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The main objective of this thesis is to model the magnetic
structure of interplanetary coronal mass ejections (ICME) measured
in-situ from the WIND spacecraft positioned at L1. The modeling is
done by a magnetohydrodynamic reconstruction technique based on
the GS equation with a toroidal geometry. The purpose has been to
extend the application of the reconstruction program to real data
and to test its performance when different input parameters are
changed. Two events are presented; 16-17 May 2012 and 15-16 May
2005 ICMEs have been successfully reconstructed with this model.
The main achievements of the study are that a) the code now works
for real data b) the important parameters that can be changed for
different reconstructions in the code are the number of iterations
used to find the optimal Z-axis, the plasma pressure and the order
of the polynomial fitting of the flux functional, c) if all cross
section reconstructions for different variations of these
parameters strongly resembles each other then this is an
indication that the model approximation is good and that the flux
rope exists. The results have been compared and verified with
previously published studies of these events.
Using a toroidal geometry for the GS reconstruction method we
obtain very similar results to the one obtained with different
reconstruction techniques.This implies that at L1, the ICMEs have
expanded so much that a cylindrical geometry is sufficient to
describe the flux rope geometry. The toroidal Grad-Shafranov
reconstruction technique is best suited for circular, or slightly
elongated, flux rope cross section profiles but have been proven
to work for one complex ejecta consisting of two merged flux
ropes. The toroidal model might become an important asset in the
future when data from spacecraft closer to the Sun, such as Parker
Solar Probe and Solar Orbiter, is public. When the major radius of
the flux rope is smaller the choice of geometry will most likely
have a larger role than for measurements at L1 and so, the
toroidal Grad-Shafranov reconstruction technique will probably be
the better alternative of the models that exists today.
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Populärvetenskaplig sammanfattning
Interplanetära koronamassutkastningar är ett fenomen där det från solen slungas ut en stor mängd
plasma. Ofta propagerar plasman ut från solen med en hög hastighet och bildar en shockvåg. Bakom
denna shockvåg finns olika beståndsdelar, där ett fluxrep är en av dem. Ett fluxrep är ett magnetiskt
fält som snurrar kring en axel i en helisk geometri. Att ta reda på hur det här fluxrepet beter sig är
av stort intresse då det kan hjälpa oss att bygga ett prognossystem för hur rymden påverkar oss här
på jorden. Ett prognossystem för så kallat rymdväder existerar inte i skrivande stund (april 2019) på
grund av att solens påverkan på jorden är mycket komplex och svår att förutsäga.
I det här arbetet har tvärsnitten på fluxrep rekonstruerats med hjälp av en metod som kallas toroidal
Grad-Shafranov-rekonstruktion med satellitdata som indata. Idag finns det satelliter som gör mätningar
på plasma ute i rymden, men problemet är att en satellitmätning endast ger en endimensionell bild av
fenomenet när vi i själva verket skulle behöva mätdata i fler dimensioner. Därför görs rekonstruktioner
- med hjälp av endimensionell data, komplexa plasmaekvationer och numeriska algoritmer går det att
beräkna och rita upp tvärsnittet på ett fluxrep som satelliten åkt igenom. Ett tvådimensionellt
tvärsnitt säger mycket om den interplanetära koronamassutkastningen då det går att utifrån det
beräkna bland annat hur fluxrepet snurrar relativt jordens magnetfält, något som är viktigt att veta
för att räkna ut hur fluxrepet interagerar med jordens magnetfält. Det har tidigare funnits program
som rymdfysiker har skrivit som använder sig av toroidal Grad-Shafranov-rekonstruktion, men dessa
har endast fungerat för artificiella data och perfekta förhållanden. I det här arbetet har rekonstruktionsprogrammet utökats till att det fungerar för verklig data. För att verifiera att programmet
fungerar korrekt så har två koronamassutkastningar blivit rekonstruerade samt jämförda med tidigare
publikationer där forskare har studerat samma händelser med andra metoder. Genom att jämföra
dessa så har det kunnat konstateras att rekonstruktionsmetoden nu fungerar för verklig data.
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Word List and Abbreviations
• Bow Shock - The Earth’s bow shock is a shockwave located between the terrestrial magnetosphere and the incoming solar wind plasma. It occurs when the supersonic solar wind interacts
with Earth’s magnetic field.
• CME - Coronal mass ejection.
• ICME - Interplanetary coronal mass ejection.
• Dayside - The part of the Earth that faces the Sun.
• ESA - European Space Agency.
• FDM - Finite Difference Method. A numerical method used when solving partial differential
equations.
• Geoeffectivity - An external event’s ability to cause a geomagnetic disturbance.
• GIC - geomagnetically Induced Current.
• GSE - Geocentric Solar Ecliptic system with x-axis pointing from the Earth towards the Sun,
the y-axis in the ecliptic plane pointing towards dusk (opposing planetary motion), and its z-axis
is parallel to the ecliptic pole.
• IMF - Interplanetary Magnetic Field, the solar wind’s magnetic field.
• In-situ data - Data collected on site, e.g. in-situ spacecraft data means that the spacecraft is
making its measurements at the location where it is situated.
• IRF - Swedish Institute of Space Physics.
• L1 - First Lagrangian point.
• LASCO - Large Angle and Spectrometric Coronagraph instruments, onboard SOHO spacecraft.
• Magnetosphere - The Earth’s magnetic cavity in the interstellar medium.
• MC - Magnetic cloud.
• NASA - National Aeronautics and Space Administration.
• SOHO - SOlar and Heliospheric Observatory, ESA/NASA satellite used for solar observations.
• STEREO - Solar TErrestrial RElations Observatory, NASA satellites used for remote and
in-situ solar obsservarions.
• SW - Solar wind.
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1

Introduction

The main objective of this thesis is to reconstruct the magnetic structure of interplanetary coronal mass
ejections (CMEs, see fig.(1)) observed in-situ by the Wind spacecraft positioned at the first Lagrangian
point (L1, see fig.(2)). We use a magnetohydrodynamic (MHD) model based on the Grad-Shafranov
(GS ) equation. Existing models have been used for known analytical solutions and so a part of the
main objective have included generalisation of the code for it to work for in-situ data. Coronal mass
ejections are huge releases of plasma from the active regions of the Sun’s surface which are often
associated with solar flares and prominence eruptions. They propagate in the interplanetary space
and when detected in-situ by spacecraft instruments they are called interplanetary CMEs (ICMEs).
Their magnetic structure has direct impact on the Earth’s magnetosphere and therefore it is of great
importance to be able to predict what structure they have when they reach the Earth. Since it
is not possible to determine the magnetic field orientation of the structures on the Sun’s surface
using coronagraph white light pictures, magnetic fields and plasma data is measured with satellites
at L1 (such as Wind spacecraft) are crucial to reconstruct the ICMEs (obtain their orientation of the
magnetic helicity), and thus for their forecast.

1.1

Why Do We Study ICMEs?

It is important to study the behaviour of ICMEs in order to improve space weather forecasts. Space
weather is the branch of space physics where one studies the time varying conditions in space, e.g.
solar wind, CMEs and ICMEs, and how these parameters affect the Earth. Space weather events
can affect spacecraft electronics, humans in space, radio signals, ground systems, terrestrial weather,
change orbits of spacecraft, and more. Knowledge about space weather might therefore help protect
vulnerable social functions. Forecasts of extreme events are crucial in the protection of today’s societies
which rely heavily on electronics, electric power, the usage of satellites and communication through
radio signals.

Figure 1: A CME that erupted in February 2002,
captured by the SOHO coronagraph. The CME is
the croissant-shaped structure in the top left. In
order to take good pictures of the corona the Sun
is blacked out with a circular disc. The white circle
in the middle indicates the size and location of the
Sun. [30]

Figure 2: The Lagrange points of the Sun-Earth system are stable points in the gravitational two-body system that allow objects in orbit to have a stationary position relative to the Sun and the Earth. The L1 point
is a perfect parking spot for spacecraft with the objective of studying the properties of solar wind and/or the
properties of CMEs that are approaching Earth. [24]
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Theory

