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Abstract
Whilst near solar minimum it was possible to gain an understanding of the structure of
the heliosphere in three dimensions using only low latitude in situ measurements, at
solar maximum this was not the case. The Ulysses mission, with its unique almost polar
orbit has provided an opportunity to investigate the structure o f the heliosphere in three
dimensions during a period o f solar maximum.

This thesis has focussed on investigating the topology and evolution of the HCS at solar
maximum as well as the local structure of the boundary itself using magnetic field and
plasma observations taken during the second Ulysses orbit. As a passive structure the
Heliospheric Current Sheet (HCS) acts as a marker for the dynamic evolution of solar
wind surrounding it while the large scale structure of the HCS also reflects the structure
of the solar magnetic field.

By combining simultaneous spacecraft observations at differing latitudes with potential
field models the HCS was found to be near vertical at low latitudes and non planar at
high latitudes.

A second technique using minimum variance analysis to infer the

orientation o f the HCS concurred that the HCS extended to high latitudes, with the
added suggestion that the topology was modified by stream interactions. Suprathermal
electron heat flux measurements suggested the presence of substantial local HCS
structure, especially during periods where the Ulysses trajectory skimmed along the
HCS.
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filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10 and also
for a maximum time separation of 1 hour between a magnetic field event and SEHF event.
161
Figure 5.14: Latitudinal distribution of the azimuthal angle (blue) of the normal vector in the R-T plane,
with (f>P ± 90° overlaid in red. The distribution is constructed using one minute time averaged
data, with events filtered using a threshold for the ratio of the intermediate and minimum
eigenvalues of 10 and also for a maximum time separation of 1 hour between a magnetic field
event and SEHF event.
162
Figure 5.15: Normalised histogram of the error in the direction of the normal vector, |A<X>23 |- The
distribution is constructed using one minute time averaged data, with events filtered using a
threshold for the ratio of the intermediate and minimum eigenvalues of 10 and also for a maximum
time separation of 1 hour between a magnetic field event and SEHF event.
162
Figure 5.16: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
<t>P ± 90° overlaid in red. The distribution is constructed using high resolution data including all
396 events.
163
Figure 5.17: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
<¡>p ± 90° overlaid in red. The distribution is constructed using high resolution data, with events
filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10.
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Figure 5.18: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
<t>P ± 90° overlaid in red. The distribution is constructed using high resolution data, with events
filtered using a maximum temporal separation between magnetic and SEHF events of one hour.
164
Figure 5.19: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
<pP ± 90° overlaid in red. The distribution is constructed using high resolution data, with events
filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10 and also
for a maximum time separation of 1 hour between a magnetic field event and SEHF event.
165
Figure 5.20: Latitudinal distribution of the inclination angle of the normal vector in heliographic
coordinates, colour coded according to orbital segment. The distribution is constructed using one
minute time averaged data, with events filtered using a threshold for the ratio of the intermediate
and minimum eigenvalues of 10.
166
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Acronym List
ACE
AU
BDE
CEM
CIR
CME
CR
EISCAT
EIT
EUV
FGM
HCS
HMF
HPS
ICME
IMP-1
IPS
IR
LANL
LASCO
MAG
MDI
MHD
MVA
NSO
PFSS
Rs

RTN
SEHF
SIR
SOHO
SOLIS
SWEPAM
SSNL
SWOOPS
WSO
VHM

Advanced Composition Explorer (Spacecraft)
Astronomical Unit. lA U ~1.5xl08km.
Bidirectional Electrons
Channel Electron Multiplier
Corotating Interaction Region
Coronal Mass Ejection
Carrington Rotation
European Incoherent Scatter Radar
Extreme Ultraviolet Imaging Telescope
Extreme Ultraviolet
Fluxgate Magnetometer
Heliospheric Current Sheet
Heliospheric Magnetic Field
Heliospheric Plasma Sheet
Interplanetary counterpart o f a Coronal Mass Ejection
Interplanetary Monitoring Platform (Spacecraft)
Interplanetary Scintillation
Interaction Region
Los Alamos National Laboratory
Large Angle Spectroscopic Coronagraph (Instrument on SOHO)
ACE Magnetometer Instrument
Michelson Doppler Interferometer (Instrument on SOHO)
Magnetohydrodynamics
Minimum Variance Analysis
National Solar Observatory
Potential Field Source Surface Model
Solar Radius
Radial-Tangential-Normal Coordinate System
Suprathermal Electron Heat Flux
Stream Interaction Region
Solar and Heliospheric Observatory (Satellite)
Synoptic Optical Long-term Observations o f the Sun (Facility at NSO)
Solar Wind Electron Proton and Alpha Monitor (Instrument on ACE)
Source Surface Neutral Line
Solar Wind Over the Poles of the Sun (Instrument on Ulysses)
Wilcox Solar Observatory
Vector Helium Magnetometer (Instrument on Ulysses)
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Chapter 1: The Sun and Heliosphere
1.1: Introduction
Since the dawn of the space age, it has been possible to investigate the region of the
solar system containing the Sun and the planetary bodies that orbit it with direct, in situ
measurements, an environment whose composition and structure it had only previously
been possible to infer through indirect observations. Spacecraft in Earth orbit and en
route to Venus and Mars proved the existence of the solar wind and interplanetary
magnetic field, concepts which had previously been predicted through ground based
observations.

A global ordering of magnetic field into sectors of constant magnetic

polarity led to the introduction of the concept o f the heliospheric current sheet, a global
boundary separating the magnetic field from the opposite polarity magnetic
hemispheres. It is the study of this boundary that will form the basis for this thesis.

In this chapter we present an overview o f the Sun and the heliosphere. Starting with a
brief description of the structure of the solar interior, we introduce the concept of a solar
cycle and solar dynamo by attempting to explain the evolution of features observed on
the photosphere. Next we consider the solar atmosphere near solar minimum, during
which we discuss the topology of the upper corona and define the solar wind,
heliospheric magnetic field and source surface. This then leads into a more in depth
discussion of the solar wind and heliosphere, in which we introduce the heliospheric
boundaries, the Parker solar wind solution and the solar wind stream structure. The
heliospheric magnetic field is then introduced as coronal magnetic field frozen into and
convected out into the heliosphere by the solar wind flow.

The Parker spiral

configuration is introduced as a consequence o f the solar wind outflow acting on
magnetic field anchored to the corona, with the heliospheric current sheet defined as the
boundary separating opposite polarity field from the polar coronal holes. Our overview
o f the heliosphere near solar minimum is concluded with a discussion of corotating and
transient solar wind structures, including how they can interact with other structures
such as the heliospheric current sheet.

Finally we discuss how the simple,

approximately two dimensional heliosphere at solar minimum evolves into the complex
three dimensional system at solar maximum.
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The motivation behind the thesis has been to gain a better understanding o f the
heliosphere, and in particular its magnetic field, in three dimensions through solar
activity maximum. This has manifested itself as a specific study of the heliospheric
current sheet (HCS), primarily using Ulysses data.

Unlike previous solar maxima

where no in situ observations had been made above 16° latitude, the unique near polar
orbit of the Ulysses orbit enables us for the first time to fully investigate the heliosphere
at solar maximum. To our knowledge this thesis contains the first systematic study of
the HCS topology, and the evolution of the topology using potential field models of the
corona alongside both low latitude and high latitude spacecraft observations. Secondly
we also believe that this is the first time that distribution of the inclinations of the HCS
normal vectors away from the heliographic equator has been constructed for a full
latitude range.

1.2: The Sun
The Sun is the primary source of energy and plasma for the heliosphere. Thus, we
begin by briefly introducing the structure and composition of the Sun.

1.2.1: The Solar Interior
Figure 1.1 shows a simple schematic diagram showing the relative position and
thickness of each of the regions that make up the solar interior.

The main reaction driving energy production in the Sun is nuclear fusion burning
hydrogen to form helium nuclei.

4 lH -*• 4He + 2e+ + 2ve + 26.73 MeV

This energy production occurs in the core, where the temperature and density are high
enough for hydrogen nuclei to overcome the repulsive electrostatic forces and initiate
the fusion reaction.

Although the core only extends out to 0.25Rs, it contains

approximately half the solar mass. Outside the core, the temperature and density drop
sufficiently to prohibit further nuclear reactions occurring.

Diffusive processes

transport the energy produced in the core outwards, with the precise mechanism at any
point depending on the local conditions.
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The primary energy transport mechanism between 0.25RS and 0.7RS is the diffusion of
photons through absorption and reemission. Since the energy is transported by photons,
this region of the Sun is known as the radiative zone.

By approximately 0.7RS the

opacity of the plasma has increased to the point where the radiation is trapped and heats
the overlying plasma. This creates a strong temperature gradient in the plasma such that
it is convectively unstable and begins to rise towards the solar surface where the opacity
drops rapidly within a thin layer. Here the plasma loses energy by thermal black body
emission and hence cools down. The plasma is now cooler than its surroundings and
unstable to convection and hence sinks back towards the base of this convective zone
where it is heated again, maintaining the convective cycle.

Figure 1.1: A simple schematic showing the thickness and location of each of the regions that
make up the solar interior. (From Cravens [1997])

The thin layer at the top of the convection zone in which the opacity drops rapidly is
called the photosphere.

As the outermost region observable in white light it is

considered to be the solar surface, with spectroscopic studies revealing a black body
temperature o f about 5800K. Figure 1.2 shows an image of the photosphere taken in
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visible light by the MDI instrument onboard the SOHO spacecraft. The image shows a
surface relatively uniform in intensity, upon which several dark spots are present. Much
fainter, but also visible is a global granulation pattern which is the manifestation of the
underlying convection cells.

Figure 1.2: White light continuum image of the photosphere, taken by the MDI instrument
onboard the SOHO spacecraft. Several dark sunspot groups can be clearly seen on the solar disk
as

well

as

the

faint

global

granulation

pattern.

