion of the ICME sheath region. 
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4. PSD B graphs 
This section contains all the PSD graphs for the events included in Table 4. The data for 
Table 4 are drawn from the graphs below. For the PSD graph of event 3 refer to Figure 9 
in the report.  

 

 

Figure 4.1: The power spectral density (PSD) analysis of the magnetic field of the ICME event 1. Vector 
components and the magnitude of B are shown in different colors. These different components and 
magnitude of B overlap therefore they are shifted so that the shape and the slopes are better seen. The 
two dash lines represent the linear fitting of the two power laws (𝑓#$ and 𝑓#") for the spectra of vector 
components and magnitude of B, where 𝑘1 and 𝑘2 are the respective slopes. 
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Figure 4.2: The power spectral density (PSD) analysis of the magnetic field of the ICME event 2. Vector 
components and the magnitude of B are shown in different colors. These different components and 
magnitude of B overlap therefore they are shifted so that the shape and the slopes are better seen. The 
two dash lines represent the linear fitting of the two power laws (𝑓#$ and 𝑓#") for the spectra of vector 
components and magnitude of B, where 𝑘1 and 𝑘2 are the respective slopes. 
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Figure 4.3: The power spectral density (PSD) analysis of the magnetic field of the ICME event 4. Vector 
components and the magnitude of B are shown in different colors. These different components and 
magnitude of B overlap therefore they are shifted so that the shape and the slopes are better seen. The 
two dash lines represent the linear fitting of the two power laws (𝑓#$ and 𝑓#") for the spectra of vector 
components and magnitude of B, where 𝑘1 and 𝑘2 are the respective slopes. 
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Figure 4.4: The power spectral density (PSD) analysis of the magnetic field of the ICME event 5. Vector 
components and the magnitude of B are shown in different colors. These different components and 
magnitude of B overlap therefore they are shifted so that the shape and the slopes are better seen. The 
two dash lines represent the linear fitting of the two power laws (𝑓#$ and 𝑓#") for the spectra of vector 
components and magnitude of B, where 𝑘1 and 𝑘2 are the respective slopes. 
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Figure 4.5: The power spectral density (PSD) analysis of the magnetic field of the ICME event 6. Vector 
components and the magnitude of B are shown in different colors. These different components and 
magnitude of B overlap therefore they are shifted so that the shape and the slopes are better seen. The 
two dash lines represent the linear fitting of the two power laws (𝑓#$ and 𝑓#") for the spectra of vector 
components and magnitude of B, where 𝑘1 and 𝑘2 are the respective slopes. 

 

 

 

 