2.1

Plasma

A plasma can in a simple way be explained as an ionised gas and is often seen as the fourth state
of matter. It contains negative charges (electrons), positive charges (protons or ions) and neutrals
(neutron, molecules, radicals). Due to its charged particles it has some interesting properties that
makes it different from a neutral gas. Plasma occurs naturally as 99% of the visible matter is in the
universe is in the plasma state, making us the exception. However, plasma still exist on and near
Earth in the form of fire, lightning, aurora and the Sun. There are three criteria that must be fulfilled
in order to call a matter a plasma:
• Plasma approximation
• Quasineutrality
• Plasma frequency
The plasma approximation says that the charges in a plasma need to be dense enough to be able
to interact with each other, i.e. they must be inside a so called Debye sphere. The Debye sphere is the
volume in which the charged particles inside it are screening each other so that an outside observer
sees the sphere as neutral. This sphere is defined by the its radius, the Debye length (λD ) where:
s
0 kB Te
λD =
(1)
ne qe2
where 0 is the vacuum permittivity, kB the Boltzmann constant, Te the electron temperature, ne the
electron density and qe the electron charge. A plasma is said to be quasineutral, an approximation
meaning that they have ∼equal amounts of positive and negative charges. This will make the plasma
appear as a neutral gas from the outside observer since the negative charges shield the positive, making
the observed plasma neutral. The electrons in a fully ionised plasma are not bound to ions, a partially
ionised plasma have most of its electrons in a free state. This makes a plasma highly conductive, but
also quick to respond to changes in the electric field inside itself. Imagine a grid of ions and electrons
which, for the sake of the thought experiment, is stationary.
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If electrons are displaced due to some perturbation they will be attracted to the electron hole that
they created due to the Coloumb force, see fig.(3). However, when the electrons approach the hole
they have too much inertia to stop at it causing it to overshoot. The Coulomb force will eventually
attract the electrons with a large enough force for them to stop and turn around, but as potential
energy is converted to kinetic, when they fall down towards the hole they will just move past it once
again. This is called plasma oscillation and is the reason as to why a plasma is quick to short circuit an
electric field. The electric field inside a plasma is therefore assumed to be E = 0. The frequency of this
oscillation is the plasma frequency which is the third and final plasma criteria. In a cold plasma,
i.e. the thermal motion of the electrons are neglected, the plasma frequencies for electrons and ions are
s
ne e 2
ωpe =
(2)
me 0
r
Zni e
ωpi =
(3)
mi 0
where n and m represent the particle densities and the rest mass of electrons and ions, respectively.
Z is the number of protons per ion, e is the elemental charge and 0 is the permittivity of free space.

Figure 3: Mechanism of plasma oscillations. a) Some perturbation acts upon the plasma, causing the electrons
to move, b)the electrons are pulled back by the Coulomb force due to the electron hole created in the grid, c)
the electrons overshoot due to their inertia.

Plasma can be described in different ways where a single particle description is the microscopic variant
and fluid theories are on the macroscopic level. Space plasmas are usually very large structures so
microscopic behaviours are rarely taken in mind when calculating or simulating the plasma’s movement. However, it is important to have an intuitive picture of what a plasma is and how it works
which is given partially by the particle description. Magnetohydrodynamics (MHD) is the theory of
electrically conducting fluids subject to external and internal magnetic fields, and their macroscopic
3

behaviour. In most cases plasmas are well approximated by a conducting fluid, and for these cases an
ideal MHD model is used. This project only considers a single MHD fluid, i.e. no difference is made
between protons and electrons. In ideal MHD, the plasma response to a region of stronger magnetic
field would be assimilated to a neutral gas response to a region of higher pressure. In this section, the
equations needed to describe a plasma in MHD form are presented.
For a single conducting fluid plasma one can assume quasineutrality. Quasineutrality is defined by the
electric space charge density ρ = 0. Maxwell’s equations define charge density and current density j
as
ρ = e(ni − ne )

(4)

j = e(ni vi − ne ve )

(5)

where vi and ve are the ion and electron velocities respectively. The quasineutrality definition gives
that the ions and electron fluid number densities nion = nelectron where n is the fluid number density
of the respective particle species. This approximation allows for simple definitions of n, the fluid mass
m and fluid velocity v:
n=

me ne + mi ni
me + mi

m = me + mi = mi 1 +
v=

(6)
me 
mi

mi ni vi + me ne ve
m i ni + m e ne

(7)
(8)

The continuity equation for the total fluid builds on the fact that a plasma can’t appear from nothing
or disappear into nothing. The equation is stated as
δn
+ ∇ · (nv) = 0
δt

(9)

The physical interpretation is that a classical and non-relativistic plasma conserves mass.
The equation of motion, also called the momentum conservation equation, couples the fluid plasma to
its velocity:
δ(nmv)
+ ∇ · (nmvv) = −∇ · P + ρE + j × B
(10)
δt
where P is the pressure tensor, E the electric field, j the current density and B the magnetic field
generated by a flowing electric charge in the plasma. A simplified Cauchy momentum equation is
used in order to model the acceleration of an element in a plasma due to electromagnetic fields and
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pressure. This is the force equation of the plasma in MHD
ρ

dv
j
= × B − ∇p
dt
c

(11)

where ∇p is the gradient of the plasma pressure. Ampère’s law is given by:
j=

c
∇×B
4π

(12)

Eq.(11) can be expanded using the Lorentz force term j × B and eq.(12) to become
j×B=

B2
(B · ∇)B
− ∇(
)
µ0
2µ0

(13)

The Lorentz force depends on the magnetic tension force which is the first term in the right hand side
of eq.(13) and describes the variation of B along its tangent when the magnetic field lines are curved.
The magnetic pressure force is the second term. The Lorentz force is perpendicular to the field lines
and will be j × B = 0 along them since the two terms cancel each other there.
Electromagnetic fields in motion are given by
E0 = E +

v×B
c

(14)

and

v×E
.
(15)
c
where E0 and B0 is the electric field and the magnetic field respectively in the reference frame of the
plasma. E and B is the fields in the reference frame of an outside observer, and v is the velocity of
the plasma reference frame relative to the outside observer. The relative electric field for a plasma
adjusts itself so that E0 = 0∀t which gives the electric field E of the plasma,
B0 = B +

E=−

v
×B
c

(16)

measured from an observer travelling parallel to the plasma. The relative magnetic field is thus
B0 = B

(17)

i.e. the same for all reference frames. From eq.(14) to (17) it can be seen that the electric field is
a spectator variable and the magnetic field, along with velocity, are the primary drivers in plasma
dynamics.
Since the electric field in a plasma is always 0, i.e. there is no time varying electric field, then
according to the Faraday law of induction this should lead to no change in the magnetic field. This
means that the plasma will always follow the magnetic field lines, as if it is ”frozen” into it. A plasma
element that at one time was on a magnetic field line will always be there unless some drastic events
5

(e.g. magnetic reconnection, see s.(2.2)) happen. Hannes Alfvén first suggested this in 1942 [2] when
he stated that for an infinite conductivity the magnetic field lines are frozen into the fluid and have
to move along it. In a fluid with infinite conductivity the change in magnetic field flux through a
surface (with area S confined by the curve C with curve line element dl) moving along the fluid can
be written as
Z
I
dΦB
δB
B · v × dl
(18)
=
· dS +
dt
S δt
C
where B is the magnetic field v is the magnetic velocity. This can be simplified using the induction
relation
δB
= ∇ × (v × B)
(19)
δt
Stoke’s relation
I
Z Z
F · dC =
∇ × F · dS
(20)
C

S

and the vector relation
(A × B) · C = −B · (A × C)
Eq. (19),eq. (20) and eq. (21) in eq. (18) gives
Z
B · dS = constant

(21)

(22)

S

which means that the magnetic flux that passes through a surface that is moving along it is conserved
and that plasma moves with the local magnetic field lines.

2.2

Magnetic Reconnection

Magnetic reconnection is the process in which the energy is transferred from the magnetic field to the
plasma (i.e.magnetic energy is converted to kinetic energy, when the frozen-in condition is broken).
This means that the magnetic field lines are reconfigured and the previously separated plasma elements on both sides of the reconnection site are allowed to mix. It is a small scale interaction that
gives global impacts on the system.
The MHD model states the strict rule that the electric field in a plasma must remain equal to zero
at all times within the plasma reference frame. A plasma is very good at short circuiting currents
inside itself due to the plasma oscillation mechanism, which allows it to quickly readjust if any electric
fields builds up inside. The charges, being mainly protons and electrons, are particles with real masses
which gives rise to certain constraints:
Resistivity - at high densities and temperatures a plasma have trouble moving quickly enough to
neutralise the electric field. The electric field in a MHD description is formulated as
E = −v ×

B
+ ηj
c

where j is the current and ηj is the effect resistivity on the plasma. In collisionless plasmas the resistivity is negligible thus the 2nd term on the right hand side is usually excluded. However, in regions
6

of high currents the resistivity term cannot be neglected and this term will dominate.
Hall effect - how charges (q) couple to the magnetic field is partly governed by the mass (m) of
the charge. In fact, the particle gyrates around the magnetic field line and follows the motion of the
latter. The particle’s gyrofrequency is described as
fg =

1 qB
2π m

and from this, the gyroradius (rg ) is given by:
rg =

mv⊥
|q|B

where mv⊥ is the component of the particle’s velocity that is perpendicular to the magnetic field. A
light charged particle will therefore gyrate faster and with a smaller radius than a heavy one, making
it sample the magnetic field over a smaller area. The fact that the heavy particle covers a larger area
than the light one makes it respond differently to changes in the field which makes the plasma move
in different ways for species with different mass. This is described by the Hall-MHD equations:
B
1
+ ηj +
j×B
(23)
c
nec
where vi is the particle velocity, n is the number density and e is the electric charge for the different
species. For a two component plasma there will be two equations and for a single component plasma
there will only be one. Eq.(23) has two terms that are dependent on the current j, meaning that if the
plasma is in a region with a high current these two terms will govern the behaviour of the charged fluid.
E = −vi ×

At locations where magnetic transients meet and press together strong currents are generated from
eq.(12) as the magnetic field gets more and more intense. When a strong enough current is generated
the resistivity and the Hall terms become important. This results in that the frozen-in condition
breaks and the plasma can separate from field lines. The field lines will then break and reconnect,
letting plasma flow freely. The newly reconnected and bent field line will try to reduce the tension
and dissipate the built-up energy to the plasma, see fig.(4).