(Source:

SOHO

website

http://sohowww.nascom.nasa.gov/)

The dark spots seen on images of the photosphere are groups of sunspots. The sunspots
are typically ~105 km in diameter with a central region -1500-2000K cooler than the
surrounding photosphere containing a very strong magnetic field of about 0.3T. At low
latitudes the sun spots contribute the majority of the magnetic field observed in
observations of the solar surface, with opposite polarity magnetic field observed at the
poles.
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1.2.2: The Solar Cycle
The presence of a sunspot cycle was established approximately 150 years ago, when it
was shown that there was a periodicity in the number of sunspots observed on the solar
surface. This periodicity can be seen in clearly in Figure 1.3, which shows the monthly
average sunspot number for the period 1975 to the present. Whilst there is variation in
the length and the maximum number of sunspots recorded for a given solar cycle, there
is a clear approximately 11 year periodicity in the data, with periods of minimum and
maximum solar activity alternating every 5.6 years.

If instead of the sunspot number we consider the photospheric magnetic field strength, a
complex solar cycle is revealed.

Figure 1.4 shows a time series o f photospheric

magnetic field observations from 1975 to the present, made up of a series of vertical
strips, each corresponding to observations over a solar rotation.

Within each solar

rotation the magnetic field observations have been averaged longitudinally and the field
strength has been corrected to take into account line of sight errors in measuring the
polar field [Hathaway, 2003].

Whilst this presentation smears out the location and

evolution o f individual sunspots, it does reveal the evolution of the latitudinal
distribution of the photospheric magnetic field through the solar cycle.

During periods of solar minimum (for instance 1986) very few sunspots are observed
and the strongest magnetic fields are concentrated at the poles. The concentrations of
magnetic field (i.e. sunspots) that do appear are seen at mid latitudes. As the cycle
moves towards its maximum (for instance 1990) the magnetic field concentrations
appear at lower latitudes and in greater numbers, with a reversal of the polarity o f the
polar magnetic field being approximately coincident with the maximum sunspot
number. As the cycle descends in activity towards the next minimum the number of
field concentrations decreases as does the latitude at which they are observed, until we
reach the next solar minimum, albeit this time with the polarity of the photospheric
magnetic field reversed.

Thus the solar magnetic cycle is approximately 22 years,

rather than 11 years. This cyclical variation in solar activity is caused by large-scale
variations in the solar magnetic field driven by the solar dynamo.
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Fig 1.3: The monthly average sun spot number 1975-present. The 11 year period of the Solar
Cycle is clearly present, with periods of maximum and minimum activity alternating every 5.6
years. (Source: Sun spot Index Data Centre http://www.sidc.be/sunspot.data/)

DATE

Fig 1.4: The photospheric magnetic field 1975-present, averaged longitudinally over each solar
rotation. The classic butterfly distribution of sunspots can be seen at low latitudes showing three
separate solar cycles, with the polarity of the polar magnetic field reversing from one solar cycle to
the next. (Adapted from http://science.msfc.nasa.gov/ssl/pad/solar/images/magbflv)

There are two further observational facts about sunspots that provide information on the
solar interior and magnetic cycle.

Figure 1.5, shows the full disc images of the

photospheric magnetic field in solar minimum conditions approximately one solar cycle
(i.e. 11 years) apart.

Firstly, we can see that the sunspots are generally found in

opposite polarity pairs, which as we will discuss later suggests that the sunspots are the
footprints of magnetic loops observed higher in the solar atmosphere. By comparing
the two images (~11 years apart) we can see that the polarity of the leading sunspot of
each pair has reversed from one cycle to the next [Hale’s Law], It should also be noted
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that the leading sunspot of each pair (in the sense of solar rotation) is observed at a
slightly lower latitude. This observation, known as Joys Law, is evidence that the solar
interior differentially rotates, with lower latitudes rotating faster than higher latitudes.

(a) 25th March 1985

(b) 4th August 1995

Figure 1.5: Full disc solar images using the Fe I (868.8nm) transition showing the photospheric
magnetic field at solar minimum for (a) solar cycle 21 and (b) solar cycle 22. Note how the
leading polarity of the sun spot pairs in each hemisphere has reversed from one solar cycle to the
next. (Source NSO/Kitt Peak http://diglib.nso.edu/)

1.2.3: The Solar Dynamo
As we have already seen, the Sun is a magnetic body. If the field in the solar interior
were a fossil field originating from the formation of the star then we would expect the
photospheric magnetic field to be current free. However, the photospheric field is very
complex, implying the presence of a dynamo regenerating the field within the solar
interior, [e.g. Tayler, 1997].

Current dynamo models use what is known as an a-oo mechanism [Parker, 1957] in and
around a thin layer at the base of the convection zone called the tachocline. This is a
region of strong velocity shear, discovered using helioseismology [e.g. Thompson et ai,
2003], and between the differentially rotating convection zone and the radiative zone
below which rotates at a speed similar to that observed at mid latitudes in the
convection zone.

Any proposed model for the solar dynamo not only has to explain how the solar
magnetic field is regenerated: it also has to demonstrate the 11 year periodicity of
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sunspot number and 22 year periodicity of magnetic field polarity.

The currently

accepted model is essentially that first published in 1961 by Babcock et al., in which a
five stage process was described. The following description of the model is based on
that five stage cycle.

Starting at solar minimum, the process assumes the existence of a weak and poloidal
solar magnetic field, similar to that o f a bar magnet.
It is thought that this poloidal field is dragged down into the tachocline as a result of the
overshoot of plasma from the overlying convection cells [Tobias et al, 1998]. Within
the tachocline the poloidal field is transformed into a substantially stronger toroidal
field, through a process known as the to effect, demonstrated graphically in Figure
1.6(a). The velocity shear within the tachocline acts to drag and stretch the poloidal
field into a toroidal configuration, also increasing the field strength. The shear is also
thought to act to fray the toroidal field in the tachocline creating a series of magnetic
flux ropes.

(a)

(b)

Figure 1.6: Diagrams showing the two mechanisms thought to drive the solar dynamo.
(a)

: the ca-effect, which creates strong toroidal field from a weaker poloidal field in the tachocline.

(b) : the a-effect, which creates poloidal loops from the strong toroidal field in the tachocline,
through the Coriolis force acting on the loops as they ascend through the convection zone.
(From http://science.msfc.nasa.gov/ssl/Dad/solar/dvnamo.htm).

The same overshooting plasma from the overlying convection cells could also create
conditions where small segments o f flux ropes, tied at both ends to the toroidal field in
the tachocline, rise towards the solar surface as small loops since pressure balance
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across the flux tube surface shows them to be buoyant if slightly displaced upwards
from the tachocline. During the ascent the Coriolis force acts on the loops twisting
them and creating new, opposite polarity poloidal field. This twisting is known as the a
effect, and an example o f such a poloidal loop tied to toroidal field can be seen in Figure
1.6. These loops eventually break through the photosphere, and it is the foot points of
such loops that are observed as a pair of sunspot groups o f opposite polarity. It should
be noted that, unlike the loop seen in Figure 1.6(b) the observed sunspot pairs are not
vertical, but in fact at an acute angle to the horizontal. It is thought that this reduction in
the size of the a effect is a result of magnetic tension in the loops acting to oppose the
Coriolis force.

Eventually the sunspot groups are observed to dissipate, with the opposite polarity flux
from the trailing and leading legs of the loop moving polewards and equatorwards
respectively. It is the flux from the polewards moving leg that replaces the old polarity
polar photospheric field, whilst the flux from each hemisphere that reaches the equator
presumably cancels each other out. The final result is a weak poloidal solar magnetic
field, this time of opposite magnetic polarity to that o f the previous cycle. It should be
noted that this cycle describes one full evolution from solar activity minimum through
to maximum and back to minimum again: to create the full 22-year solar activity cycle
it is necessary to follow the process through one further cycle, thus restoring the original
magnetic polarity in each hemisphere.

1.2.4: The Solar Atmosphere
Having introduced the internal structure of the Sun and the dynamo which drives the
solar cycle, we now introduce the solar atmosphere that extends outwards from the
photosphere into the solar wind. Whilst the photosphere was described in Section 1.2.1
as the visible surface o f the sun, it can also be considered as the lowest, thinnest region
of the solar atmosphere.

The variation in the temperature and density of the solar

atmosphere with height above the photosphere, is shown in Figure 1.7. This figure
demonstrates how the solar atmosphere can be divided into three key regions: a
relatively high density, low temperature region close to the surface known as the
chromosphere, a low density high temperature region far away from the surface known
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as the corona, with the two regions being separated by a very thin transition region, in
which both the density and temperature rapidly change.

Figure 1.7: The temperature and density of the solar corona plotted as a function of solar radius.
(From Withbroe & Noyes, [1977])

The chromosphere, which extends for some 2000km upwards from the photosphere, is
optically transparent apart from at a few wavelengths, from which we can estimate its
temperature to be approximately 10,0O0K. Figure 1.8 shows this region as seen using
narrow frequency band filters corresponding to the Hydrogen-a (a) and Calcium-II (b)
emissions lines.

In both images brighter regions correspond to regions where the

emission is enhanced, but the Calcium-II line, being that of singly ionised calcium ions,
is of added interest as the emission is found to be particularly bright in regions of
enhanced magnetic field.

Most o f the same features are present in both images, implying that the features are
magnetic in origin.

