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Abstract
Since the start of the space age, various spacecraft have supplied direct and remote
observations of the solar wind. This has proved critical to our understanding of its
structure and dynamics. However, there are still many unresolved questions, which
provided the motivation behind the recently launched Parker Solar Probe (Probe);
humanity’s closest approach to the Sun. The aim of this study was to generate
predictions of the solar wind conditions for the first perihelion pass, so that Probe’s
data could be better interpreted.
A large fluid dynamic simulation was first used to provide successful predictions
of the solar wind velocity, but failed at reproducing an accurate magnetic field. A
simpler model was then used, that allowed for more up to date and therefore, more
accurate magnetic field predictions. By plotting the results of this new model on
top of images of the Sun, the solar wind measured by Probe was classified by its
source region on the solar surface, without any knowledge of plasma properties or
composition. Such a technique was used to conclude that Probe was connected to a
small coronal hole during its first perihelion. This, paired with Probe’s unique orbital
speed, which matched the rotation of the Sun, allowed for unprecedented localisation
of the solar wind’s source region to be demonstrated. This was explicitly quantified
with the estimated speed of the magnetic footpoints dropping to an average of 130±
80km/h around a 2 week period at perihelion, perhaps changing how researchers
should view the new Probe data.
A significant insight of this slow tracking speed was the discovery of patchy and
quiet regions in Probe’s magnetic field data, something that has never been observed
in spacecraft data before. The average length scale of these regions were estimated as
600km and 200km for the patchy and quiet regions respectively. A suggested origin
for these regions was explosive releases of particle jets from the edges of granules
on the surface of the Sun, which themselves have a length scale of around 1000km.
All of the identified peaks within patchy regions mapped out a remarkably clear
structure in the magnetic field, implying that the same underlying process created
them.
In the future the peak’s contribution to the acceleration of the solar wind can
be quantified, by pairing these results with other Probe data concerning the speed
and density of the solar wind particles. This would help trace the flow of energy in
the Sun’s atmosphere, which was highlighted as a main science goal of the Parker
Solar Probe.
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Chapter 1
Introduction
Out of the 1022 stars in the observable universe (ESA 2019), the Sun is the only star
that we as a species can study in detail with in situ observations from spacecraft.
High resolution data presents the opportunity to gain a better understanding of
fundamental processes in our universe, that cannot be recreated in laboratories on
Earth.
Biermann’s (1957) observations of comet tails initially led to the idea of corpuscular radiation flowing outwards from the Sun. Parker then demonstrated the theory
of a radially expanding gas outwards from the Sun, which was later coined the ‘solar
wind’ (Parker 1958a; Parker 1958b). First evidence of this concept was presented
by Soviet spacecraft (Gringauz et al. 1960), with the Mariner 2 spacecraft providing
the categorical evidence of the solar wind’s existence (Neugebauer and Snyder 1966,
Parker 2001). Since then, the solar wind has been measured in situ by a number
of spacecraft: to a distance of 63 solar radii, R , by Helios 1 and 2 (Porsche 1977);
above the poles by Ulysses (McComas, Riley, et al. 1998); and is currently being
measured just ahead of Earth by ACE (Stone et al. 1998) and WIND (Ogilvie and
Parks 1996). These measurements, paired with remote sensing observations, such as
those from the Solar and Heliospheric Observatory (SOHO) (Domingo, Fleck, and
Poland 1995), have increased our knowledge of the solar wind’s structure and origin.
However, there are still many unresolved questions in heliophysics that can only be
answered by sending scientific instruments close to the Sun (McComas, Velli, et al.
2007). This has been a high priority in space physics for many years, although
technology has not allowed such a mission to exist until now.
The Parker Solar Probe (Probe) represents a new era for space physics, with
a final perihelion only 9.86R from the Sun (Fox et al. 2016, pg.7). Probe was
launched on the 12th August, 2018, embarking on a 7 year mission which will consist
of 24 orbits. This spacecraft aims to increase our understanding of the solar wind’s
formation and acceleration, by capturing high resolution data at unprecedented
proximity to the Sun. The first perihelion for Probe took place in November 2018
with the spacecraft only 35R from the Sun, almost half the previous record held
by the Helios spacecraft.
The initial aim of this project was to provide predictions of the solar wind conditions to be experienced by Probe. It was hoped that such predictions could be
used to complement the in situ measurements taken by Probe, by providing global
context. The accuracy of these predictions would then be evaluated, followed by an
investigation into how potential shortcomings could be rectified with a modified ap5

proach. A secondary aspect of these predictions was to link Probe’s measurements
to features on the Sun, in order to study how the solar wind is generated and evolves
out into interplanetary space.
The first orbit would not only provide the closest measurements of the Sun to
date, but would also allow for a prolonged study of the solar wind’s source region.
This rare opportunity occurs when the spacecraft speed matches the rotation of the
Sun, thus allowing Probe to investigate temporal as well as spatial structures in
the solar wind. Such an opportunity has never been possible before with previous
spacecraft, due to the high orbital velocities required. Therefore, initial objectives
relating to this part of the project were deliberately left open-ended, although significant effort focussed on utilising this aspect of the Probe mission.

1.1

Magnetic field of the Sun

The structure and dynamics of the Sun are dominated by the intense magnetic field
created by the turbulent plasma in the convection zone, known as the solar dynamo
(Charbonneau 2010). Historic observations revealed that there is an 11-year cycle in
solar activity between maximum and minimum (Arlt 2011). At each solar minimum,
the Sun’s magnetic field represents a dipole configuration, which constitutes a stark
contrast to a disorganised magnetic field at solar maximum.
The visible surface of the Sun, known as the photosphere, is dominated by granules (see Figure 1.1a), which have an average length scale of ∼ 1300 km and a lifetime
of 8 − 15 minutes (Javaherian et al. 2014). Here thermal pressure dominates over
magnetic pressure, meaning that convective motion of the granules drags the magnetic field towards the darker intergranular lanes. This concentrates the magnetic
field, which can appear as photospheric bright points in visible light observations
(Keys et al. 2013).
The outer layer of the solar atmosphere, known as the corona (Cranmer and
Winebarger 2018), is dominated by a strong magnetic field, that can exhibit stable
large scale structures. One such feature, known as a coronal hole, can be seen as
the darker region in Figure 1.1b. These are defined as open magnetic field lines that
extend far into interplanetary space, containing cooler, less dense material which
leads to its darker colour. These holes are often found, but are not limited to, high
latitudes on the Sun at solar minimum (Habbal et al. 1997), as a consequence of a
predominant magnetic dipole configuration.
Figure 1.1b also displays active regions as bright magnetic field loops in the
corona, whose footpoints appear as sunspots on the photosphere. Active regions
are the primary source of transient magnetic field events (Driel-Gesztelyi and Green
2015), with the largest being a coronal mass ejection, a violent eruption of plasma
material from the corona (Webb and Howard 2012). These transient features can
drive space weather at Earth, that can interfere with modern technology (Eastwood
et al. 2017).