Figure 4: Magnetic reconnection explained with a ”cut and reconnect” analogy. a) Magnetic field lines with
opposite directions come close to each other b) the field oppositely directed field lines interact with each other.
The field lines are ”cut and pasted”, i.e. they make an x-formation where the original field lines break and
immediately reconnect with the oppositely directed line. c) The newly reconnected field lines then quickly move
away from the junction, a movement that is too quick for plasma to follow. This makes the plasma separate
from its field line.
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2.3

Space Weather and Geoeffectiveness

The most famous space weather effects are the aurora borealis and australis, i.e. northern and southern lights. These are pretty lights that flow across the sky close to the magnetic poles as a product of
charged particles that enter and interact with the atmospheric molecules. Less known space weather
effects are geomagnetically induced currents (GIC ) that are induced by incoming solar material that
trigger so called geomagnetic storms (explained in further in s.(2.3.2). If the reader is interested in
more details on how a GIC works there is a nice NASA infographic on how it works in the following
reference [15]. The geomagnetic storms perturb the terrestrial magnetic field, which induces currents
in the atmosphere and the ground. A GIC can flow through any conducting material such as power
grids, oil- or gas pipelines. Power grids are often designed to have low resistance and high voltages,
giving a perfect environment for a GIC. A GIC is a quasi-direct current which will perturb the magnetic circuit of a power grid and create harmonics in its alternating current waveform. This gives rise
to ineffective power transmissions and/or malfunctions. Electrical transformers in the system are designed for a certain voltage and frequency interval, and so a high direct current can cause damage and
malfunctions i.e. transformer inertial heating. March 13 1989 a CME hit the Earth’s magnetosphere
head on, causing a geomagnetic storm. This storm had severe consequences in North America such as
the burning of transformers at Salem Nuclear Plant, see fig.(5) leading to 9 hours up to several days
long blackout in Quebec, Canada.
Pipelines often have corrosion resistant coatings that are held to a negative potential relative to
the ground. A GIC can give swings in this relative potential which can cause corrosion due to the
damp surroundings in the soil, giving a shorter lifetime of a pipeline leading to higher maintenance
costs. This is a cumulative effect that is not as dramatic as in the power grid case, however it is a
weak point in today’s societies.

Figure 5: A transistor at Salem Nuclear Plant that was damaged by transistor inertial heating due to the
geomagnetic storm on March 13 1989 [16].
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2.3.1

Interplanetary Coronal Mass Ejections (ICMEs)

ICMEs are CMEs that are propagating in the interplanetary space. They are the driving factor in
space weather effects on Earth. There are several initial conditions that decide what kind of interactions can be taken place when the ICME plasma reaches the terrestrial magnetosphere. Some of them
are listed in this section.
Figure (6) describes the common parts that makes up the global structure of an ICME. Due to
the twist of the intrinsic magnetic field of the Sun a flux rope is pushed out from the surface, creating
a CME. The CME is pushed outwards from the corona due to convective flow and takes off into
interplanetary space. This flux rope can be seen as a strong, smooth and rotating magnetic field, i.e.
helical structured field line. Note that the flux rope is still connected to the Sun; a popular theory is
that the ICME is still connected no matter the distance unless it interacts with another magnetic field
and reconnects to that. The reason for this is that magnetic field lines cannot have any loose ends
and so the flux rope must be connected to some magnetic field, no matter how weakly and far apart it is.

Figure 6: The global structure of an ICME. The ICME is led by a shock, followed by a hot and turbulent
sheath, which in turn is followed by a magnetic cloud containing a flux rope [37].
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In fig.(7), the in-situ data of a typical ICME is presented. Unperturbed solar wind usually have
small changes in magnetic field, density, temperature and velocity. In fig.(7), this is not the case
as a fast mode ICME propagates past the spacecraft. A fast mode ICME has a Mach number
of object
(M = speedspeed
of ambient medium ) that is M > 1, i.e. it is supersonic and travels faster than the ambient solar wind. This means that a fast mode ICME will drive a shock wave in front of itself, which is
characterised by an abrupt increase of magnetic field magnitude, temperature, density and a simultaneous increase of plasma speed. The shock is followed by a turbulent and hot sheath, which in fig.(7) is
marked with a red line, consisting of compressed ambient plasma that has been piled-up ahead of the
flux rope during its propagation. The sheath has high plasma density, velocity and temperature, and
the magnetic field will fluctuate heavily after the abrupt increase at the shock. Following the sheath
is a magnetic cloud, marked by a black horizontal line, that have a smooth magnetic field rotation,
lower density, temperatures and a speed that is typically declining. The magnetic cloud is the main
interest of this thesis.

Figure 7: In-situ data from the ICME that was measured between 5th-7th of October 2000 by Wind. From
top to bottom: magnetic field (3 component and total), plasma density, temperature (electron and proton) and
velocity. The timescale is here in DOY (Day-Of-Year). The sharp jump in B, n, T and V indicates the ICME
shock. The red and black lines indicates the sheath and the magnetic cloud respectively.
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The magnetic cloud (MC ) surrounding the flux rope experiences much lower densities and temperatures than the sheath due to its strong magnetic field. These signatures are the most common
properties to look at when looking for ICMEs. Figure (8) shows the structures of a CME taken by the
Large Angle Spectrometic COronagraph (LASCO) C2 image. The hot and dense sheath, seen as a
bright loop, is pushed in front of the cool and tenuous flux rope. Behind the flux rope there is a dense
prominence where energetic particles follow the magnetic field lines connected to the photosphere.
Flux ropes are helical magnetic structures that run along an axis, and they are present in most
ICMEs. They are the reason behind the rotating magnetic field in the MC. ICMEs are drivers of
strong geospace storms. Around one third of all the observed ICMEs at 1 AU show MC signatures.
It is believed that a larger fraction of the ICMEs have flux ropes.
MCs have a low plasma β defined as the ratio between the thermal and the magnetic pressure,

Figure 8: Structures often seen in CMEs and ICMEs: the sheath which is seen as a bright loop, the flux rope
which is seen as a dark low-density cavity, and the solar prominence which is seen as the core of the CME. The
prominence is not seen in ICMEs [1].

pth and pB respectively, in a plasma:
β=

pth
nkB T
= 2
pB
B /(2µ0 )

(24)

where n is the number density, kB is the Boltzmann constant, T is the temperature, B is the magnetic field magnitude and µ0 is the permeability. Low beta (β < 1) describes magnetic structures by
definition, i.e. structures that are dominated by magnetic forces. From this relation the force-free
assumption can be made which is commonly used when dealing with plasmas. The force-free assump11

tion is the approximation that the plasma propagates without any opposing force. The total pressure
is therefore assumed to have a small gradient ∇p ≈ 0 and it is formulated as
j×B=0

(25)

from the Lundquist model [19]. However, this approximation is not optimal for all cases. When forces
acting upon a propagating ICME cannot be neglected, the Grad-Shafranov (GS) equation is a better
alternative. The GS equation uses the assumption that the transverse pressure (pt ) is given by:
pt = pth + pB = nkB T + B 2 /(2µ0 )

(26)

The use of the GS equation is described in further depth in s.(2.4.1). The magnetic field in a flux
rope rotates, and this can be identified by observation of the magnetic field vector directions in the
spacecraft data. The orientation of the MC’s magnetic field with respect to its rotational axis is called
its magnetic helicity. The sign of the helicity depends on the rotation: left handed rotation have
negative helicity and right handed have positive, see fig. (9).

Figure 9: How the helicity of a flux rope is determined.

Calculating the magnetic helicity of a cylindrical flux rope is done by integrating the transverse
magnetic field and the relative magnetic potential over the volume V :
Z
Hm =
2A0 · Bt dV
(27)
V

where A0 = [A0x , A0y ] is the reference magnetic vector potential and Bt = [Bx , By ] is the transverse
magnetic field in the cross section. The flux rope does not have to be axisymmetric for eq.(27) to work.
The reference magnetic vector potential is invariant under transformations such that A0 −→ A0 + ∇φ0 .
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Helicity direction of a flux rope is important to consider since they might be a condition for magnetic
reconnection at the leading edge of the MC. Signs of this phenomena are gradual decreases of width
of the MC as the magnetic field is peeled off by the reconnection, an interaction which is called ”erosion”. There are also theories that this is the reason as to why the MC only takes up a fraction of the
ICME. A schematic of how the erosion mechanism and potential signatures of it is presented in fig.(10).
An ICME can be deformed and eroded during propagation in interplanetary space through interaction with the heliosphere and its current sheet, the so-called Parker spiral. The Parker spiral makes
the ICME twist to the left if seen from north of the ecliptic plane, making a radial propagation an
assumption that might not work for all cases. CMEs are born from closed field line regions which
makes most CMEs slow when they propagate. Multiple ICMEs can interact if they catch up with
each other. If that is the case then the original individual characteristics will be lost. The geometry
of the structure is important to keep in mind when computing an ICME model.