The flux rope loops whose foot points were observed on the

photosphere as sunspots are visible on both images of the chromosphere as bright
‘plage’ regions, which are seen in the Calcium-II image as regions o f particularly strong
magnetic field concentrations. Thin, dark structures known as filaments are observed
on the chromospheric disk in the Hydrogen-a image and are thought to be low density
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‘clouds’ of plasma supported by low lying magnetic field loops, which when situated on
the limb of the solar disk are also known as prominences.
Observatory / Sacramento Peak, Sunspot, NM, USA

(a)

(b)

Fig 1.8: The chromosphere as observed in the Hydrogen-a (a) Calcium-11 (b) emission lines.
(Source: NSO/Sacramento Peak)

In addition to the localised features, there is also a low uniform background emission,
thought to originate from the upper chromosphere and a global network of bright
emissions originating lower within the chromosphere, which can be seen most clearly in
Calcium-II. This magnetic network is thought to mark the edges of supergranule cells
~30,000km across, where magnetic flux has congregated as it is swept outwards from
the centre of the cells by the convective motions. Figure 1.9 below suggests a magnetic
topology that links the weak background emission to the magnetic network.

The

decrease in pressure with increasing altitude forces the flux tubes to expand as they
extend higher up in the chromosphere, filling up most of this region and resulting in the
uniform background emission. This also explains why the magnetic network is not
observed higher up within the corona [Gabriel 1976].

Above the chromosphere lies the solar corona.

Spectroscopic observations of the

coronal plasma suggest a coronal temperature greater than 1x106K [Pawsey et al.,
1946]. Such a high temperature compared with that of the chromosphere below is not
consistent with the absorption of radiation because of the low opacity of the region;
neither could radiative processes be responsible since they would act to lower the
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temperature of the corona, not raise it. Exactly how the corona is heated is one of the
major debates o f solar physics. Many review articles have been written on the subject,
of which Aschwanden et al., [2001] and Zirker, [1993] are two good general overviews.
They describe three possible mechanisms for coronal heating, being the dissipation of
energy from MHD waves (see Roberts [2000] for a more specific review), the
dissipation of small scale currents through short duration reconnection events (e.g.
Parker, [1988]), and the dissipation of energy through a turbulent cascade (e.g. van
Ballegooijen, [1986]).
3 0 ,0 0 0 km

(uptrgronular eoflVKthm flow

Figure 1.9:

A diagram suggesting a magnetic topology linking the strong magnetic field

concentrated at supergranule boundaries low down in the chromosphere with the weak, uniformly
distributed field higher up in the chromosphere. (From Gabriel, [1976]).

Spectroscopic observations suggest that the solar corona can in fact be separated into
two separate regions, a dynamic, highly structured lower corona extending out to about
1.5RS, above which sits the upper corona, whose more rigid structures slowly vary with
the solar cycle.

EUV and X-ray images o f the low corona, such as those in Figure 1.10 show multiple
dense loop structures at low latitudes, a latitudinal range similar to that over which
sunspots were observed in the photosphere. The high latitude corona, in particular at
solar minimum however is predominately filled with cooler, lower density plasma,
regions known as coronal holes. The high temperatures and magnetic field strength
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measured in the lower corona imply that the plasma has a very low plasma beta, and a
high electrical conductivity. This implies that frozen in flow condition applies, and that
the coronal plasma is constrained to flow along the magnetic field. Hence, by observing
what appear to be plasma structures in images of the lower corona, we are in fact also
observing the topology of magnetic field structures. This means the loop structures
seen at low latitudes in the lower corona are the loops whose footprints are observed in
the chromosphere and photosphere.

Figure 1.10: Images of the inner corona in EUV (left) and soft X-rays (right). The EUV image
was taken by the EIT instrument onboard SOHO and uses the Fe-IX and Fe-X emission lines,
corresponding to a coronal temperature of 1x106K. The right hand image was taken by the Soft Xray Telescope onboard the Yohkoh spacecraft using approximately IkeV X-rays, corresponding to
a coronal temperature of about 12xl06K. (Source SOHO EIT http://umbra.nascom.nasa.gov/eit/
and Yohkoh SXT http://solar.phvsics.montana.edu/sxt/ instrument teams)

The magnetic topology of the coronal holes can be better understood when it is
considered alongside observations of the upper corona, of which an example in white
light is shown in Figure 1.11. The image is from the LASCO C2 coronagraph onboard
the SOHO spacecraft, which has a field of view that extends from a 1,5RSocculting disk
out to a maximum distance of 6RS. Unlike the images of structures lower in the solar
atmosphere, the LASCO images are do not correspond to a particular emission line:
rather the images are made up of sunlight scattered off electrons, with bright regions
corresponding to regions of increased electron density. Whilst the temperature, and
hence conductivity are high enough for the frozen in flow condition to be valid, the
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magnetic field strength has decreased to the point where the plasma beta is greater than
1, and hence the magnetic topology is controlled by the plasma flow.

Fig 1.11: White light image of the solar corona using the C2 coronagraph onboard the SOHO
spacecraft. Both the low latitude helmet streamers and the polar plumes can be clearly seen.
(Source SOHO LASCO instrument team http://lasco.www.nrl.navv.mi1/f

In contrast to the complex field structures within the lower corona, the structure of the
upper corona is much simpler. In fact for much of the solar activity cycle it is possible
to describe the field in the upper corona as being essentially dipolar: like that of a
simple bar magnet. For the rest of this section we will describe the topology under solar
minimum conditions: this will be extended to include the rest of the solar cycle in
Section 1.6.

The main observational structures at solar minimum in the upper corona are the high
latitude coronal plumes which lie above the polar coronal holes and at low latitudes the
brighter, denser helmet streamers above the regions of closed field lines of the lower
corona. The coronal plumes can be thought to be open field structures throughout the
corona, as can the helmet streamers above the closed loops of the lower corona. By this
we mean that they have only one end of the field line rooted to the sun, with the other
end extending out away from the sun as the heliospheric magnetic field (see Section
1.4). The fact that the field lines are open to the heliosphere, coupled by the pressure
gradient between the dense lower corona and the less dense upper corona and
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heliosphere leads to an outflow of plasma along the field lines away from the sun. It is
this outflow that is called the solar wind and will be discussed further in Section 1.3.

The inherent magnetic gradients between poles and the equator of a dipolar field acts on
the plasma outflow within the upper corona, causing the flow, and hence magnetic field
to be deflected equatorwards (e.g. Suess & Smith, [1996]). This overexpansion of the
plasma outflow continues out to a distance where the latitudinal pressure gradient has
been equilibrated, the plasma flow is radial and the magnetic field is open and radial.
The theoretical spherical surface at the height where this equilibrium is reached is
known as the source surface. It is given this name as, from a heliospheric point of view,
when in situ spacecraft data is compared with coronal models the radial anti sunward
plasma flow across the surface is seen as the source o f the solar wind, and the open,
radial magnetic field crossing the surface is considered to be the source o f the
heliospheric magnetic field. Although it is a hypothetical boundary, as will be seen
throughout this thesis these considerations meant that the source surface is of great
convenience as a concept in heliospheric research.

As will be discussed further in

Section 2.3, there has been considerable variation in the accepted value o f the source
surface radius, although generally a radius o f 2.5RS is considered to provide a coronal
magnetic field topology that best agrees with heliospheric magnetic field observations
[Hoeksema, 1985].

Whilst the corona appears to be less dynamic than the underlying regions of the solar
atmosphere, it is by no means static. White light images o f the solar corona show the
eruption o f substantial volumes of plasma from the solar atmosphere into the
heliosphere in the form o f coronal mass ejections (CMEs).

Despite the mechanism

triggering CMEs still being a matter of debate, observationally 60-70% of CMEs are
associated with the eruption of prominences within the corona caused by magnetic
reconnection in the arcade of magnetic loops supporting the prominence [e.g. Forbes,
1990]. The frequency at which CMEs occur is found to be modulated by the same 11
year periodicity observed in sunspot numbers [Webb & Howard, 1994], from ~0.2 a day
at solar minimum, to ~ 3.5 a day at solar maximum.. Their interplanetary manifestation,
known as ICMEs will be discussed further in Section 1.5.2.
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1.3: The Solar Wind and Heliosphere
1.3.1 The Heliosphere
Given the existence of an out flowing solar wind as introduced in Section 1.2.4, there
must come a point where it reaches pressure balance with the interstellar medium. The
heliosphere is defined as the volume of space which contains within it the solar wind
plasma and interplanetary magnetic field.

Fig 1.12: An artists impression showing boundaries separating the Heliosphere from the
Interstellar medium. (Source: http://helios.gsfc.nasa.gov/heliosphere.html)

Figure 1.12 shows an artist’s impression of the global structure of the heliosphere. At
first glance it appears very similar in structure to a planetary magnetosphere. There is a
current layer, called the heliopause, separating the Heliospheric Magnetic Field (HMF)
from the interstellar magnetic field.

Outside of the heliopause there could be,

depending on the exact conditions a bow shock, slowing down the interstellar wind so
that it can be deflected around the outside of the boundary.

Unlike a planetary

magnetosphere though, there is a second shock inside the heliopause, known as the
termination shock, which acts to slow down the supersonic solar wind so that it can be
deflected around the inside of the boundary.

For many years there has been

considerable debate regarding the location and topology of the heliospheric boundaries.
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However recent observations from Voyager 1 in 2003 were suggestive of a foreshock
region [Krimigis et al., 2003; Burlaga et al., 2003; McDonald et al., 2003] and there is
evidence that the spacecraft crossed the termination shock at 94AU in late 2004
[Burlaga et al., 2005; Decker et al., 2005; Stone et al., 2005; Gumett et al., 2005]. At
present all other boundaries plus the global structure of the termination shock and
heliosheath are still under debate and the subject o f theoretical modelling.

In the remainder of this chapter we introduce the basic structures and dynamics o f the
heliosphere and the solar wind to provide a framework upon which the more detailed
discussion of the heliospheric current sheet in Chapter 2 will be developed.

1.3.2: Spacecraft Observations of the Heliosphere
From the first observations of the solar wind in the early 1960s, through to the present
day, spacecraft have explored the different regions of the heliosphere in order to better
understand its structure and evolution and that o f the solar wind through the solar cycle.
This has been complemented by the use of ground based interplanetary scintillation and
other radio studies, and also through the use of computational models of the corona and
heliosphere.