6

(a)

(b)

Figure 1.1: (a) shows the pattern of granules of the photosphere, which are a manifestation of convective motion below this surface. Photospheric bright points are
visible in the some of the dark intergranular lanes (image retrieved from Henriques
2010).
(b) image taken by the SDO spacecraft in at a wavelength of 193Å on the 10th October 2015. A large coronal hole can be seen in black, where cooler material escapes
from open field lines. Active regions are visible as brighter loops, where there is
increased magnetic activity (image retrieved from NASA/SDO 2015).

1.2
1.2.1

The Solar Wind
Interplanetary Magnetic Field

The solar wind is a highly conducting plasma expanding outwards from the corona
at supersonic speeds (Schwenn and Marsch 1990, pg. 1), and consists mainly of
protons with approximately 1% − 5% alpha particles and trace amounts of other
heavier ions (Bochsler 2007). The solar wind extends throughout the solar system,
creating a bubble-like cavity in the interstellar medium, known as the heliosphere. A
consequence of the high conductivity is that the magnetic field lines in the plasma are
said to be frozen in, meaning that they follow the motion of the plasma. Therefore,
as the solar wind flows radially outwards from the Sun, it drags the interplanetary
magnetic field (IMF) with it. This effect, paired with the rotation of the Sun, causes
the magnetic field to take an Archimedean spiral shape, known as the Parker spiral
(Parker 1958b).
The IMF can either point away (positive polarity) or towards (negative polarity)
the Sun. Early observations revealed regions of constant polarity in the ecliptic
plane (plane in which the Earth orbits the Sun), with reversals in polarity occurring
two or four times per solar rotation (Smith 2001). A dominant polarity effect was
also observed in latitude (Rosenberg and Coleman 1969), leading to the idea of a
heliospheric current sheet (HCS) separating the two polarities. This, along with the
Sun’s tilt, means that a spacecraft orbiting in the ecliptic plane will cross the HCS,
7

with each crossing resulting in a change of polarity in the IMF. To be consistent
with the Parker spiral, the HCS takes the form of a ballerina skirt as suggested by
Alfvén (1977).

1.2.2

Solar Wind Structure and Origin

The solar wind has a two part structure, with a steady fast wind with speeds typically > 600kms−1 and a dense, more variable, slow wind with average speeds of
< 400kms−1 (Schwenn 1983). Ulysses observed fast wind as it orbited above the
poles of the Sun, with the results at solar minimum in Figure 1.2a. This demonstrates a well defined three dimensional structure with slow wind limited to low
heliographic latitudes and fast wind dominant at higher latitudes (McComas, Riley,
et al. 1998). Two distinct polarities can also be seen, mirroring the dipole structure
of the Sun at solar minimum. However, this well defined structure to the solar wind
is not apparent at solar maximum, with an intermediate wind speed at all latitudes
(McComas, Elliott, et al. 2003), as seen in Figure 1.2b.

(a) Solar Minimum

(b) Solar Maximum

Figure 1.2: Shows polar plots for the angular distribution of velocities in the solar
wind at solar minimum, (a), and maximum, (b), as measured by the Ulysses spacecraft. A clear structure can be seen at solar minimum, with slow wind only from low
latitudes, whereas, at solar maximum, there is no clear distinction between slow and
fast wind (image retrieved from McComas, Elliott, et al. 2003).)
It is well established that fast wind originates from large coronal holes (Sheeley,
Harvey, and Feldman 1976; Cranmer 2009), and the area of a coronal hole is positively correlated to the solar wind speed (Tokumaru et al. 2017; Verbanac et al.
2011). However, the source region and physical mechanism for the release of slow
solar wind is not well defined. Differences in composition and variability have led
to the idea that slow wind is released intermittently from areas outside of coronal
holes, such as the active regions in Figure 1.1b (Rouillard et al. 2010; Abbo et al.
2016). An alternative view, is that slow wind can continuously flow from the edges of
coronal holes, streaming along open magnetic field lines in a similar way to fast wind
(Wang and Sheeley 1990; Schwadron et al. 2005; Wang, Ko, and Grappin 2009).
8

There is evidence that suggests slow wind can exhibit similar properties to fast
wind (D’Amicis and Bruno 2015), particularly the presence of Alfvén waves (transverse magnetic field perturbations) (Alfvén 1942), leading to many modern efforts
to categorise the solar wind other than by a simplistic cut in velocity. Many such
categorisations aim to link in situ measurements to source regions on the Sun, using plasma properties (Stansby, Horbury, and Matteini 2019) and machine learning
techniques (Camporeale, Carè, and Borovsky 2017). When grouped into slow and
fast wind, these types of solar wind are mixed together, which can interfere with
scientific results.

1.2.3

Coronal Heating and Solar Wind Acceleration

One of the most famous unanswered questions in space physics is that of the coronal
heating problem, which was discovered in the first half of the 20th Century (reviewed
by Noci 2002). The heating problem manifests as temperatures of 6000K in the
photosphere and 2 × 106 K in the corona, even though the hotter corona is further
from the energy source in the core (Dunbar 2012). McComas et al. (2007) states that
the energy for this temperature gradient must be from convection in the photosphere,
with the deposition process being the target of research efforts. The acceleration
of the solar wind also requires large energy deposition, so can be considered as a
byproduct of the coronal heating problem (Schwenn and Marsch 1990, pg.52). The
longstanding nature of this problem means that various heating mechanisms have
been proposed (Kuperus, Ionson, and Spicer 1981; Cranmer and Winebarger 2018),
but no consensus has yet been reached.
One of the most popular theories is that the heating is due to ion-cyclotron
resonance, which occurs when low frequency Alfvén waves resonantly interact with
coronal ions (Isenberg 2001). These Alfvén waves can be launched as a consequence
of the convective motion in the photosphere, and survive into the lower corona,
where they can dissipate their energy (Kasper, Lazarus, and Gary 2008; De Pontieu
et al. 2009).
Small scale magnetic reconnection has also been suggested to heat the corona
(Parker 1988). This process of magnetic reconnection is ubiquitous throughout
space plasma, where the rearranging of magnetic fields releases kinetic and thermal
energy in well defined jets (Priest, Forbes, and Cambridge University Press. 2000;
Biskamp 2000). Kasper et al. (2016) note that magnetic fluctuations have not yet
been measured at small enough scales to investigate this possibility, although models
suggest that robust scaling laws should be seen (Georgoulis, Velli, and Einaudi 1998).

1.3

Space Measurements

Before the launch of Parker Solar Probe, the Helios mission held the record for
the closest distance to the Sun, at around 0.29AU. This mission consisted of two
identical spacecraft, Helios A and B, which were launched around a year apart in
December 1974 and January 1976 respectively (Schwenn and Marsch 1990, pg. 4).
The last of this data was received in 1986, which was a period of solar minimum, as
is also the case for the 7 years of Probe’s mission.
This mission carried two flux-gate magnetometers, with a maximum data rate
of 4 vectors/second (Ivory 1999). This technology was simple and robust, able to
9

survive the launch into space, and the years of bombardment from energetic particles.
Consequently, this instrument design is still widely used, and features on Probe.
A fluxgate magnetometer design consists of a drive coil wrapped around a highly
permeable core in a symmetric shape (see Figure 1.3). Current is then applied to the
coil, driving the core material in and out of saturation. With no external magnetic
field, there is an equal and opposite magnetic flux from each side of the core, meaning
no change of flux in total. However, when there is an external field present, one side
of the core comes out of saturation earlier, leading to a change in the flux, which
induces a current that can be measured (Ness 1970). By combining three of these
coils, a magnetic vector can be obtained. It is common for magnetometers to be
placed on a boom away from the spacecraft, so as to avoid interference from the
spacecraft’s electronics.