Figure 10: Erosion due to magnetic reconnection in a flux rope. a) Shows the cloud interface of a flux rope
and the external magnetic field which causes erosion due to magnetic reconnection. b) Shows example data of
the erosion mechanism. The figure is edited from Ruffenach et al. (2012), copyright by AGU.
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The amount of CMEs launched from the Sun is in correlation with the solar activity, meaning that
during a solar maximum period of its 11-year activity cycle there are more CME events than during a
solar minima. The solar maximum of the 24th solar cycle occurred between 2012-2014 and it generated
on an average 5.5 CMEs per day at its peak as can be seen in fig.(11).

Figure 11: The average number of daily CMEs during the last solar cycle observed by the SOHO and LASCO
spacecrafts [36].

2.3.2

Earth’s Magnetosphere and its Interaction with the Solar Wind

Space weather events can affect spacecraft electronics, humans in space, radio signals, ground systems, terrestrial weather, change the orbits of spacecraft e.g.. If there are reliable predictions of when
extreme space weather events occur then there is a better chance of protecting vulnerable systems,
electronics and infrastructure from permanent damage. A society as dependent on internet, GPS,
electricity and electronics as the present one will be heavily affected by a serious space weather event
and the consequences might be dire. The UK National Cabinet added space weather as a natural
hazard in their National Risk Register of Civil Emergencies in 2011 (where the 2017 edition is the
latest [5]), and other countries (inc. Sweden’s MSB) are following in their footsteps in acknowledging
the hazards of space weather.
The interaction between the solar wind and the planets’ environments has been studied with insitu measurements since the latter half of the 50’s. Satellite data have allowed us to investigate space
plasma and its impact on the currents and magnetospheres connected to the planets in our solar
14

system. A continuous solar wind-magnetospheric interaction is the Dungey cycle which is driving the
magnetospheric convection, the interaction is explained in fig.(12). The solar wind also carries various
structures of different scales, such as ICMEs. The ICMEs can interact with planetary magnetospheres
by transferring its energy via magnetic reconnection which can in the case of our Earth cause substorms and geomagnetic storms. These processes are intense energy releases and they can affect the
geomagnetic field largely. An ICME has a higher velocity than the ambient solar wind and often a
higher magnetic field strength than the IMF, which means that the electric convection field is stronger
and which leads to more complicated motions in the Earth’s magnetosphere than during the Dungey
cycle.

Figure 12: The Dungey cycle, as interpreted by Eastwood et. al. [8]. A) Southward IMF interacts with
the outer field lines of the dayside of the Earth’s magnetosphere which are directed northward, which causes
magnetic reconnection which cut and reconnect the field lines. B)-C) Immediately after reconnecting, the
magnetic field lines travel back to the magnetotail. D) Reconnected field lines pile up in the magnetotail. The
field lines are pressed tightly as more are added until the ones in the middle layer comes too close which causes
them to reconnect due to their opposite directions. E) The reconnected field lines quickly travel away from
their junction point. The field line marked with red travels towards the Earth, bringing charged particles from
the tail. Some of these particles manage to reach the atmosphere at the locations of the magnetic poles, giving
rise to auroras and other phenomena.

2.4

Reconstructing Flux Ropes from In-situ Spacecraft Measurements

In-situ spacecraft measurements of ICME events are usually done by single spacecraft, meaning that
the structure in space through which the spacecraft is moving is sampled in only one dimension.
Therefore, the 3D shape of the structure is not known in prior. There are some techniques that will
allow the user to use the 1D data and through mathematical models calculate how the structure behaves on more dimensions than one. There are different ways to do this; the first published method
is the Lundquist force-free model. This model is a fitting technique, i.e. it uses a least-square fit to
the measured data in order to describe the cross section of the flux rope. This means that it is not
15

a reconstruction technique. The main difference between a reconstruction and a fitting technique is
that the reconstruction is done by numerically calculating the cross section using mathematical models of the phenomena and taking the data as an input. A fitting technique does a least-square fitting
of the timeseries data. Reconstruction of data as a tool for analysis is something that has gained
popularity is the last decades with the first published magnetic cloud reconstruction in 1996 by Sonnerup and Guo [31]. The Grad-Shafranov reconstruction is an advanced data analysis technique and
it was invented by Professor Bengt U. Ö. Sonnerup. After the first publication the technique has been
refined and applied for different plasma structures where a popular area of usage is magnetic flux ropes.
When deciding what model to use for a specific case, there are several parameters to keep in mind.
Is the magnetic cloud static or expanding? Is the cross section of the flux rope circular or elongated?
Are plasma effects such as the pressure important? Does the ICME have a small major axis? Is the
magnetic cloud asymmetric? Moreover, different events have different properties which need to be
taken into account during analysis.

2.4.1

Grad-Shafranov (GS) Equation

The GS equation is used for reconstructing magnetic structures in space plasmas based on in-situ
measurements. The GS equation describes an ideal two and a 2.5D magnetohydrostatic equilibrium
which is often applied for fusion- and space plasmas. In the magnetic cloud case it can be used to
reconstruct the cross section of a flux rope in a 2.5D configuration using only an 1D data string.
The GS method is applicable for both force-free cases (where p ≈ 0) and for events with pressure
dependence. The GS equation in cartesian coordinates (X, Y, Z) is


δ2A δ2A
Bz2
d
p
+
+
=
−µ
j
=
−µ
(28)
0 z
0
δx2
δy 2
dA
2µ0
A is the Z component of the magnetic vector potential A = A(x, y)ẑ. The magnetic field components
are defined as
i
h δA −δA
B=
,
, Bz (A)
(29)
δy δx
2

Bz
The transverse pressure is given by Pt (A) = p + 2µ
where p = p(A) is the plasma pressure and
0
the second term the axial magnetic pressure. Eq.(29) shows that the right-hand side of eq.(28) is a
δ
single-variable function of A. The Z axis is along the invariant direction so δz
≈ 0 can be assumed.

Eq.(28) can be used for cylindrical geometries and, in the original GS reconstruction technique, if
used on flux ropes with configurations where translation symmetry applies. The flux rope is modelled
as a straight cylinder with an arbitrary 2.5D cross section perpendicular to it. The magnetic field
lines lie along the central axis in the geometry. This model was first applied to flux ropes in 2001 by
Hu and Sonnerup [33].
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The toroidal GS model was presented by Dr. Hu in 2017. The toroidal model is capable of solving the flux-rope solution for cases that the cylindrical model cannot be assumed, such as CMEs with
a radius so small that their curved geometry cannot be ignored or if the spacecraft passes the ICME
through its leg. The mathematical model originally comes from tokamak plasma theory.
δ
Z is the rotational axis which means that δφ
≈ 0. The GS equation in toroidal axi-symmetry is
in cylindrical coordinates (R, Z) therefore given by


1 δΨ
δ2Ψ
dp
δ
dF
+
= −µ0 R2
R
−F
(30)
δR R δR
δZ 2
dΨ
dΨ

where Ψ is the scalar magnetic flux function. F is defined as F = RBφ and is the composite function.
Since 1996 GS reconstruction has been used for analysis for different applications such as interplanetary magnetic flux rope reconstruction and reconstruction of magnetopause current sheet structures
[10]. Assumptions made in order to solve the equation analytically are
1. Translational symmetry

δ
δz

≈ 0.

2. Rotation around Z axis so that

δ
δφ

≈ 0.

3. Magnetic vector potential and transverse pressure is constant on common magnetic field lines,
i.e. assumed time independence.
4. Same equipotential field lines are traversed during inward and outward spacecraft travel of the
magnetic cloud.
5. Structures are in a magnetohydrostatic equilibrium, i.e. the flow within the reference frame of
the plasma vanishes.
The fourth assumption implies that this method is not good at reconstructing flux ropes with a
significant distortion in their cross section since the spacecraft needs to cross the same magnetic field
lines on its journey inwards to and outwards from the center. Assumptions made in order to solve the
equation numerically are stated in s.(3.2) and s. (3.3). There are some restrictions to the technique,
including
• The underestimation of the cross-section elongation of the cloud [14].
• The risk of reconstructing a helical flux rope for a seemingly rotating magnetic field in the
spacecraft data even if the structure of the cloud is not helical at all [29].
• That the technique is good for the unperturbed part of the rope but not as precise in the front
and rear ends [3].
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2.4.2

Minimum Variance Analysis (MVA) of Magnetic Fields (B)

Using spacecraft in-situ magnetic field data, the MVAB technique finds the direction normal to a
plasma wavefront or another approximately 1D structure. It finds the direction where the field component set {Bm · n̂} has the minimum variance. The MVAB technique is described in more depth in
Sonnerup and Scheible’s paper [32].
Approximations made by the MVAB technique:
• The spacecraft transition layer, i.e. its propagate traversal through the flux rope cross section,
δ
δ
is ideal: δx
= 0, δy
= 0.
• The magnetic field z-component Bz is independent of z: ∇ · B =
• Bz is independent of time: ∇ × E = − δB
δt gives

δBz
δt

δBz
δz

= 0.

= 0.