The very first measurements o f the solar wind and interplanetary magnetic field were by
Mariner 2 in the early 1960s [Neugebauer et al., 1962], Current spacecraft observing
the solar wind at or near 1AU include the earth-orbiting WIND spacecraft and the ACE
spacecraft, which orbits the first Lagrangian point of the Sun-Earth system, 250Re
upstream of the Earth.

The Cluster mission should also be mentioned, as whilst it

spends the majority o f its orbit in the Earth’s foreshock and magnetosphere, it is the first
four-spacecraft mission, capable of determining the three dimensional structure of the
solar wind on relatively small length scales.

Within 1AU, the inner Heliosphere has been studied by three main missions, each
operational in the mid 1970s. Mariner 10 reached a distance of 0.46 AU in between
flybys o f Mercury, whilst Helios 1 and Helios 2 made simultaneous measurements of
the inner heliosphere between 0.3 AU and 1 AU. At a similar time the Pioneer Venus
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Orbiter sampled the solar wind and interplanetary magnetic field at 0.7AU whilst in
orbit around Venus.

The heliosphere beyond 1AU was first observed in situ by Pioneer 10 and 11, shortly
followed by Voyager 1 and 2. Launched between 1972 and 1978, they first visited the
outer planets of the solar system before continuing outwards in search of the outer
boundaries of the heliosphere.

They have provided a unique dataset, observing the

heliosphere from 1AU out to 90AU and beyond. More recently, the heliosphere has
been studied within 5AU by Ulysses, and out to about 10AU by Cassini en route to
Saturn. As will be discussed in greater depth later in this chapter, Ulysses is the first
and currently only spacecraft to explore the polar regions of the heliosphere, making it a
vital dataset in the ongoing attempts to understand the full three-dimensional structure,
dynamics and long term evolution of the heliosphere. Whilst the Pioneer probes have
now fallen silent, the Voyagers are still actively taking new data of the outer heliosphere
and its boundaries.

1.3.3: First Observations of the Solar Wind
The concept of a solar wind first originates from Biermann, who in the 1950s suggested
that the motion of comet tails implied the presence of a constant stream of gas flowing
outwards from the sun at speeds of the order of 500-1500 kms *. During the same
period, Alfv6n postulated that the observed cometary plasma tail implied that this ‘solar
wind’ carried with it a magnetic field.

In 1958 theory caught up with these observations, when Parker published his paper in
which he described a hydrodynamic model of the solar wind as a supersonic stationary
expansion of hot coronal plasma into interplanetary space [Parker, 1958].

At first, the model was not universally accepted: several other equilibrium solutions
existed for hot coronal plasma under the gravitational field o f the sun, including the
hydrostatic solution for which the corona is in static equilibrium.

However the

hydrostatic solution results in a limiting value for the pressure at infinite distance from
the sun far greater than that of the interstellar medium deduced from radio observations.
From the earliest measurements of the heliospheric plasma environment, (e.g.
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Neugebauer & Snyder [1962]) it was clear however that the Parker solution best
described the observations.

1.3.4: Parker Solar Wind Solution
As mentioned above, the Parker model is a hydrodynamic model of the solar corona
under the influence of the solar gravitational field, with the solar wind flow driven by
the pressure gradient between the hot corona and the interstellar medium.

In order to derive the Parker solution we start with basic mass and momentum
conservation for a plasma o f density p, velocity v, current density j, magnetic field
strength B, plasma pressure p, and a gravitational force F±.
^ + V (p v ) = 0
ot

1.1

p ^ + p v { \ v ) = -V p + ¿ x B + Fg

1.2

If we assume a hydrodynamic solution in equilibrium then equations 1.1 and 1.2
simplify to,

V ■(pv) = 0

1.3

p v ■(Vy) = —Vp + Fg

1.4

Furthermore, for a spherically symmetric solution, with all variables only depending on
the heliocentric radius r equations 1.3 and 1.4 become,
\ j r ( p vr2) = Q

1.5

dv
dp
GM
PVTdr" ~ ~drT ~ P ^r

1.6

r dr

where Ms is the solar mass.

For a non-zero fluid speed equation 1.5 implies the total mass flux through the surface
of any sphere centred on and enclosing the Sun is constant. If we use this to substitute
for p in equation 1.6, the ideal gas law to substitute for p and make the assumption of an
isothermal fluid, then upon rearranging 1.6 we obtain;
' 2

^

2kT\\dv_AkT
m ) v dr mr

GM s
r2
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Looking at the right hand side of equation 1.7, we can see that this is negative for small

r i.e. close to the base of the corona for typical coronal temperatures, implying that the
corona is gravitationally bound. However the differing dependence of the two terms on
the heliocentric radius, r, means that the right hand side of equation 1.7 will grow with
increasing r, passing through zero at a radius

GM ,m
rc =■
4kT

1.8

and then becoming increasingly positive with increasing r. This means that beyond this
critical radius rc, the corona is no longer gravitationally bound and is free to expand out
into the heliosphere as the solar wind.

The constraint that at the critical radius the right hand side o f equation 1.7 should be
zero also forces the left hand side of the solution to be zero at this point. If we assume
that the fluid has a non-zero velocity everywhere then it follows that one of the two
following conditions must be satisfied

dv
dr

=

0

v2(r = r j = v2 =

1.9

2kT

1.10

m

where vc is the fluid speed at r=rc, and in this particular case of an isothermal fluid is
equal to the sound speed.

Figure 1.13 shows a series of contours highlighting the various families of solutions of
equation 1.7.

Solutions I and II can both be discounted as they satisfy neither o f the

above constraints on v: I describes a solar wind that falls back on to the corona, and II a
solar wind without a solar source. Whilst solutions III & IV both satisfy equation 1.9,
in that they have a turning point at r=rc, the supersonic flow at the base o f the corona of
solution III and the low speed at large r of solution IV are both contrary to observations.

This leaves two solutions, both o f which pass through the critical point itself. Of these
two, solution V is the one which is consistent with observations, beginning as a
subsonic flow low in the corona, before accelerating through the critical point to
supersonic speeds at large r. Solution VI on the other hand is a solution to a completely
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different problem, being that of accretion of matter onto a star [Bondi, 1952]. Solution
V is known as the Parker solution for the solar wind.

Conservation o f mass flux applied to the Parker solution for the solar wind results in a
solar wind pressure that tends to zero as r tends to infinity, and can hence lead to
pressure balance between the solar wind and the interstellar medium, overcoming the
problems associated with the hydrostatic solution.

Fig 1.13: A series of contours showing the various families of solutions of equation 1.7, where the
theoretical solar wind velocity, v is plotted as a function of the radius, r.
(Adapted from diagram by Alan Hood, Solar MHD theory group, University of St. Andrews
http://www.solar.mcs.st.andrews.ac.uk/~alan/sun course/Chapter6/node3.html#fig6.1 )

If we solve equation 1.7 subject to the constraint that equation 1.10 is also satisfied then
we are left with
2

2kT

2kT

v ----------------In
m
m

8k T t
In M
f mv2l = ----m
UJ

+ 2G M S

f1 0
U Tc )

1.11

Figure 1.14 shows a series of solutions of equation 1.11 for differing coronal
temperatures, showing how the radial speed v rapidly increases at low r before levelling
off to an approximately constant value at large r. In fact if we relax the isothermal
assumption [Hundhausen, 1995] and allow the fluid to cool adiabatically we find that
beyond a distance of approximately 10RS the solar wind speed is essentially constant
with radial distance, in general agreement with observations.
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1200

Radial Distance (units of 1cP km )

Figure 1.14: Solutions for the theoretical solar wind velocity, v, plotted as a function of radial
distance r for a variety of coronal temperatures. (From Cravens, [1997])

Other, more physically complex solar wind models have since been published, in which
the corona is considered to be a magnetised plasma (e.g. Weber & Davis, [1967]) and
detailed treatments of the mechanisms heating and accelerating the solar wind are
included (e.g. McKenzie et al., [1997]). Also analytical models o f the coronal magnetic
field are commonly used (e.g. Banaszkiewicz et al., [1998]) in order to determine the
direction of the plasma flow in this region o f the corona. Whilst the more complicated
models are able to better recreate the plasma conditions within the corona, such models
make little difference to the final solar wind speeds beyond ~10RS.

1.3.5: Solar Wind Stream Structure
From the earliest spacecraft observations, it became clear that the solar wind was not in
reality a simple single uniform flow. Two distinct solar wind streams with differing
speeds were observed [Sonett,

1963], a “fast” wind with average speed of

approximately 700 km s'1, and a “slow” wind with average speed of approximately
400km s'1. Later observations by the Helios spacecraft in the inner heliosphere, and in
the outer heliosphere by the Pioneer and Voyager missions essentially confirmed this
two stream morphology of the Solar Wind at low latitudes, with the Ulysses mission
extending our understanding into three dimensions.

The fast wind has been shown to primarily originate from the polar coronal holes by
comparisons with Skylab X-ray data [Krieger et al., 1973], whereas the exact source of
the slow wind is still the subject of much debate. One possible mechanism identifies
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the source of the slow solar wind as closed loops close to but outside the coronal hole
boundaries (e.g. Fisk et al., [1998]). Open field lines diffusing across the coronal hole
boundary due to the differential rotation of the lower solar atmosphere reconnect with
previously closed field, releasing previously trapped plasma out into the solar wind
(e.g. Fisk et al., [1998])
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Fig 1.15: A polar plot showing the latitudinal variation of the solar wind speed and proton density.
The solar wind is coloured by HMF polarity with red corresponding to positive polarity and blue
to negative. (From McComas e t a l. [2000]).

Figure 1.15 shows the solar wind speed observed by Ulysses during its first orbit at
solar minimum as a function of latitude, superimposed over an image of the corona
taken during the same period. The plot clearly shows the two stream structure, with fast
solar wind filling the region of the high latitude heliosphere consistent with the
locations of the polar coronal holes, and a slower, denser, more variable solar wind
originating from latitudes consistent with the low latitude streamer belt.