Figure 1.3: Schematic of a typical fluxgate magnetometer instrument. A drive winding drives the permeable core in and out of saturation, whilst the sense winding measures any induced current from an external magnetic field. (diagram retrieved from
Miles et al. 2017).

1.3.1

Parker Solar Probe Instrumentation

Probe represents a major step forward in space physics, with the primary scientific
objectives to (Fox et al. 2016, pg.10):
• Determine the structure and dynamics of the Sun’s magnetic field
• Understand how the corona is heated and solar wind is accelerated
• Investigate how energetic particles are accelerated and transported
In order to meet these scientific objectives, Probe is equipped with four instrument suites: the Electromagnetic Fields Investigation (FIELDS); the Integrated Science Investigation of the Sun, Energetic Particle Instruments (ISIS); the Solar Wind
Electrons Alphas and Protons Investigation (SWEAP); and the Wide Field Imager
10

for Solar Probe Plus (WISPR). For the purposes of this project, only the magnetic
vector data from the FIELDS suite was available, therefore, further discussion will
be restricted to this set of instruments.
The layout of the FIELDS instrument in shown in Figure 1.4, which consists of
five electric field antennas, two fluxgate magnetometers and a search coil magnetometer. The latter measures the alternating changes in magnetic field, through the
current induced by Faraday’s law (Hospodarsky 2016). This is useful for measuring properties of plasma waves and turbulence. However, the focus of this project
was the magnetic field vectors, which were provided by the fluxgate magnetometers. These can measure 292.97 vectors/second, with a large dynamic range (up
to ±63, 536nT), so as to allow the investigation of low amplitude fluctuations from
turbulence and waves, and also the large increase in magnetic field from coronal
mass ejections (Bale et al. 2016).

Figure 1.4: Shows the layout for the FIELDS instrument suite aboard Probe. The
five electric field antennas are labelled V1-5. The spacecraft always orients itself so
that it points directly at the Sun, shielding the instruments behind. The two fluxgate
magnetometers are labelled as FGMo (outboard) and FGMi (inboard). (diagram
retrieved from Malaspina et al. 2016).
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Chapter 2
Methods Employed
2.1

Parker Solar Probe Orbit

The orbital details of any planetary body or spacecraft is handled with NASA’s
SPICE toolkit, developed at the Navigation and Ancillary Information Facility (NAIF)
(Acton 1996; Acton et al. 2018). As this toolkit is written in C, a Python wrapper,
SpiceyPy (Annex et al. 2019), was utilised. Due to the versatility of SPICE each specific spacecraft has its own ‘kernels’, which are files that define the spacecraft’s clock,
predicted position, orientation etc., as well as defining the relevant coordinate systems for the mission. Originally, these were downloaded manually1 , although later,
HelioPy (Stansby, Rai, et al. 2018) was employed for its ability to automatically
handle new kernels.
Transforming between different coordinates frames is essential throughout space
physics research. As such, there exists well established packages such as SunPy
(Mumford et al. 2019) and AstroPy (The Astropy Collaboration et al. 2018) that
were used in this project to handle different frames, as well as mixing of units.

2.1.1

Carrington Coordinates

A commonly used inertial frame is named ECLIPJ2000, which has its x and y
vectors lying in the same plane as the Earth’s orbit (the ecliptic plane). This frame
is useful for visualising Probe’s orbit with respect to the planets, where multiple
‘Venus gravity assists’ over the mission duration bring Probe closer and closer to
the Sun.
However, for the purposes of the report, it is more useful to consider a frame
that rotates with the Sun. Such a frame is represented by Carrington Heliographic
coordinates, where each point on the Sun’s surface is given a Carrington longitude
(Φ) and latitude (Θ). Originally, this was only for tracking sunspots on the Sun’s
surface (Carrington 1853; Ulrich and Boyden 2006), but can easily be extended to
3D by adding a radius (r). This frame rotates at the mean solar rotation rate:
25.38 days. Every time the central meridian of these coordinates aligns with the
central meridian seen from Earth, a new Carrington cycle is started. The first of
these cycles started on 9th November 1853 and occur every 27 days, due to Earth
also orbiting the Sun (Thompson 2006). Each cycle, the longitude viewed by Earth
1

https://sppgway.jhuapl.edu/ancil_products

12

Carrington Cycle
2208
2209
2210
2211

Start Date
2018 Sep 02
2018 Sept 29
2018 Oct 26
2018 Nov 23

End Date
2018 Sep 29
2018 Oct 26
2018 Nov 23
2018 Dec 20

Table 2.1: Shows the start and end date for the relevant Carrington Cycles (Retrieved
from Lasley 2016)

1.0

1.0

0.5

0.5

Y (AU)

Y (AU)

decreases from 360◦ → 0◦ before the next cycle starts. For context, Table 2.1 shows
the relevant Carrington cycle numbers and dates for this project.
Figure 2.1a shows the inner solar system (excluding Mercury for clarity) for
Probe’s first perihelion in inertial coordinates, whereas Figure 2.1b shows the same
situation in Carrington coordinates. In inertial coordinates, Probe and the planets
orbit anti-clockwise, whereas, due to the Sun’s superior rotation rate in Carrington
coordinates the orbital direction is clockwise. The small loop created by Probe at
perihelion in Figure 2.1b is a result of Probe travelling slightly faster than the Sun’s
surface, so that in Carrington coordinates it travels anti-clockwise for a few days,
before returning to the usual clockwise direction.

0.0

-0.5
-1.0

-0.5

Probe
Venus
Earth
Sun

-1.0

-0.5

0.0

0.0

X (AU)

0.5

-1.0

1.0

(a) Inertial Frame

-1.0

-0.5

0.0

X (AU)

0.5

1.0

(b) Heliographic Carrington Frame

Figure 2.1: (a) shows the orbits of Venus, Earth and Probe from the 12th August
2018, to 20th November 2018 in the ECLIPJ200 inertial frame.
(b) shows the same orbits but in the Heliographic Carrington frame. The Venus
gravity assist can also be seen in these graphs, where energy is actually transferred
from Probe to Venus, reducing Probe’s velocity meaning it can travel closer to the
Sun.

2.1.2

Ballistic Mapping

This report frequently compares Probe’s orbit to a solar wind profile in Φ and Θ
at a constant radius, Rsurf . In order to do this, Probe’s orbit at various radii must
13

be mapped back to Rsurf so that an accurate comparison can be made. This was
achieved using ballistic mapping (Neugebauer, Liewer, et al. 2002), which makes the
valid assumption that the solar wind flow is radial, as demonstrated in Figure 2.2.
Assuming the solar wind flow is radial with a constant speed, Vsw , the shift in
longitude, ∆Φ, when at a radius, r, is defined as:

∆Φ(r) = Ω

r − Rsurf
Vsw


.