However, real transition layers are not ideal. Structures have more dimensions than one, Bz is not
independent of time, measurement errors might happen, the normal direction n̂ might fluctuates etc...
The MVAB technique can account for all of the above deviations except for the last one, a normal n̂
that changes as the spacecraft propagates.
The normal is found by minimising
M
1 X
|(Bm − < B >) · n̂|2
σ =
M
2

(31)

m=1

< B >≡

M
1 X m
B
M

(32)

m=1

In order to solve for the normal vector of eq.(31) the mathematical tool of Lagrange multipliers can
be used. Lagrange multipliers are used in order to find, with some constraints, local maxima and/or
minima of a function. The method solves constrained optimisation problems through solving the
system of equations of the constraint, finding the local stationary points and finding out which of them
are the maxima and minima. The method can be used for both single and multiple constraints. The
method finds critical points of function f (x) only using points on a surface g(x) which is determined by
the constraint functions. For M constraints there will be M Lagrange multipliers λi where i = 1, ..., M
which are the points on f that doesn’t change along g. The Lagrange multipliers are not to be confused
with eigenvalues despite denoting the same letter to them. The Lagrange multipliers are of interest
since they might be local extreme points. The relationship between f , g and λ is
∇f (x) =

M
X

λk ∇gk (x)

(33)

k=1

from which the equation system
(
P
∇f (x) − M
k=1 λk ∇gk (x) = 0
g1 (x) = gM (x) = 0
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(34)

is derived and solved for the critical points in f .
Using Lagrange multiplier λ with the constraint |n̂|2 = 1 the minima can be calculated by solving the equation system where n̂ = [nx , ny , nz ]
 δ
2
2

 δnx (σ − λ(|n̂| − 1)) = 0
δ
2
2
δny (σ − λ(|n̂| − 1)) = 0

 δ
2
2
δnz (σ − λ(|n̂| − 1)) = 0

(35)

Differentiating the equations in matrix form gives
3
X

B
= Mµν
nν = λnν

(36)

ν=1
B in eq.(36)
where the cartesian components along x, y, z are denoted µ, ν = 1, 2, 3. The matrix Mµν
B are λ and corresponding eigenvectors x
is the magnetic invariance matrix. The eigenvalues of Mµν
i
i
(i = 1, 2, 3). These parameters are of interest since the eigenvectors are the estimated directions of
minimum, intermediate and maximum variance as follows:

x1 = direction of maximum variance.
x2 = direction of intermediate variance.
x3 = direction of minimum variance.
x3 is therefore used as an estimator for the vector normal, and the other eigenvectors are used as
B are independent of
estimators for the vector tangents of the transition layer. The eigenvectors of Mµν
the order of measured magnetic field vectors. The matrix is converted to eigenvector basis
MiiB =< Bi Bi > − < Bi >< Bi >= λi

(37)

in order to calculate Lagrange multipliers λ and Γ for the constraints |n̂|2 = 1 and < B > ·n̂ = 0. The
latter constraint comes from n̂ being chosen such that the variance of the field along n̂ is minimum.
The quantative analysis is conducted through with eq.(34), eq.(31) and (35) as
σ 2 − λ(|n̂|2 − 1) − 2Γ < B > ·n̂

(38)

Partial differentiation gives
3
X

B
Mµν
nν − λnµ = Γ < Bν >

(39)

ν=1

for µ = 1, 2, 3. Using the eigenvectors of the magnetic invariance matrix as a basis for B and λ 6= λi
the normal vector is calculated as
ni = Γ < Bi > /(λi − λ)
(40)
n̂ = [n1 , n2 , n3 ]
19

(41)

and the magnetic field
< B >= [< B1 >, < B2 >, < B3 >]

(42)

Normalisation using the first constraint |n̂|2 = 1 gives
3
2
hX
< Bi >2 i− 12
Γ=±
λi − λ

(43)

i=1

Using second constraint < B > ·n̂ = 0
3
X
< Bi >2
=0
λi − λ

(44)

i=1

Eq. (44) have two roots: λmax and λmin . The latter of the two is used in order to obtain n̂.
2.4.3

Error Sources

The uncertainties of the orientations of the eigenvectors and the average magnetic field components in
the MVAB method mainly arise from statistical and non-ideal modelling [32]. The sources of statistical errors comes from the assumptions that there are no systematic errors present in the data and that
the potential noise component is assumed to decrease as the coefficients of the magnetic invariance
matrix M does.
In order to measure the uncertainties of the eigenvectors xi of the M matrix a perturbation analysis is performed around a noise-free state M ∗
(M ∗ + ∆M ) · (xi + ∆xi ) = (λ∗i + ∆λi )(x∗i + ∆xi )

(45)

which after normalisation becomes
∆M · xi + M ∗ · ∆xi = ∆λi x∗i + λ∗i ∆xi

(46)

where i = 1, 2, 3 is the maximum. intermediate and minimum variance components of M ∗ . Eq.(46)
can be rewritten in terms of the j:th component as
(λ∗j − λ∗i )∆xij = −∆Mij − ∆xi δij

(47)

where ∆xij = the jth component of vector ∆xi and x∗ij = δij . The values of xij and λij gives information about the uncertainty of the state. When i ≈ j the uncertainty of the eigenvector orientation
and the average magnetic field components becomes large. Other error estimates might also be rotation between eigenvectors might also cause angular errors, as well as errors with time variance or
non-planar effects.
Stationarity has to be assumed for the flux ropes in order for the MVAB method to work. Noise
is not time stationary and might therefore cause errors. If using the MVAB method to calculate
eigenvector directions and average magnetic fields in magnetic clouds one has to use data points close
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to the middle of the structure for the error estimates to be as low as possible, which is one reason as to
why spacecraft trajectories through the middle of a flux rope is optimal for reconstructional purposes.
If the spacecraft crosses a current layer in a magnetic structure the normal vector n̂ might get biased
in its estimate. Current layers in space usually contain extremely low frequency (ELF ) fluctuations
in the magnetic field as well as other small-scale structures. The data set can be passed through a
filter in order to smooth it out.
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3
3.1

Method
Data Preparation

The data used in the reconstruction program is downloaded from Coordinated Data Analysis web [21]
(NASA Goddard Space Flight Center database for spacecraft data). The data comes from NASA’s
Wind spacecraft, a satellite with the purpose of monitoring and continuously measuring the solar
wind. It is located in the first Lagrangian point (L1 ) in the Sun-Earth system which is at a distance
of about 1 AU. In this work, in-situ field and particle data are used from the Magnetic Field Investigation (MFI ), Solar Wind Experiment (SWE ) Faraday cup and Solar Wind Experiment Electron
Data.
The MFI instruments are two fluxgate magnetometers which are attached at the end of a 12 m boom
in order to not be disturbed by the electromagnetic fields inside the satellites body. MFI measure a
time resolution of 11 or 22 DC magnetic field vectors per second. The largest source of uncertainty
is the noise in the rms vector data when averaging for calibration of the instrument. For this study
the magnetic field magnitude, RMS magnitude and magnetic field vector in Geocentric Solar Ecliptic
(GSE ) coordinate datasets are used.
The Solar Wind Experiment is used in order to measure electron and ion data [28]. The instrument consists of two Faraday cups, a vector electron and ion spectrometer, a strahl sensor and an
on-board calibration system. It allows for measurements of solar wind thermal ions and positive ions
in the plasma. A Faraday cup is a conductive cup that catches charged particles, such as ions ans
electrons. It measures the current and can through that, calculate the particle flux and densities. The
vector spectrometers can measure particles with charges of 7 V-24.8 kV with a velocity range between
200-1250 ± 3% km/s.
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3.2

Cylindrical Grad-Shafranov Model

In the cylindrical GS model, the axis of the magnetic flux rope is calculated by trial-and-error process
in the Minimum Variance Analysis on Magnetic field (MVAB ) for a cylindrical geometry and the GS
equation in cartesian coordinates (as seen in fig.(13)). The optimal z-axis is found when the fitting
residual of the transverse pressure is minimised.
The reconstruction model is carried out by using a finite difference explicit method. In order to
calculate the magnetic field in the 2.5D structure, Taylor expansions and eq.(28) are used to calculate
the flux and magnetic field outside of the string of data points. The right hand Rside of eq.(28) is
x
calculated through derivation of Pt (A) from measurements along y=0 and A(x, 0) = 0 −By (x0 , 0)dx0 .
To calculate the distance travelled by the spacecraft across the structure, a deHoffmann-Teller reference system moving with velocity vHT is calculated. Time can then be converted into distance along
the x axis using x = −(vHT · x̂)t. The algorithm of the code used in order to reconstruct flux ropes
with the cylindrical Grad-Shafranov method is presented in Appendix A.

Figure 13: The coordinate system used in the cylindrical Grad-Shafranov model. The X-Y plane that is cutting
through the cylindrical ICME geometry is the cross section plane. In this figure one can see the directions of
magnetic vector potential A, magnetic field B and the spacecraft trajectory S/C. The units of the axes are AU.