The two

streams can also be differentiated by their plasma composition. For instance the slow
solar wind is found to have a higher first ionisation potential and freezing in
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temperature than the fast wind implying a chromospheric rather than coronal origin for
the slow solar wind (e.g. Geiss et al., [1995]).

1.4: The Heliospheric Magnetic Field (HMF)
1.4.1: Structure of the HMF
At the end of Section 1.2, the HMF was introduced as the Sun’s magnetic field that was
frozen into and carried out into the heliosphere by the solar wind flow.

We also

introduced the concept of a source surface beyond which the solar wind flow is in
principle radial and constant speed, and the magnetic field is radial and open to the
heliosphere.

Using this information, if we define a flux tube as a bundle of radial magnetic field lines
emanating from a cross sectional area dA0 on the source surface, then as the solar wind
expands into the heliosphere we would expect the cross sectional area of the flux tube to
increase, and with it the magnetic flux density i.e. magnetic field strength to decrease
accordingly. If we assume spherical symmetry as before, then applying conservation of
magnetic flux we find that

1.12

r 2Br = const
i.e. the radial component of the magnetic field, Br is given by

1.13
where r is the radial distance and rss is the source surface radius.

However, we also have to consider that the footpoints are frozen to the lower corona
which rotates with the sun. During the time period in which any given plasma element
flows radially outwards carrying with it a particular segment of a flux tube, the source
of the plasma element will have moved to a different longitude as the source surface co
rotates with the sun.

Figure 1.16 shows the motion of eight plasma elements, each emitted from the same
point on the source surface at equal time increments dt. The rotation o f the source of
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the plasma parcels i.e. the foot point of the magnetic field line results in the HMF
describing a spiral pattern.
*1

4
#5

*

Figure 1.16: Diagram demonstrating the creation of a spiral magnetic field as a result of the
combination of foot point rotation and radial plasma flow. (Adapted from Hundhausen [1995]).

If we assume a constant angular velocity for the sun Q, and constant radial solar wind
speed vw , then we can obtain the following relationship describing how the longitude of
a particular flux tube varies with increasing heliocentric distance from the source
surface
1.14
where <j>0is the heliocentric longitude of the foot point of the flux tube on the source
surface which lies at heliocentric distance rss and latitude L

The non radial magnetic field components are hence given by
M ) = S r (r -O 2 = 0 sA
v,

B,(r,A) = 0

1.15
1.16

For k=0, i.e. in the equatorial plane equation 1.14 describes an Archimedean spiral, with
the Parker spiral angle, O b given by equation 1.17.
1.17
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For non zero source latitudes the flux tubes are wound onto cones of constant latitude,
as shown in Figure 1.17. This model of the HMF is often referred to as the Parker
spiral.

Fig 1.17: The parker spiral magnetic field for

showing the Archimedean spiral pattern, and

for X=30° and ^=60° showing the spiral wound onto cones of constant latitude.

1.4.2: The Heliospheric Current Sheet

As described in Section 1.2.4, magnetic pressure gradients in the upper corona force the
solar wind plasma and polar coronal magnetic field equator wards. In the immediately
preceding section, it was described how beyond the source surface the now radial solar
wind flow convects the coronal field out into the heliosphere as the HMF where it takes
up the ‘Parker spiral’ configuration.

This leads to opposite polarity magnetic field from the two polar coronal holes meeting
above the low latitude streamers, creating a thin boundary within which the magnetic
field polarity changes suddenly, as shown in Figure 1.18.

The large curl of the

magnetic field across this boundary means that the field and plasma from the two
magnetic hemispheres are separated by a thin current layer known as the heliospheric
current sheet (HCS).

As will be shown in the next chapter, the HCS is a far more complex structure than a
simple flat planar current layer.

A non-zero tilt between the rotational axis and
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magnetic dipole axis of the sun for much o f the solar cycle leads to the ‘ballerina skirt’
HCS topology as it is convected out with the solar wind flow. We should therefore
expect to observe HMF of both polarities at low latitudes, with unipolar field
corresponding to that of the appropriate polar coronal holes only observed at latitudes
where a spacecraft is above the maximum latitudinal extent of the HCS. Since a study
of the HCS is the primary aim of this thesis, a more detailed discussion will be
presented in the next chapter.

Figure 1.18: A schematic showing the heliospheric current sheet as a thin layer sat on top of the
low latitude streamers, separating the magnetic fields originating from the opposite polarity polar
coronal holes. (Adapted from Suess et al., [1993]).

1.4.3: Spacecraft Observations of the HMF

If the field azimuth angle,

, of any given sample of solar wind magnetic field data is

plotted it is clear that on average the Parker model is a good approximation to the
observed direction of the HMF. This has been demonstrated over a considerable range
o f heliocentric distances, all the way from the Helios spacecraft measurements in the
inner heliosphere [Bruno & Bavassano, 1997], and using the Pioneer and Voyager
spacecraft as they first journeyed through the planets [Thomas & Smith, 1980; Burlaga

et al., 1982] and then onwards into the outer heliosphere [Burlaga & Ness, 1993].

However it was not until the Ulysses mission that the model could be confirmed at all
latitudes.

Figure 1.19 shows a series of histograms of the difference between the

observed field azimuth angle, Ob and that predicted by the Parker model, Op, with each
plot showing data from a separate segment of the fast latitude scan during the first
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Ulysses orbit.

Histogram b), which shows data taken at low latitudes have a twin

peaked distribution, implying the presence of both positive and negative polarity
magnetic field. At higher latitudes in both histogram a) the southern hemisphere and b)
the northern hemisphere only single polarity field is observed, with positive polarity in
the northern hemisphere and negative polarity in the southern hemisphere.

This would imply that for this particular orbit close to solar minimum, Ulysses observed
a HCS that was constrained to a small latitudinal range, with the majority of the
heliosphere being filled with unipolar field. [Forsyth et al., 1996; Forsyth et al., 2002].
Ulysses data was also able to show that, when corrected for distance away from the sun,
the radial component of the magnetic field was independent o f latitude (i.e. that

r2Br = const) [Smith & Balogh 1995; Smith et al., 1997]. It is this observation that
reinforces the idea that the magnetic pressure gradients that act to deflect the plasma and
magnetic field originating from the polar coronal holes towards low latitudes must be
act on the magnetic field within the corona.

-
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Figure 1.19: A series of histograms of the difference between the observed field azimuth angle,
<Db and that predicted by the Parker model, Op. Each histogram contains data from a separate
section of the fast latitude scan during the first Ulysses orbit at solar minimum.
(Adapted from Forsyth et al., [2002])

Whilst histograms of the magnetic field azimuth angle produced from the Ulysses
magnetometer data show clear peaks as predicted by the Parker model for the opposite
field polarities o f the polar source regions, the peaks do have a substantial width and are
asymmetric about the most probable value. Large scale Alfvdn waves observed in high
latitude heliosphere [Smith et al., 1995] has been suggested as the source o f both the
width and asymmetry of the peaks [Forsyth et al., 1996; 2002].
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1.5: Corotating and Transient Structures in the Solar Wind
1.5.1: Cororating Interaction Regions (CIRs)
Implicit within the Parker derivation of the spiral HMF is the assumption of a solar
wind moving at a constant uniform speed radially outwards from the source surface.
This has already been shown to be over simplified, with two classes of solar wind
streams of differing speeds originating from the coronal hole and streamer regions of
the corona.

Especially during the declining and minimum phases of the solar cycle, the tilt of the
magnetic dipole axis away from the rotational axis means that a recurring pattern o f fast
and slow solar wind sources will rotate below a stationary observer located at low
latitudes as the sun rotates. This means that along a radial line the fast solar wind will
gradually catch up with the slower wind released earlier from the same source location.
The infinite conductivity o f the plasma and hence the frozen in magnetic field prevents
the mixing of the two plasma populations, resulting in a compression region forming at
the leading edge and a rarefaction region at the trailing edge o f the fast solar wind
stream. If the source regions are assumed to be relatively stationary, the compressed
region separating the fast and slow solar wind streams is observed to corotate with the
sun in what are known as a corotating interaction region [Smith & Wolfe, 1976]. A
schematic of such a CIR can be seen in Figure 1.20, which also shows the further
evolution o f the CIR as it continues to move out into the heliosphere.

As the compression in the interaction region increases with distance from the Sun,
pressure waves grow and propagate forwards into the slow wind and backwards into the
fast wind. The pressure waves act to reduce the increasing pressure gradients either side
o f the fast-slow wind interface by increasing the size of the compression region. If the
speed difference between the two streams is greater than about twice the fast
magnetosonic wave speed, the velocity gradient at the leading edge of the fast stream is
steepening at a faster rate than the pressure waves can expand the compression region.
This will result in the pressure waves steepening into shocks, which then are able to
travel faster than the wave speed and again expand the interaction region forwards into
the slow wind and backwards into the fast wind, hence damping out speed differences
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across the interaction region. The forward and reverse shocks are labelled in Figure
1.20, which shows that the region of space swept up within the forward and reverse
shocks can be considerable. As will be discussed in more detail later, it is not unusual
to find the HCS swept up within the compression region of a CIR.

As well as acting to damp out the speed differences between the streams, the shocks
also act to deflect the streams. The overall deflection is a combination of an azimuthal
component, as a result of the spiral configuration o f the CIR, and a meridonal
component created by the tilt o f the dipole axis away from the rotational axis. Figure
1.21 shows how these components combine such that the slow solar wind is deflected
westwards and towards the equator while the fast wind is deflected eastwards and
towards the poles as they are swept up by the shocks (e.g. Gosling & Pizzo, [1999]).

The various features of a CIR can be seen in Figure 1.22 which contains a sample of
Ulysses data recorded in late 1992.