(2.1)

A speed of Vsw = 360kms−1 was used throughout, as it represents a nominal
solar wind speed. The solar wind speed will not always be this exact value, leading
to an inherent uncertainty in this procedure, with changes in Vsw leading to a error
of 5◦ .

Radial Δlow
Φrobe

0.4
0.3

0.1

Rsurf

Y (AU)

0.2

0.0

ΔΦ

r

−0.1
−0.2
−0.2
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Figure 2.2: Demonstrates how ballistic mapping is carried out for Probe’s orbit along
a radial flow. The spiral here is exaggerated to see more clearly how the mapping
works; it does not represent a typical solar wind flow. The surface that is being
mapped to is shown with the dotted black circle.

2.2

Potential Field Source Surface (PFSS) Model

The Potential Field Source Surface (PFSS) model first originated in the 1960s as
a method to model the large scale global structure of the corona (Altschuler and
Newkirk 1969; Schatten, Wilcox, and Ness 1969).
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This model assumes that the corona is both force and current free, which from
Ampère’s law means:
~ = 0,
∇×B

(2.2)

~ is the magnetic field, and the displacement current has been neglected
where B
for a plasma. The solution to this equation is that of a scalar potential field, Ψ,
such that:
~ = −∇Ψ.
B

(2.3)

~ = 0), Ψ then satisfies
Combined with a divergent free magnetic field (∇ · B
Laplace’s equation:
∇2 Ψ = 0,

(2.4)

where solutions to Laplace’s equation in spherical coordinates are well known
~ is
(Mackay and Yeates 2012). In order to simulate the corona, a condition that B
radial at a spherical source surface of radius, Rss , is enforced. Beyond this source
surface, the magnetic field is assumed to behave as the Parker spiral from Section
1.2.1. The value of Rss is considered a free parameter in the model, although it is
common practice to set this equal to 2.5 solar radii, R , so as to match observations
of the coronal magnetic field from solar eclipses (Hoeksema, Wilcox, and Scherrer
1983). Studies have investigated the effect of changing this source surface (Arden,
Norton, and Sun 2014), however, for this project the standard value will be used.
A magnetic map (magnetogram) is used to provide the inner boundary condition at one R . These were provided hourly by the Global Oscillation Network
Group (GONG) observatories2 , at 6 locations around the globe (Hill et al. 1994).
The magnetic field strength is measured using the spectral split due to the Zeeman
effect. This means that such measurements are line of sight, so only radial magnetic fields can be recorded. An important point to note is that, although GONG
magnetograms represent the whole Sun’s surface, they only update one degree of
Carrington longitude at a time.
The PFSS solution was then solved using PfssPy (Stansby 2019), a Python
package that builds on the finite difference methods set out by Yeates (2018).
The implementation of this package was validated by inputting a purely dipole
magnetic field, where the radial component of the magnetic field obeys:
2sin(Θ)
,
(2.5)
r3
where Θ is the latitude (Θ = 90◦ points straight up), and r is the radial distance.
The output of the PFSS model for this dipole input can be seen in Figures 2.3a and
2.3b, demonstrating that the PFSS model behaves as expected.
This model has been widely used for over 40 years with a wide range of applications such as tracing the sources of solar wind (Neugebauer, Liewer, et al. 2002) and
determining the background magnetic field in coronal mass ejections (Titov et al.
2017). However, this model cannot capture the effects of currents in the corona,
which are present in twisted magnetic field structures, which have led to the development of non-potential models (Edwards et al. 2015).
Br =

2

https://gong.nso.edu/data/magmap/
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Figure 2.3: (a) The magnetic field lines from the PFSS model output are shown for
a dipole field in two dimensions. Red and blue are open field lines of positive and
negative polarity respectively. Black field lines are closed, so do not reach the source
surface, represented by the dotted black circle.
(b) Shows the output of the PFSS model at the source surface for a dipole field. The
blue and red colours represent magnetic fields going in and out of the Sun respectively.
The exact values are not relevant for this project, only the absolute polarity of the
magnetic field. The black line representing the inversion between the two polarities.

2.2.1

Wang-Sheeley (WS) Model

It was discovered that solar wind speed at 1AU was inversely proportional to the
rate of coronal flux-tube expansion (Wang and Sheeley 1990), defined as:
2 


R
Br (R )
,
(2.6)
f=
Rss
Br (Rss )
where Br (R ) is the radial magnetic field strength of the field line connecting the
solar surface to the source surface, which has a radial strength of Br (Rss ). The
velocity of the solar wind, VW S is then calculated as:
VW S = V0 +

V1 − V0
,
fα

(2.7)

where V0 = 267.5kms−1 , V1 = 677.5kms−1 and α = 0.4 (Arge and Pizzo 2000). This
is the simplest model of solar wind velocity from purely magnetic field measurements,
and does not take into account the size of coronal holes, and distance from the
coronal hole boundary (Reiss et al. 2019).

2.2.2

Magnetic Connectivity

Using the PFSS model presents the opportunity to evaluate which magnetic field
line connects Probe to the solar surface, with the potential to highlight the source
region of the solar wind. To achieve this, Probe’s trajectory is first ballistically
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mapped back to the PFSS source surface at 2.5R , using the technique described
in Section 2.1.2.
The PFSS solution represents the magnetic field in all directions from R → Rss .
The coordinates of the mapped trajectory on the source surface act as the boundary
condition for an initial value problem, which is then solved with Scipy’s (Jones,
Oliphant, Peterson, et al. 2019) integration package. More specifically the LSODA
method was used which is based on Petzold (1983) and code written by Hindmarsh
(1983). This then results in a field line connecting the source surface to the solar
surface in heliographic Carrington coordinates.
The Astropy coordinate objects and SunPy defined frames were then used to
transform this field line into a helioprojective frame, that is commonly used for
images taken of the Sun. This meant that the field line could be directly plotted
onto an image of the Sun, clearly demonstrating the solar origin of the field line.
Such images were downloaded using SunPy’s Helioviewer client, that was able
to retrieve images from the STEREO-A spacecraft at a wavelength of 195Å. This
spacecraft orbits ahead of Earth, delivering a more comprehensive view of the Sun’s
surface at any one time (Howard et al. 2008).

2.3

Magnetohydrodynamic (MHD) Model

The Community Coordinate Modeling Center (CCMC) is a multi-agency partnership, providing the scientific community with access to a wide range of space physics
simulations3 . These simulations are available for ‘Runs-on-request’, taking advantage of the large processing power available to complete the model, that would not
be possible to many scientists without high powered computing facilities and technical knowledge. The model used for this report is known as the ‘WSA-Enlil’ model,
which couples together several physics based models in order to simulate the inner
heliosphere, and takes around a week to complete.