The cylindrical GS model is not perfect, and it has a number of limitations.
• It might fail to give a unique result for symmetrical flux ropes since, in that case, any z-axis
perpendicular to a y-axis yields a single-valued function for Pt (A) which is what is searched for
to minimise the residue.
• The accuracy of the outer boundary of the flux rope is declining with the distance from y=0
and the accuracy of the GS solver. Numerical instability will generate an unreliable result in
the outskirts.
• Extrapolations of the curves of the tangential pressure Pt (A) and the z-component of the magnetic field Bz are uncertain for field lines that do not cross the spacecraft trajectory.
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3.3

Toroidal Grad-Shafranov Model

The solar wind flux ropes and magnetic clouds have complicated geometries which needs to be described by an advanced model. The most general case of a Grad-Shafranov torus has an arbitrary
radius and Z axis orientation. The spacecraft is moving along the −rsc across the structure, which is
the same as −x when a radial ICME trajectory is assumed, in the radial component of a deHoffmannTeller frame, see fig.(14). The toroidal model is reconstructed as in fig.(15). The torus central rotation
axis intersects the rsc t plane at the point O0 . For a local reconstruction frame in cylindrical coordinates (R, ψ, Z) the cross section of the flux rope is achieved by solving the toroidal Grad-Shafranov
equation, eq.(30), in the RZ plane. The assumed initial conditions for the spacecraft path in the
general case are that it is moving along r, θ ≈ θ0 and ψ = 0. The difference between the spacecraft
path calculations for the cylindrical and toroidal cases are that the path is directly projected on the
RZ plane or that it is rotated in order to be able to project on it, respectively.

Figure 14: The geometry and coordinates of the toroidal Grad-Shafranov model [12].

Another figure that explains the coordinates of the toroid well is fig.(16). Note that the θ in this
figure is not the same as in fig.(14). Using the model for the most general torus the algorithm for the
toroidal GS model is roughly implemented in two steps: 1. optimal Z- and R axis orientations are
found through a trial-and-error process, 2. the toroidal GS equation is solved numerically using the
chosen axes.
1. The MVAB method is used in order to find Z. R is found using Z = (Zr , Zt , Zn ) at point O0 :
R = |rsc − O| = the distance between the spacecraft trajectory and the origin.

(48)

R is derived ∀ rsc . The origin and the intersecting point are defined at two points along Z as O =
(r0 , t0 , n0 ) and O’ = (r0 , t0 , n0 ) and so the following relationship can be defined as
r0 − r0
t0 − t0
n0 − n0
=
=
Zr
Zt
Zn

(49)

With the assumption that Zt 6= 0 the origin vector and therefore R can be calculated using eq.(48)
with eq. (49). The process is explained in more detail in Appendix A in [12].
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Figure 15: The toroidal Grad-Shafranov model
seen in cartesian coordinates. The X-Y plane that
is cutting through the toroidal ICME geometry is
the cross section plane. Here, one can see that a
toroidal geometry can be used for a spacecraft that
is crossing the flux rope twice. In this figure one
can see the directions of magnetic vector potential
A, magnetic field B and the spacecraft trajectory
S/C. The units of the axes are AU.

Figure 16: Coordinates of a toroid. R0 is the major
axis, R = r0 + rcos(θ). The red vector is the spacecraft
trajectory. The green vector is a forbidden spacecraft
trajectory; the reconstruction method does not handle
this case well [12].

2. The toroidal GS equation is solved in (r, θ) coordinates since the assumption that ψ = 0 is made for
the spacecraft trajectory. The finite difference method (FDM ) is used for the numerical calculations.
In order to solve eq.(30) a Taylor expansion in θ for a second order derivative must be made. According
to FDM theory, the numerical scheme is defined as uji = Ψ, vij = Br, θj = (j − j0 )∆θ + θ0 . i and j
is the uniform grids along r and θ with step sizes h and ∆θ = 0.01h respectively. Here, j = 1 : ny
and j0 is the index of θ = θ0 along the projected spacecraft path. Therefore, if j0 is changed the
spacecraft path will deviate from the center line of the domain. The equation is solved in θ upwards
and downwards from θ = θ0 and is truncated in the second order term with respect to Ψ. The result
is the recurrence equations given by
1
uj+1
= uji + (−vij ri Ri )∆θ + aji ∆θ2 ri2
i
2
vij+1 = vij + ∆θ(−aji

ri sinθj vij
ri
+
)
Ri
Ri

(50)
(51)

where aji is a term involving the second order derivative of θ. The solution is smoothed in each step in
order to prevent the divergence of numerical error. The numerical GS solver is explained in a greater
detail in [12].
Here, we provide the detailed order of steps of the algorithm:
From the Solar Wind Experiment (SWE) detector, I use the the solar wind velocities in GSE cartesian coordinates, the solar wind most probable thermal speed, solar wind proton number density
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and electron temperature, as input. From the Magnetic Fields Investigation (MFI), the magnetic field
magnitude, RMS magnitude and magnetic field vector in GSE cartesian coordinates are used as input.
In order to reconstruct flux ropes, a complex computational method is used. The method order
is done as follows:
• Convert the data from GSE to RTN coordinates.
• Calculate the normal of the cross section through the MVAB technique.
• Calculate the optimal Z-axis of the cross section, the flux functional and find the residue distribution of the flux rope.
• Calculate the goodness of fit between the measured magnetic field and the Grad-Shafranov
output magnetic field.
• Reconstruct the flux rope cross section through solving the Grad-Shafranov equation numerically.
• Calculate the helicity of the flux rope.
In order to make a computational model one has to make some approximations, otherwise the phenomena will be close to impossible to solve. In the step between having unprocessed data and putting
it into the MHD model you will have some assumptions. As mentioned in s.(2.4.1), the model
originally comes from the theory of tokamak fusion reactors, i.e. fusion plasma theory describing
two dimensional configurations in ideal MHD equilibrium under a toroidal geometry. From this the
following approximations follow:
• Two dimensions are used for a three dimensional structure.
• Ideal MHD equilibrium, i.e. the plasma is approximated to be one conducting fluid.
• The flux rope’s local structure is assumed to be only a small section of the torus.
• Since this is originally a tokamak model, the plasma is assumed to be confined.
• The solar wind is assumed to be radially propagating (it propagates along rsc ).
When moving from the MHD model to the actual numerical code, one have to make even more
approximations:
• Solving for the rotation axis Z.
• Solving for the major radius r0 .
• The solution method comes from solutions of known analytical benchmark cases through empirical studies.

26

• The spacecraft path with its data points along −rsc is rotated onto the RZ plane where it is
approximately projected onto r for θ ≈ θ0 = constant in the (r, θ, −φ) coordinates. The GradShafranov equation is solved in the RZ plane, but the initial value data is residing on r at
θ ≈ θ0 .
• Taylor expansion truncated at O(θ2 ) is used when the Grad-Shafranov equation is solved numerically.
A study by Gosling published in 1999 [9] showed that the temperature of the cloud does not increase
even though the ICME expands as it propagates through space. This makes the assumption that the
temperature is constant in the cloud and therefore a isothermal process can be used in computational
models.
Figure (17) shows the reconstructed cross sections of benchmark cases, i.e. cases with exact solutions that have been used to demonstrate the toroidal GS reconstruction technique. Both a) and b)
have an added noise level to show how the program handles noise. Figure (16-b) has a higher noise
level than (16-a), giving it a larger distortion and numerical errors relative to the former. Figure (18)
shows the flux functional F (Ψ), the black solid line, corresponding to the two benchmark cases with
added noise levels. Both panels, a) and b), have second order polynomial fitting to the data points,
the stars and circles, along the spacecraft trajectory. The fitting residue Rf and the flux boundary
at Ψ = 0[T m2 ] as also shown for measure. Note that in panel b) where the noise level is higher the
fitting residue is larger. A low Rf value is desirable since it indicates that the F functional has a good
fit to Ψ. See [12] for a more in-depth explanation of the figures.

Figure 17: Benchmark cross section reconstructions made using an exact solution for a) an added noise level
and b) a higher noise level than in a). The green arrows represent the direction of the transverse magnetic field,
black contours represent the flux function Φ and the colours represent the magnetic field component Bψ [12].
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Figure 18: Benchmark F vs Ψ functional fitted to data points along the spacecraft path. The two cases a)
and b) is the corresponding cases as in fig.(17) [12].

3.4

Improvements

In order to improve the toroidal reconstruction code provided by Hu [12] some changes have been
made. Through algorithm analysis, the efficiency of the code has been improved by reducing the
number of operations in the code, making the compilation slightly faster. The user friendliness has
been improved by creating a main code, tori reconstruction.m, that connects the MATLAB scripts
which gives the user the possibility of using the code without altering the submodules of the code.
With this a manual has been created in order to explain some of the steps and help the user in the
data preparation and the analysis. More features have been added such as a module that calculates
the magnetic helicity and the ICME magnetic field direction in the leading edge of the magnetic cloud
relative to the Earth centred coordinate frame GSE. This might help in ICME-magnetosphere interaction analysis and geomagnetic activity forecasting.
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4

Results

Here, the above described GS reconstruction method is applied to WIND measurements from observed
ICME events. All of the events considered in this work are also listed in CME lists (see [4], [25]) where
they have been studied in detail, making it easier to determine whether the toroidally reconstructed
events are credible or not.
When running the reconstruction program the user chooses the approximations to be used. In this
project, the parameters that have been changed and investigated are:
• The total pressure - the transverse pressure is approximated to be 1. Pt = p + pB , where
p = pp + pe = np kB Tp + ne kB Te is the plasma pressure of the protons and electrons, respectively,
Bz2
and pB = 2µ
is the magnetic pressure, 2. Pt = pB , i.e. only dependent on the magnetic
0
pressure.
• The polynomial fitting order - the reconstruction technique uses polynomial fitting when it
calculates the fitting residue of F (Ψ) and when it finds the optimal invariance direction of F (A).
The standard polynomials are O(n2 ) or O(n3 ). Oscillations may occur when interpolating data
for cases of higher polynomial fitting (as shown in fig.(19)). The reader is referred to the book
Applied numerical methods with MATLAB for engineers and scientists[6] for more information
about this subject.