The top panel shows the slow and fast winds

preceding and following the interaction region, which is the central region containing
plasma with an intermediate speed bounded by two jumps in solar wind speed. The
sharp jump at the left hand edge of this region is the forward shock, with the smoother
change in solar wind speed at the right hand edge suggesting that this is in fact a reverse
wave rather than a reverse shock. The increased density, temperature, field strength and
total pressure seen in the third, fourth, fifth and seventh panels for the region bounded
by the forward shock and reverse wave indicate that this region is indeed compressed.
The second panel shows the non radial components of the solar wind velocity, showing
the deflections discussed in the previous section. The sixth panel contains time series of
the magnetic field azimuthal, <f>B, and meridonal, 9B, angles, in which the HCS can be
observed as a reversal in the magnetic field azimuthal angle <pB.
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Origins of
Forward &

Stream

Figure 1.20: A schematic showing the creation and evolution of a CIR. The interface between the
initial fast and slow streams, the initial compression region (shaded) and the forward and reverse
shocks are shown. (Adapted from Crooker e t

|

a l.,

[1999])

Interaction Region Far From Sun

Figure 1.21: A schematic showing a CIR originating from each magnetic hemisphere. As the
shocks propagate radially away from the CIR their motion also has an azimuthal component and a
meridonal component. The reverse shock propagates eastwards and towards the pole, with the
forward shock propagating westwards and towards the equator. (From Gosling & Pizzo, [1999])
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Day of 1992
Figure 1.22: A segment of magnetic field and plasma data containing a CIR, as recorded by the
Ulysses spacecraft in November 1992. Starting from the top, the separate panels contain time
series of the solar wind speed, the tangential and normal components of the solar wind velocity,
the proton number density, the proton temperature, the magnetic field strength, the azimuthal and
meridonal angles of the magnetic field and finally the total pressure. Vertical dotted lines show
the positions of the forward shock, the HCS and stream interface, and for this particular example
the reverse wave. Magnetic field and plasma measurements were made by the magnetometer and
SWOOPS instruments respectively. (From Forsyth & Gosling [2001]).
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The structure and evolution of CIRs has been modelled extensively, from initial gasdynamic models of a 1-D pulse of fast solar wind [Hundhausen et al. 1973] through to
2-D and 3-D MHD models o f simulated interaction regions [Pizzo et al., 1991; Pizzo et

al., 1994; Pizzo & Gosling 1994], which in recreating observed solar wind parameters
have provided further understanding o f these structures.

Corotating rarefaction regions form behind CIRs as a result of the fast solar wind stream
outrunning the slow wind behind it. This results in an expanding region, characterised
by a monotonic decrease in solar wind speed over a prolonged period of time that all
maps back to a narrow band of source longitudes near a coronal hole boundary [Gosling

etal., 1978].

1.5.2: Coronal Mass Ejections in the Heliosphere (ICMEs)
In Section 1.2.4, the interplanetary counterparts of coronal mass ejections (ICMEs) were
introduced as transient structures observed within the solar wind. With the first space
based coronagraph observations onboard Skylab [MacQueen et al., 1976] it was
possible to study the corona continuously and in doing so a direct link was established
between a CME being observed in the corona and an ICME being observed in the solar
wind. More recent spacecraft, such as SOHO have reinforced this link [Howard et al.,
1997; Gopalswamy et al., 1998], and there has been substantial research efforts in order
to understand the evolution of a CME observed in the corona into an ICME. One aim is
to take the observation of a CME and accurately predict whether it will lead to an ICME
intercepting the Earth. This research field, commonly known as space weather, is of
great scientific and commercial importance, due to the damage that can be caused for
example to Earth orbiting spacecraft and surface power grids due to strong geomagnetic
storms, for which ICMEs hitting the Earth’s magnetosphere are one possible trigger.

ICMEs observed by in situ spacecraft in the solar wind show a number of common
signatures [Gosling, 1990].

An example is shown in Figure 1.23, observed by the

Ulysses spacecraft in March 1991. The vertical dashed lines indicate the region for
which a bidirectional suprathermal electron heat flux (BDE) signature (see Section
3.3.1) was observed, suggesting closed magnetic field lines connected back to the
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corona at both ends, unlike the unidirectional heat flux observed in the ambient solar
wind [Gosling et al., 1978],

Figure 1.23: An example of Ulysses magnetic field and plasma data containing an ICME, from
March 1991. Reading from the top down, the separate panels contain magnetic field strength,
magnetic field azimuth angle, magnetic field meridonal angle, solar wind speed, proton number
density, the ratio of the alpha number density to the proton number density and the proton
temperature. The vertical dashed lines show the boundaries of the ICME plasma as identified by a
bidirectional suprathermal electron heat flux (BDE) signature. (From Forsyth & Gosling [2001]).
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Within the region identified as containing closed magnetic field, the field angles show
evidence of a smooth rotation commonly associated with a flux rope like structure,
which identifies this event as being in a subset of ICMEs known as magnetic clouds
[Burlaga, 1991]. Looking at the other parameters within this region we can see that the
density and temperature are both reduced relative to the ambient solar wind, and both
the alpha: proton number density ratio and the magnetic field strength are increased.
This implies low beta plasma with a different composition and hence probable different
coronal origin to that of the surrounding solar wind.

This ICME is clearly travelling faster than the ambient solar wind ahead of it and is
therefore driving a shock wave, which can be seen in Figure 1.23 as the discontinuous
increases in magnetic field strength, plasma density and temperature early on day 74.
The steadily declining speed within the ICME suggests that it is expanding as it
propagates out through the heliosphere.

1.6: Heliosphere during the solar cycle
So far in this chapter we have provided an outline o f the global structure of the sun and
heliosphere, and have introduced the key concepts of the solar wind and interplanetary
magnetic field. We have also introduced corotating and transient solar wind structures,
i.e. CIRs and ICMEs. It should be noted that in describing these phenomena we have
often deliberately described them in the least complicated scenario, being that when the
sun is at its least active, close to solar minimum. However, as introduced in Section
1.2.2 the sun shows a periodic activity cycle, with periods o f minimum and maximum
activity occurring about every 11 years observed both in solar and heliospheric
observations.

Figure 1.24 shows a series of three LASCO images o f the outer corona, moving from a
period o f solar minimum on the left, through the ascending period of the cycle to
maximum on the right. As discussed in Section 1.2.4, the frozen in flow condition
means that plasma structures seen in images of the corona can be used to infer the
magnetic topology. Hence, below each LASCO image is a diagram showing a possible
magnetic topology. It is immediately obvious that the basic coronal structure through
most of the solar cycle can be described in terms of the plane of the helmet streamers,
i.e. the magnetic equator, tilting out of the solar equatorial plane. This tilted magnetic
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equator, when coupled with the convection of the interplanetary magnetic field frozen
into the solar wind leads to the “Ballerina Skirt” HCS topology briefly described in
Section 1.4.2 and in further detail in the next chapter. Similarly, the two stream solar
wind flow (Section 1.3.5), when placed in such a tilted coordinate system was shown in
Section 1.5.1 to result in the formation of CIRs within the heliosphere.

This simple scenario does not hold at solar maximum as can be seen in the right hand
image in Figure 1.24. The magnetic field topology no longer resembles that of a dipole,
but instead small regions of both open and closed magnetic field can be observed at all
latitudes. As will be shown in Chapter 2, this deviation from a dipole field will result in
a non planar HCS; something that Wang et al. [1997] has suggested can explain the
increase in the width of the helmet streamers away from solar minimum. With such a
complex magnetic field the number of CMEs in remote observations of the solar corona
is greatly increased during such a period, although Riley et al. [2006] showed that with
their origin no longer restricted to the streamer belt the increase in the number of
ICMEs observed at the Earth is not quite so dramatic.

Figure 1.24: A series of coronagraph images showing the sun at solar minimum (left), during the
ascending period of the solar cycle (centre), and solar maximum (right). Below each image is
placed a simple diagram showing a possible magnetic topology for the period in question. (Image
source SOHO LASCO C2 coronagraph, diagrams adapted from Suess e t
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a l.,

[1998])

Figure 1.25: Polar plots showing the latitudinal variation of the solar wind speed for the first
(left) and second (right) solar orbits made by the Ulysses spacecraft. Each orbit begins at the solar
equator on the left and moves in an anti clockwise direction, first under the southern pole of the
sun and then over the northern pole. The solar wind speed is colour coded according to the
dominant HMF polarity observed at that point in the orbit.

(Adapted from McComas

e t a l.,

[2003])

The increased complexity at solar maximum can be seen clearly in Figure 1.25, when
the polar plot showing the latitudinal variation of magnetic field polarity and solar wind
speed shown previously in Figure 1.15 is compared with a similar plot of data taken
during the second Ulysses orbit at solar maximum. As in Figure 1.15, the Ulysses orbit
proceeds anticlockwise starting from the solar equator on the left.

Unlike the simple morphology at solar minimum the observations at solar maximum
reveal a heliosphere that is far more complicated at all latitudes, especially in the
southern hemisphere. Slow solar wind is observed at all southern latitudes interspersed
with an intermediate speed flow believed to originate (see Section 2.2.4) from low
latitude coronal holes [McComas et al., 2002; Neugebauer et ah, 2002; Luhmann et ah,
2002], The magnetic polarity distribution during this second orbit will be described
further in chapter 3, but for the purposes here it is sufficient to say that both magnetic
polarities are observed at the highest southern latitudes, yet by the time Ulysses reaches
high northern latitudes polarity reversal of the Sun’s magnetic field has occurred.
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As was stated at the start of the chapter, the motivation behind this work has been to
gain a better understanding of the heliosphere, and in particular its magnetic field, in
three dimensions through solar activity maximum through a study of the HCS. As a
passive structure the heliospheric current sheet acts as a marker for the dynamic
evolution of solar wind surrounding it: the HCS large scale structure also reflects the
structure of the solar magnetic field.