2.3.1

Wang-Sheeley-Arge (WSA) Model

The PFSS model, described in Section 2.2, was first used to extend the magnetic
field of the corona out to 2.5R . The inner boundary is provided by a magnetogram
from the GONG observatory, averaged over a whole Carrington rotation.
The Wang-Sheeley-Arge model was then used, which includes some improvements on its successor, the WS model. The first improvement is the use of the
Schatten current sheet model (Schatten 1972), that provides a more physical magnetic field topology out to 30R . This additional modification includes the effects
of current sheets in the corona, that were forbidden in the PFSS solution. The
coupling of these two models is described by Arge et al. (2004).
The second improvement is to introduce two new parameters: θ, which represents
the angular separation between the magnetic field footpoint and nearest coronal hole
boundary; and w, which is the width over which the wind speed reaches coronal hole
values (Reiss et al. 2019).
3

https://ccmc.gsfc.nasa.gov/
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This then gives the solar wind velocity according to:
VW SA = V0 +


V1 − V0
δ 3
β
−
γexp(−(θ/w)
)
,
(1 + f )α

(2.8)

where f is the expansion factor defined in Equation 2.2.1. Additionally, α, β,
γ and δ are all parameters that are empirically fine tuned for the CCMC standard
model. Assuming momentum flux conservation and thermal balance, this model can
also calculate the density and temperature at 30R (Jian, Russell, et al. 2011). The
WSA model is widely used due to its applications in space weather forecasting, as
it provides a simple and reliable prediction of solar wind velocity (Sheeley Jr 2017).

2.3.2

Enlil

The output of the WSA model is then used as an inner boundary condition for a
large scale magnetohydrodynamic (MHD) model known as Enlil. MHD models such
as this one treat the plasma as a fluid, where macroscopic variables of which are
calculated using the magnetic fluid equations for conservation of mass, momentum
and energy (Odstrcil 2003):
∂ρ
+ ∇ · (ρ~u) = 0,
∂t
!

~2
d~u
B
1 ~
~ + Fgrav
~ ,
B·∇ B
ρ
= −∇Pth − ∇
+
dt
2µ0
µ0




∂
Pth
Pth
+ ∇ · ~u
= −Pth ∇ · ~u,
∂t γ − 1
γ−1

(2.9)
(2.10)
(2.11)

~ is the magnetic
where ~u is the bulk plasma velocity, ρ is the mass density, B
field, Fgrav is the gravitational force of the Sun, µ0 is the permeability of free space,
Pth is the thermal pressure and γ is the ratio of specific heats.
These can be coupled with the magnetic induction equation:


~
∂B
~
= ∇ × ~u × B ,
∂t

(2.12)

which represents ideal MHD, with no diffusion of the magnetic field. These set of
equations can then be closed by considering the total energy density, U , as the sum
of thermal, kinetic and magnetic energy densities:
U=

~2
Pth
1
B
+ ρ~u2 +
.
γ−1 2
2µ0

(2.13)

Enlil solves these equations in three dimensions using a Total-Variation-Diminishing
Lax-Friedrich scheme (Tóth and Odstrčil 1996). The condition that the magnetic
~ = 0) is enforced using a field-interpolated central differfield is divergence free (∇· B
ence method (Tóth 2000). An azimuthal component to the magnetic field is added
at 30R , which is just the deflection from radial direction along the Parker spiral
due to the local radial plasma velocity, and the meridional component is assumed
to be zero.
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The implementation of GONG, WSA and Enlil at CCMC has been validated by
Jian et al. (2015), which states that this model captures the time series of normalised
solar wind parameters well. Although, it is also mentioned that this model severely
underestimates the strength of the magnetic field, by up to 80%.
Riley et al. (2006) compared the PFSS model to MHD models, concluding that
the PFSS model can be implemented more easily, and under the right conditions can
be a useful tool for reconstructing coronal structure. However, the MHD models are
based on more physical assumptions and can be used to model coronal mass ejections
(Pizzo et al. 2011) and have the potential to incorporate time dependent boundary
conditions.
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Chapter 3
Results and Discussion
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Figure 3.1: Overview of the magnetic field data that was measured by Probe on its
first orbit, and used throughout this project. This overview shows a five minute
average of data for clarity, with the distance to the Sun and Carrington longitude
shown in the bottom two axes. The large increase in magnetic field strength on the
12th November was identified as a Coronal Mass Ejection (CME). Positive polarity
regions, to be referred to as stream 1 and 2, are shown with pairs of dotted lines on
the BR axis.

Figure 3.1 shows an overview of the magnetic field data available from Probe’s
first encounter in October and November 2018, with perihelion occurring on 6th
November. The data in this project has a rate of 10Hz when Probe was below
0.25AU, and 2Hz when further than this distance threshold. The Radial Tangential
20

Normal (RTN) coordinate system was used for this magnetic field data. R points
from the centre of the Sun to the spacecraft, T is the cross product of heliographic
polar axis and R, and N completes the right handed coordinate set (Fränz and
Harper 2002).
The first important feature in this data is that the polarity of the magnetic field
is predominantly negative (i.e. BR < 0 nT), with a large positive polarity section
between the 14th and 23rd November (stream 2), and a smaller region lasting from
28th to 29th October (stream 1). The ability to capture this global structure, using
the models in Chapter 2, will be investigated in this section (3.1).
The magnetic field data is much more variable than that seen in other spacecraft
data, with large fluctuations changing the polarity of the magnetic field. An investigation into the duration and distribution of these fluctuations is given in Section
3.2.
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Figure 3.2: Prediction for solar wind conditions sampled by Probe using MHD simulations for the 2208 and 2210 Carrington rotations (see Table 2.1 for the corresponding dates). The pairs of dotted lines on the polarity axis are the same as those
seen in Figure 3.1. This indicates a consistent prediction of slow wind and negative
polarity at perihelion in both simulations.