Figure 19: A visual representation of how higher order interpolations might cause the approximated function
(blue curves) of data points (blue dots) to oscillate. The black curves are the actual functions to be fitted. a)-c)
oscillates because of higher order polynomials behaviours while in this example, a a) linear fit is the best [6].
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4.1

Event: 16-17 May 2012

A single ICME event was measured by Wind on the 16th-17th of May 2012 with a clear magnetic flux
rope structure (smooth rotation, circular profile) with starting time on the 16th of May 2012 16:54
and ending time on the 17th of May 2012 13:18 UT. The event was listed in the list of simple CME
events that Al-Haddad et. al. published in 2018 [4]. The toroidal reconstruction was conducted with
and without plasma pressure for a 2nd and 3rd order polynomial fitting. The reconstructions are
done with 100 iterations in the search for the optimal Z axis. Wind’s measured data and the chosen
magnetic cloud interval, marked with the vertical black lines, used further to obtain the reconstructed
flux rope are shown in fig.(20). It represents the overview of the event where the different panels
show the timeseries of the measured quantities by the WIND spacecraft. From top to bottom is the
magnetic field components and total magnetic field in GSE coordinates, longitude and latitude of the
magnetic field, β, temperatures of ions and electrons and the plasma velocity. The smooth magnetic
field and slow rotation are well visible in the top panel of fig.(20) in the magnetic field components as
well as from the slow variation of the magnetic field azimuthal and elevation angles.
The residue map at the O0 point (where the minimum value of the residue was obtained, see fig.(14))
of the May 2012 event can be seen in fig.(21). The solid contours in fig.(21) mark the distribution of
minimum residues. The blue cross marks the user’s choice of a good axis estimation. The black dots
mark the direction of where the absolute minimum value of the residue was found. The Z-axis is here
chosen to be in the middle of the largest lower structure as this is the most probable location for the
axis to be. The minimum residue is χ2 = 1.5749.
Reconstruction cross section profiles and F (Ψ) for various assumptions are presented in fig.(22), (23),
(24), (25). The left plot shows the flux functional F (Ψ) where the blue circles represent the measured
values of the functional F (a single-variable function of the flux Ψ) along the spacecraft trajectory versus the flux function Ψ with a second order fitted F (Ψ) function marked in black for the reconstructed
May 2012 event without pressure. Ψb marks the boundary of the flux function and Rf the fitting
residue. To the right of the figure the cross section of the flux rope is plotted. The colours in the cross
section indicate the Bφ magnetic field, see the colourbar in the upper right corner for magnitudes
[nT]. The contours indicates flux function Ψ. The green line marks the spacecraft trajectory and the
green arrows shows the magnitude and direction of the measured magnetic field along the spacecraft
trajectory. The dashed white contour marks Ψ = 0.
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Figure 20: The measured spacecraft data of the May 2012 event, plotted on a time axis. The time interval
is between 16-May-2012 16:58 and 17-May-2012 12:57. The black, vertical lines mark the boundaries of the
chosen interval. Here one can see the smooth rotation of the magnetic field in the upper plot (black curve: total
magnetic magnitude, blue: Bx , red: By , yellow: Bz , [nT]). The other plots show the latitude and longitude
angles of the B field [deg], β (blue solid curve) and electron temperature-proton temperature quota TTpe (green
dashed curve), and the plasma velocity [km/s].
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There are some differences in the reconstructions when the input parameters are varied: (total pressure Pt = pp + pe + pB in fig.(23) and (25), total pressure Pt = pB in fig.(22) and (25)) and the order
of fitting (2nd order polynomial fitting in fig.(22) and(23), and 3rd order in fig.(24) and (25)). The
transverse magnetic field components are of about the same magnitudes in all cross sections except
for the lower right corner of fig.(23) where the magnitude has a stronger absolute value. Since the
fitting residue Rf of fig.(23) is the highest of the four then this is not the best approximation. The
lowest Rf , with a value of Rf = 0.06 is the second order polynomial where the plasma pressure has
not been included in the calculations, fig.(22). This cross section is circular with a slight elongation
which fits well with Al-Haddad’s [4] conclusion that the flux rope is a simple event with a circular
profile and smooth rotation. It also tells us that the ICME most likely haven’t interacted with another
CME before reaching L1 since then the profile would most likely have another profile that were more
complex and/or have more vortices.
The major radius of the ICME was calculated to be R0 = 1.2 AU for all variations of the May
2012 reconstructions. The major radius R0 is defined as the distance from the Z axis to the center
point of the cross section, see fig.(16).

Figure 21: The residue maps of the May 2012 event calculated using 100 iterations at the O0 point. The
contours represent the minimum residue distribution. Blue crosses mark the user’s choice of good axis estimation.
The black dot on the structure edge marks the direction in which the absolute smallest residue is found.
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Figure 22: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event without plasma pressure and with a 2nd order polynomial fitting of F (Ψ). The reconstruction
has been made with 100 iterations.

Figure 23: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event with plasma pressure and with a 2nd order polynomial fitting of F (Ψ). The reconstruction has
been made with 100 iterations.
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Figure 24: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event without plasma pressure and with a 3rd order polynomial fitting of F (Ψ). The reconstruction
has been made with 100 iterations.

Figure 25: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event with plasma pressure and with a 3rd order polynomial fitting of F (Ψ). The reconstruction has
been made with 100 iterations.

4.2

Event: 15-16 May 2005

Another event with a flux rope structure that was studied in this project has been observed by Wind
on the 15th-16th of May 2005. This ICME has triggered one of the most intense geomagnetic storms
during the 23rd solar cycle [7]. There have been several ideas about the global structure of this ICME.
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Figure 26: The measured spacecraft data of the May 2005 event, plotted on a time axis. The black, vertical
lines mark the boundaries of the different components of the ICME. The chosen interval for the calculation and
likewise the magnetic cloud is marked by the purple horizontal line (15-May-2005 05:48 to 15-May-2005 21:34).
The first and the second flux ropes in the complex ejecta is marked with the blue and red lines respectively.
From top to bottom: magnetic field, latitude and longitude angles of the B field [deg], β (blue solid curve) and
electron temperature-proton temperature quota TTpe (green dashed curve), and the plasma velocity [km/s].
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In Richardson and Cane’s list [34] it is listed as a single magnetic cloud that starts on the 15th of
May 2005 06:00 UT and ends on the 19th of May 2005 00:00 UT. However, when it was studied by
Dasso et.al [7] and Nieves-Chinchilla [25] it was suggested that the event was actually product of
two ICMEs that interacted and merged before reaching L1 and WIND. This conclusion was based on
some individual characteristics of the two flux ropes that have been preserved, since there are two well
defined intervals observed where the magnetic field rotates according to a flux rope description.
Similarly to the event described in 4.1, this event has been reconstructed with and without plasma
pressure (p = pp + pe , where pp is the proton pressure and pe is the electron pressure), with 2nd and
3rd order polynomial fittings using 100 iterations. The interval of the magnetic cloud used for all
reconstructions of this event is marked in fig.(26). For this event, the different regions of the ICME
are well defined. At 02:10 the interplanetary shock driven by the ICME arrives, is characterised by a
sharp jump in the magnetic field magnitude. After the shock, the turbulent ICME sheath follows and
consists of the compressed solar wind plasma. Plasma beta β is higher than 1 in the sheath which
indicates that kinetic processes dominate over the magnetic ones. After the sheath, around 05:45, the
magnetic cloud can be recognised by its smooth magnetic field rotation and a plasma β lower than 1.
The first flux rope of the structure can be seen between 05:45 and 08:15, characterised by its smooth
rotation in the magnetic field components. It is indicated in fig.(26) by the blue horizontal line, where
the black solid lines are its boundaries. In the time interval of 10:29 to 19:25 UT the second flux
rope magnetic field rotation can be seen, indicated by the red horizontal line. In-situ data therefore
indicate the presence of two flux ropes and can therefore be seen as a complex ejecta.
Figure (27) shows the residue map of the event. The reduced residue is χ2 = 1.2612.The final reconstructions are presented in fig.(28), (29), (30) and (31). The major radius was calculated to be the
same for all variations of the May 2005 event: R0 = 1.1 AU.
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Figure 27: The residue maps of the May 2005 event calculated using 100 iterations at the O0 point. The
contours represent the minimum residue distribution. Blue crosses mark the user’s choice of good axis estimation.
The black dot on the structure edge marks the direction in which the absolute smallest residue is found.