The second Ulysses orbit at solar maximum includes encounters with the HCS at all
southern latitudes and also data over a full latitude range during solar magnetic polarity
reversal. By understanding the structure and evolution of the heliospheric current sheet
during this period, particularly at high latitudes, we aim to shed light on the structure
and evolution of the heliospheric magnetic field through solar maximum in response to
the solar magnetic field reversal.

The next chapter o f this thesis looks at the HCS in more depth, introducing the reader to
concepts which will be drawn upon in the chapters following after it. We conclude this
chapter however, with a brief diversion to introduce the spacecraft and instrumentation
used within this thesis. Initially we will introduce the Ulysses spacecraft, which has
supplied the main dataset used in this thesis, before introducing the ACE spacecraft
whose data has been used in Chapter 4.

1.7: Spacecraft and Instrumentation
1.7.1: The Ulysses Spacecraft
The Ulysses spacecraft was launched on October 6th 1990 from Cape Canaveral
onboard the space shuttle discovery. The spacecraft trajectory can be seen in Figure
1.26. The spacecraft was initially sent on a low latitude transit to Jupiter where the
strong gravitational field o f the planet deflected it into a 6.2-year period elliptical orbit
of the sun inclined at 80.2° to the solar equatorial plane. Before Ulysses, no spacecraft
had travelled far from the equatorial plane within 5AU, and beyond that distance the
Voyagers have reached a maximum of ~30° heliographic latitude. This meant that the
polar regions of the heliosphere were essentially unexplored by in situ spacecraft
measurements. After two complete orbits, the first at solar minimum and second at
solar maximum, the Ulysses spacecraft, now in its 15th year and third solar orbit, has
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provided the scientific community with perhaps one of the most comprehensive sets of
continuous heliospheric observations ever recorded, including unique new data on the
polar regions.

Figure 1.26: The orbit of the Ulysses spacecraft, including the initial low latitude transit from the
Earth out to Jupiter, where a gravity assist manoeuvre placed the spacecraft in its 6.2 year orbit,
inclined at 80.2° to the ecliptic. (From http://helio.estec.esa.nl/ulysses/)

The scientific payload of the Ulysses spacecraft consists of 8 main instruments,
designed to measure magnetic fields, radio and plasma waves, and a range of ion,
electron and high energy particle parameters. In this thesis we will be mainly concerned
with data from two instruments, the Ulysses magnetometer (FGM/VHM) instrument
and the Ulysses solar wind plasma instrument (SWOOPS).

The magnetometer [Balogh et al, 1992] consists of two separate sensors mounted on a
five metre boom mounted perpendicular to the spacecraft rotation axis, and an onboard
processing unit. The two sensors consist of a vector helium magnetometer (VHM)
mounted at the end of the boom, and a triaxial Flux-Gate Magnetometer (FGM)
mounted 1.2m inboard of the VHM.

The instrument is capable of measuring the

magnetic field vector up to twice a second, with a limiting resolution of approximately
4pT, although when the accuracy of the calibration offsets are taken into account this
raises to ~10pT.

54

Figure 1.27: A schematic of the Vector Helium Magnetometer, as flown aboard Ulysses. Note
that one set of Helmholtz coils has been omitted from the schematic in order to prevent it
obscuring the sensor. (From Balogh et al., [1992])

The basic principle behind the operation of the VHM is that an ambient magnetic field
modifies how helium gas in a specific energy state can be optically pumped.

The

following description is based upon the Ulysses instrument paper [Balogh et al. 1992]
and also Smith et al., [1975]. Figure 1.27 shows a schematic of the Ulysses VHM
sensor. Circularly polarised infrared light (1.08pm) is passed through a cell containing
Helium gas in the metastable 23S i triplet state. In the presence o f a magnetic field, the
triplet state is further subdivided as a result of the Zeeman effect, with the population of
the triplet state optically pumped into a single substate by the circularly polarised light.
A silicon infrared detector at the opposite end of the cell detects variations in the
absorption characteristics o f the cell.

For a constant output from the lamp these

variations correspond to variations in the pumping efficiency due to the ambient
magnetic field.

Specifically, these variations depend on both the magnitude of the

ambient field and the angle of the field vector to the optical axis of the system, 6, with
Smith et al. [1975] showing that the variation in the measured intensity varied as sin2 6 .

In order to obtain the components of this magnetic field, an oscillating sweep magnetic
field is created using the three Helmholtz coils, with the plane of the magnetic field
oscillations alternating between two orthogonal planes intersecting along the optical
axis of the system. The voltage signal at the detector under such a sweep field is found
to be solely the second harmonic of the sweep field if no external magnetic field is
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present, with the fundamental also being observed in the case of an external magnetic
field.

The voltage signal is then filtered to remove the higher harmonics, before phase
sensitive detection is used to obtain voltage signals proportional to the magnetic field
strength along the three axes of the Helmholtz coils. These are then converted into
currents which are fed back into the Helmholtz coils such that the sensor operates in a
null field mode.
FEEDBACK
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WINDINGS
DRIVE
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MAGNETIC CORE
Figure 1.28: A schematic showing the basic structure of a flux gate magnetometer similar to one
of those making up the triaxial sensor. Some of the windings have been cut away to reveal the
core and drive windings. (From Dyer & Gordon [1973])

The FGM consists of three identical sensors, each similar in concept to that shown in
Figure 1.28 and placed mutually orthogonal to each other. The following description of
the FGM sensor is based on the Ulysses instrument paper [Balogh et al., 1992] and also
Dyer & Gordon [1973].

Central to each sensor is a toroidal magnetic core, which has a drive coil wound around
it. Surrounding this is a frame, around which a sense coil and feedback coil are wound.
An alternating current is pulsed through the drive coil in order to drive the core
repeatedly into saturation. If there is no external field present, the hysteresis loop is
symmetric and hence due to the geometry of the core the induced voltage in the sense
coil, consisting of odd harmonics of the alternating current cancels out. However, in the
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presence of an external field with a component along the axis of the sense coil, the
hysteresis loop is slightly displaced, resulting in the induced voltage in the sense coil
including both odd and even harmonics, with the second harmonic being dominant. A
narrow band pass filter is used to obtain solely this second harmonic, which is then
demodulated in order to obtain a voltage signal proportional to the magnetic field
component along the axis of the sense coil. This signal is then converted into a current
which is passed back into the feedback coil in order to cancel out the external field such
that, like the VHM, the sensor operates in a null field mode. Hence, with a set o f three
mutually orthogonal sensors it is possible to completely define the external magnetic
field vector.

Whilst the FGM is capable o f measuring the ambient magnetic field over a much wider
range o f magnetic field strengths, it is does have a higher noise level and hence lower
sensitivity than the VHM. Its offsets, small non zero outputs from the magnetometer
measured when the external magnetic is zero as a result of the sensor electronics, are
also less stable than those for the VHM. Hence both types of sensor are included in the
magnetometer instrument not only in order to gain the benefits o f each sensor, but also
by comparing the measured magnetic field at each sensor improve the accuracy of the
instrument.

The second Ulysses instrument used in this work measures the properties of the solar
wind plasma, the investigation being known as the Solar Wind Over the Poles of the
Sun (SWOOPS) [Bame et al., 1992].

This instrument consists of two separate

packages, each with their own sensors and processing units to measure the solar wind
electrons and ions respectively. The basic aim of both the electron and ion instruments
is to measure the three dimensional velocity distribution for the particular species, from
which the density, velocity, temperature and other parameters can be obtained.

Whilst there are small differences between the instruments the basic concepts are the
same, with Figure 1.29 showing a schematic of the electron instrument.

Each

instrument consists o f a curved-plate electrostatic analyzer equipped with multiple
channel electron multipliers (CEMs). The CEMs are arranged to detect particles at
chosen polar angles from the spacecraft spin axis, with the data being binned by
azimuthal angle by measuring the spacecraft to sun angle as the spacecraft spins. As the
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average particle flux level changes with heliocentric distance, the aperture sizes for the
two instruments are varied by ground command in order to reflect this.

sack

view

cross sectional sioc

view

Figure 1.29: Two projections of the SWOOPS electron analyser. The back view shows the seven
planes relative to the spin axis direction for which the electron velocity distribution is to be
measured. The side view in cross section shows the curved plate electrostatic analyser and CEMs.
(From Bame et al. [1992])

Electrons with central energies extending from 0.86 eV to 814 eV are detected at seven
CEMs set at a range of polar angles for each azimuthal angle in order to ensure that the
electron velocity distribution is well defined.

In a similar way, ions are detected

between 255 eV/q and 34.4 keV/q using 16 CEMs set at a range of polar angles. These
measurements of the electron and ion energies provide matrices o f counts as a function
o f energy per charge, azimuth angle, and polar angle, centred on the average direction
o f solar wind flow. These matrices contain sufficient energy and angle resolution to
permit a detailed characterization of the velocity distributions from which bulk
parameters are derived, such as plasma density, velocity, temperature and suprathermal
heat flux. The plasma parameters have a maximum temporal resolution o f 8 minutes if
the data is being stored onboard the spacecraft, however 4 minute resolution is possible
for periods where the spacecraft is actively transmitting.
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1.7.2: The Advanced Composition Explorer (ACE) Spacecraft
The advanced composition explorer (ACE) spacecraft was launched August 25th 1997
from Cape Canaveral onboard a Delta II spacecraft. It was placed into an elliptical orbit
about the LI Lagrangian point approximately 0.1 AU upstream of the Earth. This is the
point in space along the Sun Earth Line where the gravitational fields of the two bodies
cancels out.

Its most common use has been as a monitor of solar wind conditions

upstream of the Earth, although here it has been used to provide a low latitude baseline
to complement the high latitude Ulysses observations in Chapter 4.

The scientific payload of the ACE spacecraft consists of 9 main instruments, designed
to measure the magnetic field, solar wind plasma and cosmic rays passing the
spacecraft.