One of the main aims of this project was to provide predictions ahead of time
for the solar wind conditions that Probe would face on its first encounter with the
Sun. The MHD model described in Section 2.3 was the first model employed, as
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it allowed for the prediction of macroscopic solar wind variables such as number
density (n), temperature (T ) and radial speed (VR ). Probe data was downloaded
from the spacecraft in December 2018, so simulations were run for the 2208 and
2210 Carrington rotations, with a confident prediction of negative polarity and slow
solar wind at perihelion.
The results of these simulations are shown in Figure 3.2, with striking similarity
between each simulation for the n, T and VR profiles, even though they are two
months apart. This highlights how stable features on the Sun are when at solar
minimum, which is also demonstrated by the similarity, at low latitudes, of Figure
3.3a and 3.3b. A band of slow solar wind at low latitudes can be seen in both
simulations, as well as a large, fast velocity stream at around 180◦ .
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Figure 3.3: (a) solar wind velocity profile at 0.2AU for the MHD model using the
2208 Carrington rotation with Probe’s orbit mapped back to 0.2AU (white line).
(b) Shows similar for the 2210 Carrington rotation. This indicates little variation
in solar wind speed at lower latitudes, where Probe orbits. However, large variations
can be seen in higher latitude regions, though this is not relevant when predicting
Probe’s conditions. The colour bar represents both these plots.
These simulations predict a negative polarity in the magnetic field at perihelion, which was observed as a negative BR component in Figure 3.1, validating this
method for solar wind prediction. The full global structure of the coronal magnetic
field can be observed in Figures 3.4a and 3.4b for the 2208 and 2210 rotations respectively, with the colour of the line plot indicating the polarity observed by Probe.
This shows good agreement with the magnetic field from Probe around perihelion
for the 2210 rotation, especially for stream 2, although this stream was too narrow
when using the 2008 model.
However, the MHD model fails to capture the position of the Heliospheric Current
Sheet (HCS) between 0◦ and 80◦ longitude. This manifests as extra HCS crossings
(when the polarity reverses) in Figure 3.2, which takes some credibility away from
the correct current sheet predictions, such as those produced about stream 2. This
suggests that an average magnetogram from a full Carrington rotation may not be
able to confidently predict the magnetic field, and more up to date input data may
be necessary.
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Figure 3.4: (a) solar wind polarity profile at 0.2AU for the MHD model using the
2208 Carrington rotation, with the line plot colour representing the polarity observed
by Probe. A correct prediction can be seen at perihelion (the loop), but prediction of
stream 2 is too narrow.
(b) Shows a similar profile for the 2210 Carrington rotation. The 2210 simulation
captures the negative polarity at perihelion and also successfully predicts the location
of stream 2, around 270◦ longitude. Although, it is not successful between 0◦ and 80◦
longitude.
The MHD model considers the solar wind as a fluid, with added coupling to
electric and magnetic fields. This means that it would be useful to compare the
predictions to the n, T and VR experienced by Probe, however, only magnetic field
data was accessible.
To solve this problem, data was used from the Advanced Composition Explorer
(ACE) spacecraft (Stone et al. 1998), located at the L1 Lagrangian point, which
lies just ahead of Earth on the Sun-Earth line (Cornish 2019). This is equivalent
to comparing with Probe data, since the solar wind that Probe experienced at
perihelion then travelled out to 1AU, where it is sampled by the ACE, as seen in
Figure 3.5.
This shows that the prediction of slow solar wind at perihelion was correct, with
Probe passing through two high speed regions on either side. This successful radial
speed prediction highlights the strength of the MHD model, that is well established
in the literature (Owens et al. 2008; Jian, Russell, et al. 2011; Jian, MacNeice, et
al. 2015; Reiss et al. 2019). The magnitude and pattern of velocity matches well,
up until 15th December when a fast stream is present in the ACE data only. It
is believed that the steady state assumption of the Sun’s velocity profile breaks
down here, where a new coronal hole has appeared but is not represented in the
magnetogram input. This, along with erratic polarity predictions in Figure 3.2,
highlights the use of a Carrington average magnetogram as the primary weakness
for this method, suggesting more up to date measurements were required. Another
problem with this technique is that such a simulation has to be carried out at least a
week in advance, due to the computationally expensive Enlil part of the model. The
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timing of each Carrington rotation may not be optimal for Probe’s future perihelia,
so could potentially be several weeks out of date.
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Figure 3.5: Comparison of the 2208 and 2210 MHD model predictions at Earth,
with data measured by the ACE satellite. The solar wind experienced by Probe at
perihelion, on 6th November, then travelled radially outwards where it reached Earth
on the date marked by the dotted black line. This shows the slow solar wind prediction
was correct.

3.1.2

PFSS Model

It was therefore decided to focus solely on the magnetic field prediction, using the
PFSS model discussed in Section 2.2. The advantages of this model are that magnetograms were available from GONG every hour, and the PFSS model could be
run in a few minutes on a standard computer. This meant a much more up to
date structure of the coronal magnetic field could be created, with the added advantage of connecting Probe to a magnetic field line as described in Section 2.2.2. The
shortcoming of this model is that it sacrifices the plasma properties that Enlil offers,
although, as only magnetic field data was accessible for this project, this should not
be considered a weakness.
The prediction of polarity and a solar wind speed, using the WS model in Section
2.2.1, is shown against the observed polarity in Figure 3.6. This corroborates with
the MHD model, and observed properties, by anticipating negative polarity and
slow solar wind at perihelion. Figure 3.6 also demonstrates a noteworthy accuracy
in the positive polarity stream 2, which spanned from 14th 17 : 00 to 23rd 18 : 00
November in the Probe data. With a one hour time step, the PFSS model predicted
a positive polarity stream between 14th 18 : 00 and 23rd 13 : 00.
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Figure 3.6: Predicted solar wind speed and polarity every 3 hours using the PFSS
model on a magnetogram from 6th November. This is plotted against the actual
polarity observed by Probe averaged over 12 hours (red), showing good agreement
with the model, especially for stream 2 between 14th and 23rd November. The figure
also shows faster solar wind from this positive polarity region, similar to that observed
in the MHD simulations.

The global structure of the coronal magnetic field at the source surface can be
seen in Figure 3.7. Much like the 2210 MHD simulation seen in Figure 3.4b, this
demonstrates an accurate shape of the positive stream after perihelion, but also
provides a solid polarity prediction for all values of longitude. Therefore, unlike the
MHD prediction, an accurate prediction of magnetic structure can be provided for
the whole surface, without being undermined by inaccuracies in the HCS position.
There is a small HCS crossing between 28th and 29th October (stream 1), as
seen in Figure 3.8, which was not predicted using a static magnetogram. However,
the green line in Figure 3.7 shows the HCS for the 29th October, highlighting how
close Probe was to the HCS at this point in its orbit. There is no explicit change
in magnetic polarity here when using the PFSS model, although it is reasonable to
suggest that a small variation in the position of the current sheet could have led
to a polarity reversal. It might have been the case that the current sheet moved
over Probe, being changed by the appearance of a new active region, for example.
Alternatively Probe may have passed through a static HCS that was slightly lower
than in the PFSS model.
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Figure 3.7: Shows the PFSS model output at 2.5R using a magnetogram from
6th November, with the HCS represented with the black line. The polarity of the
magnetic field observed by Probe, averaged over 12 hours, is shown by each scatter
point. This demonstrates how the PFSS model is effective at recreating the global
magnetic structure of the corona. Stream 1 was not explicitly predicted by the model.
lthough, the green line represents the HCS on the 29th October, when this stream
took place. The lower position of the HCS at this longitude suggests Probe could
have switched polarity.

Figure 3.8 shows that the initial transition from negative to positive polarity
lasted 13 hours, while the reverse took only 5 hours. This asymmetry can not be
explained by Probe passing through a static HCS of constant thickness, therefore,
supporting the idea that the HCS moved over Probe.
The fluctuations in all three of the magnetic field components reduce between
the two dotted red lines, which suggests a different solar wind flow. There is also a
reduced magnetic field magnitude during this entire period, indicating the presence
of a higher thermal pressure. This could be an observation of the heliospheric
plasma sheet which envelopes the current sheet, and has a higher thermal pressure
(Winterhalter et al. 1994). Studies observing this plasma sheet also exhibit drops
in the field magnitude, arising from intermittent releases of hot plasma from closed
field lines at the solar equator (Crooker et al. 2004). Such dips are seen in Figure
3.8, although particle density and temperature measurements are needed to fully
verify this classification.
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Figure 3.8: Shows the magnetic field data for stream 1, lasting 37 hours on 28th and
29th October. The transition between negative and positive polarity is indicated by
the first two dotted lines, taking 13 hours to make the switch. There is then a 19
hour period between the two black dotted lines where polarity is positive, followed by
a 5 hour transition back to negative polarity. Also exhibits a weaker field magnitude
inside the dotted red lines, indicating a higher thermal pressure.