Figure 28: Reconstructed cross sections (right plot) and fitted residue of the functional F (Ψ) = RBφ (left
plot) of the May 2005 event without plasma pressure and with a 2nd order polynomial fitting of F (Ψ). The
reconstruction has been made with 100 iterations.
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Figure 29: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event with plasma pressure and with a 2nd order polynomial fitting of F (Ψ). The reconstruction has
been made using 100 iterations.

Figure 30: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event without plasma pressure and with a 3rd order polynomial fitting of F (Ψ). The reconstruction
has been made using 100 iterations.
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Figure 31: Reconstructed cross sections, fitted residue of the functional F (Ψ) = RBφ and major axis of the
May 2005 event with plasma pressure and with a 3rd order polynomial fitting of F (Ψ). The reconstruction has
been made using 100 iterations.
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5
5.1

Discussion
May 2012 Event

The reconstructed cross sections and the flux functional F (Ψ) of the May 2012 ICME event (fig.(22),
(23), (24) and (25)) are roughly alike for all changes in order of polynomial fitting and total pressure
definitions. This is an indication that: 1) a flux rope exists, 2) it has a simple and circular cross
section, 3) the made assumptions are good for the reconstruction, 4) the structure is of a low β type
and 5) both second and third order polynomial fittings of F to Ψ works well. The cross sections of
the event are circular with a slight elongation which fits well with Al-Haddad’s [4] conclusion that this
ICME is simple with a circular profile and a smooth rotation. Moreover this indicates that the ICME
most likely hasn’t interacted with another CME before reaching L1 otherwise the profile would have
another more complex profile. Comparing the cross section plots, the structures of the magnetic field
lines are similar for both variations of pressure indicating that the ICME is not governed by plasma
pressure. The fact that the profile is consistent indicate that the approximations are valid and that
this is close to the actual cross section of the flux rope.

5.2

May 2005 Event

In the May 2005 event, the in-situ data show signs of two flux ropes with some individual properties
left, and can therefore be seen as a complex ejecta. Looking at the flux functional plots, they look
somewhat the same except the one in fig.(29) where Rf is lower than the other cases and the curve
have a negative slope instead of a positive correlation like the others. In comparison with the May 2012
event, the flux functionals had approximately the same behaviour in their curves. It might therefore
be that the F (Ψ) plot has experienced some error in its making since it deviates from the others.
Comparing the cross section plots, there are two flux rope structures present with two separate vortices. In fig.(28) and (29) the white solid lines encircles the two structures separately, i.e. the flux
rope profiles are separated and that they aren’t interacting. The white lines are where the flux is
equal to zero and is therefore the boundary of a flux rope. However, in fig.(30) and (31), this white
solid line is encircling both vortex structures. This indicates that the flux ropes are interacting with
each other and have started to merge and/or perturb each other. The latter cases also have a lower
fitting residue of Rf = 0.12 relative to fig.(28) where it is Rf = 0.14. The fitting is better when it is
represented by a small value Rf relative a high.
That fig.(30) and (31) both have the same Rf and their cross sections are almost identical, this
imply that the plasma pressure is not a dominant factor in this event which is not unlikely since
plasma pressure depends on the temperature and the number density of each conducting fluid. Flux
ropes have, as many magnetic structures do, a low β value since the magnetic pressure dominates over
the plasma pressure due to the plasma being tenuous and the temperatures being relatively low in
comparison with e.g. the ICME sheath. It also means that the functional F is best approximated to
the flux function Ψ best with a third polynomial fit.
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5.3

CME Geometry of Grad-Shafranov Reconstruction Method

Using a toroidal geometry has certain advantages. For example, it is better applicable to flux rope
structures with a smaller major radius than a cylindrical geometry. A smaller major radius could
make the croissant shaped structure of the CME more important than what it is for a large major
radius. If a CME has a large major radius it could be sufficient to assume that the flux rope structure
is that of a cylinder. But if it is smaller, one might have to take the curvature of the flux rope in consideration when reconstructing the ICME. This could be useful for CMEs closer to the Sun’s surface.
This matter will hopefully be resolved by the observations of the Parker Solar Probe that is already
in orbit around the Sun and the Solar Orbiter that is planned to launch in February 2020. These two
new space missions will join the fleet of satellites observing the Sun, making in-situ measurements at
a unprecedented close distance of 9.86 Solar radii (6.9 million km). Note, that WIND spacecraft is
positioned at 0.99 AU from the Sun (0.1 billion km). However, since such measurements are not open
to the public yet this is a subject for future studies.
The Grad-Shafranov reconstruction method might be suitable for simple ICME cases where the cross
section profiles of the flux rope are circular or slightly elongated, i.e. have not been subject to too
much expansion when propagating in the interplanetary space. The results of the May 2005 event
show that the toroidal Grad-Shafranov reconstruction method works for at least one simpler complex
ejecta. Further studies of how suitable this method is for reconstructions of the general complex ejecta
has to be made in order to fully determine if this is the case or not. Events with simple and circular
cross sections are for most cases reconstructed successfully but there is a need for an investigation of
the statistics on the fitting residue and goodness of fit of a larger amount of events in order to see how
the method behaves for the general ICME event. Another thing that needs to be investigated is if
there is a difference in the force-free method, cylindrical and toroidal Grad-Shafranov reconstruction
methods in terms of fitting residues and goodness of fit in order to see which one is suitable for what
type of ICME and if one is better to use than another. Finally, it would be optimal to translate the
program to Python in order to broaden the audience even more with an open source- instead of a
licensed software.

5.4

Caveats of the GS Reconstruction Program

Future users are adviced to be cautious about some issues when using the toroidal Grad-Shafranov
reconstruction program:
• Altering the number of iterations used to find the optimal Z-axis needs to be done with caution.
A less amount than 100 will make the program compile faster, but too few iterations will not
give a reliable result.
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• The goodness of fit χ2 should get better (i.e. smaller) for more iterations. If it does not behave
like that, you most likely need to use more iterations.
• Using the correct polynomial for flux function fitting has an effect on the fitting residue as a
second/third degree fits to the function. An advice is to do the reconstruction for both second
and third order polynomial fit and then compare the results. The lowest fitting residue Rf is
most likely the best reconstruction.
• The uncertainties of the average magnetic field components mainly arise from statistical and
non-ideal modelling, where the sources of statistical errors comes from the assumptions that
there are no systematic errors present in the data and that the potential noise component is
assumed to decrease.
• Another uncertainty of the method is when the Z-axis is found. If a too small amount of iterations
is used when the program is looking for the optimal transverse axis of the cross section it has
fewer chances of finding the optimal one. A different number of iterations have been used and
100 seems to be a good number for a reliable result that is a good reconstruction of the event.

42

6

Conclusions and Future Work

The main goal of this thesis is to reconstruct, with the Grad-Shafranov model with a toroidal geometry, the magnetic structure of interplanetary coronal mass ejections (ICME) using in-situ WIND
spacecraft measurements. A preexisting numerical code [12], previously used for benchmark conditions, have been adopted and applied to real spacecraft data. Its performance when different input
parameters are changed has also been tested. Two ICME events (16-17 May 2012 and 15-16 May 2005)
have been successfully reconstructed with the toroidal Grad-Shafranov model. Previously published
reconstructions ([4], [7], [25]) of the same events with simple flux rope geometries have been compared
and the presented results have been discussed in the context of the new geometry.

The main achievement of this thesis is that the code is now made applicable to real spacecraft
data. The main results of th GS reconstruction method are:
• The input parameters that can be adjusted to improve the model performance are the number of
iterations used to find the optimal Z-axis, the plasma pressure and the order of the polynomial
fitting of the flux functional.
• If all variations of total pressure and polynomial order of fit to the flux function are identical or
similar, then this is an indication of that the flux rope exists, i.e. the reconstruction is reliable.
To verify the application of this method, the results of the reconstructions with toroidal geometry have
been compared with previously published reconstructions ([4], [7], [25]) of the same events with simple
flux rope geometries. It was found that the May 2012 event agrees with Al-Haddad’s et.al. [4] conclusion that it is a circular, simple ICME event. Since Al-Haddad used a cylindrical Grad-Shafranov
reconstruction technique, another conclusion that can be drawn is that both cylindrical and toroidal
geometries works well for cases of unperturbed, circular flux rope profiles. In the case of the May 2005
event, the results are in agreement with Dasso et.al. [7] and Nieves-Chinchilla et.al. [25], confirming
that it is a complex ejecta with two flux ropes which are interacting with each other.
In addition of the presented results, there is a work in progress as an outcome of this thesis.
Currently (March 2019), a module to calculate the magnetic helicity in GSE coordinates is being
developed. The helicity direction gives important clues for how the ICME magnetic flux rope could
potentially couple with the Earth’s magnetic field and produce geomagnetic effects. Another future
step is to develop a program that connects all MATLAB routines under a graphical user interface
(GUI) to make the program more accessible and user friendly.
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Appendix A

Flowchart of cylindrical Grad-Shafranov reconstruction algorithm for small-scale magnetic flux ropes [13].
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