3.1.3

Magnetic Connectivity

A major advantage of the PFSS model is that it can be used to find the magnetic
field line that connects Probe from the source surface to the solar surface, as detailed
in Section 2.2.2. This is useful as the field line can then be plotted directly onto an
image of the Sun, as demonstrated in Figure 3.9. Here the bottom axis represents
the global structure of the corona, with the relevant part of the HCS plotted in
white on the image above. Several magnetic field lines are shown connecting Probe
to the two coronal holes in this image.
Such a process then allows for the realisation that Probe was connected to a
small coronal hole from 31st October to 14th November. As discussed in the WSA
model (Section 2.3.1), the size of the coronal hole influences the speed of the solar
wind, so a slow wind prediction is still valid in this case. It is clear that stream 2
can also be classified as originating from a coronal hole, although the larger area
means fast wind emanated from this region, as suggested by both the PFSS and
MHD models.
This technique provides vital context for the magnetic field data, and can be
considered a classification of solar wind type based on its origin which, crucially,
was achieved without using any plasma data. This improves upon the predictions of
solar wind as either slow or fast, which was described as simplistic in Section 1.2.2.
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Figure 3.9: Shows how the source region of the solar wind can be identified with
the PFSS model and images of the Sun. The top image is from STEREO-A at a
wavelength of 195Å on 22nd October. The bottom axis shows the PFSS model using
a magnetogram from 6th November, with the HCS shown as the black line, and the
field of view for the above image as the green highlight. Magnetic field lines every
2 days were integrated from Probe’s position on the source surface, down to the
solar surface, with the colour indicating the polarity. These and the HCS were then
transformed into a helioprojective frame aligned with STEREO-A’s position, and
then plotted directly on the image. This demonstrates that Probe was connected to a
small coronal hole at perihelion, and throughout stream 2 Probe was connected to a
large coronal hole.

28

3.2

Magnetic Footpoint Tracking

2018-10-31 00:00:00

0

2018-11-14 00:00:00

2018-11-11 12:00:00

Latitude (∘ ∘

−2

2018-11-02 12:00:00

−4

2018-11-08 12:00:00

2018-11-05 12:00:00

−6
−8

−10
330

335

340

Longitude (∘ ∘

345

350

Figure 3.10: Zoomed in map of Figure 3.9 at perihelion, with each dot representing
Probe’s position on the PFSS source surface 12 hours apart. Dates are shown for the
red dots to help add context. Due to the coronal hole at perihelion, all the magnetic
field lines connect to a similar region on the Sun’s surface, creating a funnel shape.

Figure 3.10 demonstrates that as a consequence of the coronal hole, all magnetic
field lines connect to localised area on the Sun’s surface. The reduced orbital speed
of Probe in the Carrington frame is therefore magnified by the presence of this
coronal hole.
The speed at which the magnetic footpoints track along on the Sun’s surface
is quantified in Figure 3.11, with the exceptionally low average footpoint speed of
130 ± 80km/h between 1st and 14th November. To put this in perspective, the Earth
would track along the surface of the Sun at around 6400km/h. Speeds at this order
of magnitude are indeed seen between 14th and 23rd November, indicating just how
extraordinarily small the footpoint speed is around perihelion.
This represents an unprecedented view of spacecraft data, and could influence
how much of the scientific research is carried out with Probe. Figure 3.11 displays
how in situ measurements with Probe can represent solar wind originating from a
particular point on the sun for hours at a time. It was anticipated by Fox et al.
(2016, pg.18) that Probe’s orbit alone would allow for a large range of temporal
signatures to be seen. Crucially, it is the addition of the coronal hole at perihelion
that has allowed the PFSS model to reveal unparalleled magnetic footpoint tracking
speed.
It may be argued that the PFSS model is too simplistic, and there is an uncertainty of the footpoint speed presented in Figure 3.11. However, the exact values of
the footpoint speed are essentially irrelevant, only the order of magnitude that they
represent is of interest.
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Figure 3.11: The top axis shows how fast the magnetic footpoints track on the
Sun’s surface. This speed reduces to under 200km/h between 1st and 14th November,
representing an order of magnitude difference than in the stream 2, between 14th and
23rd November. The bottom graph shows the clock angle, where 0◦ points directly up
in latitude, and 90◦ points to higher Carrington longitude. Thus, there is a reversal
in the direction of tracking between 4th and 5th November.

3.2.1

Patchy/Quiet Regions

Probe’s magnetic field data exhibited a feature never seen before by a spacecraft,
that shall be referred to as ‘patchy’ and ‘quiet’ regions, as demonstrated in Figure
3.12. It is thought these new features are a consequence of the slow tracking speed in
Figure 3.11, since all previous spacecraft travelled at great speed relative to the solar
wind, unable to resolve small scale spatial and temporal features. The distinction
between these two classifications is clear from the number of large amplitude peaks
in the BR component within a patchy region, compared to a quiet region. Since the
fluctuations were present in the radial component, and the magnetic field magnitude
within the peaks stays roughly constant, it was assumed that such fluctuations were
Alfvénic in nature. Similar peaks have been identified at close distances with the
Helios spacecraft (Matteini et al. 2014; Horbury, Matteini, and Stansby 2018), but
there has never been a clear distinction between patchy/quiet regions. Perhaps this
is due to such regions blending together as they propagate outwards, or the footpoint
tracking speed being too high to distinguish between them. These two effects are
most likely combining, since slow tracking speeds in Figure 3.11 are only present
when the distance to the Sun is low.
The patches themselves were identified using visual inspection, however, an algorithm was used to identify the peaks. This was achieved by smoothing BR over 2
hours with a boxcar average (hBR i), and the field magnitude over 10 hours (h|B|i)
so that a background value was obtained.
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Figure 3.12: Demonstrates patchy (green highlight) and quiet regions in the magnetic
field data, identified by eye. The peaks identified are shown by a red scatter point,
and the threshold 12 h|B|i above the background BR is shown as the smooth black line
on the BR axis. (Credit: Project Partner)

A peak was therefore defined according to the following condition:
1
h|B|i .
(3.1)
2
In order to estimate a length scale of such regions on the surface of the Sun,
their duration was multiplied by the average footpoint speed from Figure 3.11. The
results of this and the peaks statistics are shown in Table 3.1. The most striking
feature of these results is that they are mere hundreds of km on the Sun’s surface,
where the Sun has a circumference of 4.4 million km.
BR − hBR i >

Total No Avg Duration Waiting Time Length Scale
Spikes
6752
10-50s
2-5mins
Patchy Regions
25
5hrs 11mins
∼600km
Quiet Regions
19
2hr 2 mins
∼200km
Table 3.1: Summary of the statistics regarding the patchy and quiet regions, along
with the peaks identified. All of these regions were identified between the 1st and 14th
November, where the footpoint speed is low as in Figure 3.11. The spikes represent
9.1% of a patchy region, which is larger than the 5% reported by Horbury et al.
(2018). (Credit: Project Partner).
Further insight into the connections between individual peaks can be seen in
Figure 3.13, where the orientation of each peak within a patchy region is represented
by a scatter point. This demonstrates not random, but systematic, behaviour in the
orientation of the peaks. There is a smooth colour gradient, implying that the peaks
are causally connected, perhaps all originating from the same process lower in the
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Sun’s atmosphere. There also seems to be some patches where the rotation of the
colour gradient with time is clockwise, whereas in other patches this is counterclockwise. Linking this rotation direction to the clock angle of footpoint tracking
(Figure 3.11) could prove fruitful in further work.

Figure 3.13: Shows the orientation of single peaks (each scatter point) within a patchy
region, where the colour of said point signifies when the peak occurred relative to the
first peak. These graphs were made for each of the 25 patchy regions identified, but
only the four clearest are shown here. φB is the angle of the magnetic field in the
R-T plane, and θB is the angle in N direction, where φB = 0◦ and θB = 0◦ points
radially outwards. The same oval structure can be seen in the peaks orientation over
a large period of time, even from different patchy regions. There is also a clear
colour gradient indicating clockwise or counterclockwise motion as time progresses.
These ovals also seem to be centered on the radially inward direction (φB = 180◦
and θB = 0◦ ). (Credit: Project Partner).

3.2.2

Possible Explanations

The magnitude of the magnetic field is seen to reduce within a patchy region, with
many fluctuations compared to the steady field in a quiet region, as seen in Figure
3.12. This suggests that the plasma properties between the two regions may be
different, with a higher thermal pressure in the patchy region. It will be interesting
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to determine if such regions are fundamentally different in their composition and
properties, although this requires data from the other instrument suites on Probe.
The length scales presented in Table 3.1 match within an order of magnitude
to the size of granules of the photosphere, which have a scale ∼ 1300km and a
lifetime of 8-20 minutes (Javaherian et al. 2014). This means that Probe could be
connected to a single granule for longer than its lifetime, which has never happened
before. One possible explanation for the patchy regions is that these originate from
the photospheric bright points, that sit in the inter granular lanes as mentioned in
Section 1.1. It is proposed that magnetic reconnection within these photospheric
bright points launches jets of particles and Alfvén waves into the corona. Magnetic
reconnection driven by granular motion has been observed by Zeng et al. (2013).
Therefore, patchy regions correspond to times where Probe is connected to the edge
of a granule, whereas a quiet region originates from the centre of a granule where
there is little activity. Such a theory is consistent with the scale lengths, as the
magnetic field lines from a granule edge are more expanded than those lines from
the centre of a granule, corresponding to a larger length scale for the patchy regions.

Figure 3.14: Diagram for a proposed theory for the formation of a coronal hole jet
over time, due to reconnection between open (green) and closed (blue) field lines.
This creates a jet along the red spine, whose orientation changes from (a) to (d),
that is described as a whip-like motion. (Credit: Liu et al. (2011)).

Zeng et al. (2016) state that jets observed with telescopes tend to recur from the
same region, perhaps being part of a longer process of reconnection. There have also
been suggestions that such jets have a well defined structure, as shown in Figure
3.14, and can even present a whip-like motion changing the orientation of the jet
over time (Liu et al. 2011). So perhaps each peak within a patch originates from
the same process of magnetic reconnection, mapping out a smooth structure in the
magnetic field that is seen in Figure 3.13. Although their origin is still open to
debate, it is clear that there is some underlying repeatable process responsible.
With the evidence presented in this report, it is believed that particle jets are
launched by magnetic reconnection at a localised region on the Sun, manifesting as
a patchy region. These then blend into the background solar wind flow represented
by the quiet regions, therefore accelerating the solar wind. This also explains why
the patchy/quiet regions are a new discovery for Probe, as the distinction between
them would not possible if they merged at larger distances from the Sun.
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Chapter 4
Conclusion
Predictions for solar wind conditions to be experienced by Probe were first made with
an MHD model, that proved to be accurate in velocity, temperature and density.
This was evaluated against data from the ACE satellite, since only magnetic field
data was accessible from Probe. Such a successful prediction achieved one of the
initial aims of the project, with the principal investigator of the FIELDS instrument
being made aware of this work.
However, it was clear that the MHD model lacked the ability to properly model
the magnetic field of the solar wind, and equally could not react quickly enough to
changes to the coronal magnetic field. Therefore, the PFSS model was then implemented with a ballistic mapping technique to provide more accurate and up to date
models of the coronal magnetic field. It was shown that such a method was accurate in predicting the polarity of the magnetic field throughout the first perihelion,
and was used to explain the non-trivial origin of the small positive polarity stream
between 28th and 29th October 2018.
For future orbits, Probe will sample the solar wind below the inner boundary
of the computationally expensive Enlil part of the MHD model, meaning it will be
obsolete for this mission. Therefore, it will be important to create an open source
implementation of the WSA model to allow for the determination of important solar
wind parameters not offered by the PFSS model.
However, this drawback of the PFSS model was more than compensated for
by the use of STEREO-A images to provide classification of the solar wind type
by linking to coronal holes on the Sun. This again showed the PFSS model was
versatile in its application, and allowed for the classification of solar wind type to
be made without any plasma data.
The unique orbit of Probe was recognised as something that could be exploited
and investigated as part of this project. The speed in the Sun’s rotating frame was
already anticipated to allow for Probe to study regions on the Sun over prolonged
periods. However, it was through the PFSS model that a small coronal hole at
perihelion was identified, highlighting how all magnetic field lines around this section
of the orbit connected to a very localised region on the Sun’s surface. Analysis of
the speed at which these magnetic footpoints tracked along the surface, led to the
surprising result that the average speed was 130 ± 80km/h over a two week period.
It was thought that such a striking result could change the way researchers view
data from Probe, as all previous spacecraft flew at great speeds relative to the solar
wind. This goes well beyond the initial aim of the project, as it depended on the
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fortunate appearance of a coronal hole at perihelion.
This also provided some insight into the never before seen patchy and quiet
regions in the magnetic field data. Statistics on the duration of these regions were
paired with estimated footpoint speed to evaluate the length scales as hundreds of
km on the surface of the Sun. This appeared to match the length scales of granules
on the photosphere, leading to the idea of jets launched from magnetic reconnection
at the granule boundaries. Matching Probe’s in situ data with telescope observations
of jets, such as those from the Hinode spacecraft, will be crucial to understanding
their origin.
Finally, the peaks within a patchy region were shown to have a clear signature,
with a smooth colour gradient indicating a well defined structure in the magnetic
field. This strongly suggests some underlying physical process, which is promising
for future research. The inclusion of plasma data will be essential to understand the
process that created these coherent structures. This will also allow for the estimation
of the peak’s momentum and energy, in order to evaluate their role in accelerating
the solar wind, a long outstanding question in space physics that Probe aims to
solve.
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