As with Ulysses, we will be mainly concerned with data from two

instruments, being the ACE magnetometer (MAG) instrument and the ACE solar wind
plasma instrument (SWEPAM).

Unlike Ulysses, which was powered by radioisotope thermal generators, the orbit of the
ACE spacecraft is close enough to the Sun such that solar panels can be used as a source
o f electrical power. This has implications for the sighting o f instruments, in particular
the ACE magnetometer [Smith et a l, 1998], where instead of being sited on a single
long boom the ACE sensors are located on two shorter booms extending from the ends
of two solar panels on opposite sides of the spacecraft 4.3m from the spin axis of the
spacecraft. The instrument is the refurbished flight spare of the instrumentation used in
the WIND magnetometer instrument and consists o f two triaxial flux gate
magnetometers similar to those described in Section 1.7.1.

The solar wind electron proton alpha monitor (SWEPAM) onboard the ACE spacecraft
was based on the flight spare of the Ulysses SWOOPS instrument described previously.
Whilst there have been improvements in angular resolution, and the maximum temporal
resolution of both ion and electron data is now 64 seconds rather than 4 minutes, the
basic principles behind the instruments are essentially the same.
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Chapter 2: The Heliospheric Current Sheet
To prepare the ground for the work presented later in this thesis, this chapter presents a
review of the current status of our knowledge of the heliospheric current sheet, and of
the questions that still remain unanswered. The chapter begins with a brief historical
background detailing the observations that led to the basic picture of the HCS.

2.1: Historical Background

From the first spacecraft measurements of the HMF [Wilcox & Ness, 1965], it was clear
that the magnetic field was organised into regions of constant magnetic polarity. By
observing the HMF polarity as the Earth completed a solar orbit, it was possible to
construct a distribution similar to the IMP-1 observations shown in Figure 2.1. The
interfaces between sectors of opposite magnetic polarity sectors were described as
sector boundaries; however it would be many years before the research community
agreed on the global structure of the surfaces they represented.

Figure 2.1: A diagram showing the magnetic polarity observed by IMP-1 spacecraft in November
and December 1963. Data points show the observed magnetic polarity for successive three hour
periods. (From Wilcox & Ness, [1965])

60

Initially it was suggested that the magnetic sectors were like the segments of an orange;
the sector boundaries being vertical current sheets o f constant longitude extending
outwards from the photosphere to all latitudes in the Heliosphere [see Schulz et al.,
1973],

However as further measurements of the heliospheric magnetic field were obtained, it
because increasingly clear that this model did not agree with the experimental data. It
was found that the dominant magnetic polarity observed by Earth orbiting spacecraft in
each solar rotation showed the same periodicity as the variation of the heliographic
latitude of the Earth [Rosenberg & Coleman, 1969].

Later the discovery of a

relationship between the interplanetary magnetic field polarity and the direction of
ionospheric currents observed at ground based stations [Svalgaard, 1975] enabled this
correlation to be studied over much longer time periods. When an entire solar cycle was
studied the dominant magnetic polarity in the north and south hemispheres o f the
heliosphere was found to reverse along with that of the solar polar magnetic field during
the solar activity maximum [Wilcox & Scherrer, 1972].

Later studies revealed this

polarity reversal in Earth-orbiting spacecraft observations when the dominant magnetic
polarity at the maximum heliographic latitude of the Earth was found to vary with a 22year period [Mursula & Hitula, 2003]

The increasing weight of evidence, coupled with a need for the electric currents within
the heliosphere to close led to a move away from the ‘orange segment’ model and
towards one in which a single current sheet separates the opposite polarity magnetic
field found in the north and south hemispheres [Schulz, 1973].

This current sheet,

which over time has come to be known as the heliospheric current sheet or HCS, can be
considered in the idealised case to correspond to the equatorial plane of a heliomagnetic
coordinate system perpendicular to the magnetic dipole axis of the Sun [e.g. Zhao &
Hundhausen, 1981]. Figure 1.18 in the previous chapter shows an alternative way of
visualising this heliomagnetic equator and hence the HCS, namely as being a plane
containing the slow solar wind that bisects the helmet streamers, separating opposite
polarity magnetic field originating in the polar coronal holes [Feldman et al., 1981,
Gosling et al., 1981].
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Figure 2.2: A three dimensional representation of the ‘ballerina skirt’ current sheet model (From
Jokipii & Thomas, [1981])

Whilst a single planar HCS enables the closure of the current system within the
heliosphere, it does not on its own provide an explanation for the observed sector
structure.

Nor does it explain the variation in dominant polarity with heliographic

latitude. If, however, the tilt of the magnetic dipole axis away from the solar rotational
axis is combined with the solar rotation and radial solar wind outflow we find that the
result in interplanetary space is a wavy HCS, such as that shown in Figure 2.2. This
topology has commonly been described as being like the skirt worn by a ballerina.
If we consider the intersection between a spherical surface centred on the Sun and a
simple HCS such as that in Figure 2.2, we would find that the boundary separating
regions of opposite magnetic polarity would be reminiscent of the seam on a tennis ball
with the maximum latitudinal extent of the boundary increasing with increasing tilt of
the heliomagnetic equator. Such a boundary was described by Svalgaard [1974] for
near solar minimum conditions as being a superposition of the constant latitude polar
coronal hole boundaries and a vertical sector boundary at low latitudes. As will be
discussed further in the next section, theoretical models of the solar corona define the
intersection of the HCS with the outer boundary of the model using such a warped
boundary known as the source surface neutral line.

The quasi-sinusoidal variation of the dominant magnetic polarity near the Earth then
follows as a result of spacecraft crossing the HCS at varying latitudes. Similarly, the
observed sector structure can be explained as being the intersection of the wavy HCS
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with a spacecraft in an approximately circular orbit. A two sector per solar rotation
magnetic structure would follow for this idealised case of a planar HCS, with a more
complicated four sector structure suggestive of a more complex HCS topology [Villante

et al., 1979; Thomas & Smith, 1981] resulting from a more complex coronal magnetic
field topology [Forsyth et al. 1997].

Up to now we have implied that the HCS is a thin boundary: this was confirmed
experimentally with observations made by the Helios 1 and 2 spacecraft [Burlaga et al.
1981], which when separated by -10° latitude observed opposite polarity magnetic
field, implying the HCS was located between the spacecraft.

The restricted latitudinal extent of the HCS was first confirmed experimentally by the
Pioneer 11 spacecraft on its transit from Jupiter to Saturn between 1974 and 1979. The
trajectory during this period reached 16° heliographic latitude, which was at that time
the highest latitude at which any in situ measurements had been made. The observation
of a single magnetic sector for a period of several solar rotations implied that the HCS
was constrained to latitudes lower than 16° at this point in the solar cycle [Smith et al.
1978],

However, this Pioneer 11 observation was made at a time close to solar minimum
activity: moving towards solar maximum the increasing tilt o f the magnetic equator
(Section 1.6) meant that for much of the solar cycle the HCS extended to latitudes
greater than that for which in situ measurements were available. It was not until the
Ulysses mission many years later that it would be possible to study the full latitudinal
extent of the HCS over the full solar cycle. It is such a study at solar maximum that
forms the basis of this thesis. To set the scene for this study, in the remainder of this
chapter we go on to look at what is known to date about the HCS, starting with attempts
to model the HCS before discussing in turn its global structure, the small scale structure
observed during sector boundary crossings and its evolution through the solar cycle.
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2.2: Modelling the coronal magnetic field & the HCS
As a result of thermal broadening masking the magnetic field induced splitting of
spectral lines, it is not possible to measure the magnetic field higher in the solar
atmosphere using the Zeeman effect.

In order to try to make connections between

structures observed out in the heliosphere and the coronal structures seen in images
extensive modelling work has been undertaken by a number of authors with the aim of
extrapolating photospheric measurements o f the magnetic field and plasma outwards
into the corona.

2.2.1: Potential Field Models
The simplest global coronal model relies on the assumption that, due to the low plasma
beta within the corona the magnetic field has relaxed to the lowest possible energy state,
being both force free and current free. In this case Ampere’s Law simplifies to

2.1

V xB = 0

so that the magnetic field within the corona, B, can be written as the gradient of a scalar
potential 0 o f a potential field:

2.2

B = -V 0

If the net flux across the boundary o f a sphere enclosing the sun is assumed to be zero
then

2.3

Solutions of equation 2.3, more commonly known as Laplace’s equation, are calculated
within a spherical shell extending outwards from the photosphere to the source surface
(defined in Section 1.2.4) with the solution being a sum o f a series of spherical
harmonics.

64

The contrast between the semi-rigid global structures of the upper corona and the highly
dynamic and complex structures seen lower in the atmosphere can be explained, at least
from a mathematical standpoint, as a result of the higher order terms of the solution of
equation 2.3 decaying away far more rapidly with heliocentric distance than the lower
order terms. Thus only the lowest order dipole and quadrupole terms have significant
influence on the magnetic field topology in the upper corona and heliosphere, [e.g.
Wang etal. 1988].

For detail as to how the coronal field is computed the reader is directed to Hoeksema et

al., [1982, 1983] and Hoeksema [1985]. Several versions of this potential field model
exist, differing in the particular boundary conditions that are applied at both inner and
outer boundaries in obtaining solutions of equation 2.3.

The original version of this model, known as the Potential Field Source Surface (PFSS)
model was published by Altschuler & Newkirk in 1969. The inner boundary condition
is that the line o f sight components of the potential magnetic field and measured
photospheric magnetic field are continuous. At the outer boundary however a surface
potential is applied such that all non-radial components of the magnetic field just inside
the boundary are zero: i.e. the magnetic field crossing the source surface is purely
radial.

The photospheric magnetic field data used to provide the inner boundary condition
consists of a series of synoptic maps constructed from measurements o f the line of sight
magnetic field at the solar central meridian recorded as the sun rotates through 360°.
Primarily two main observatories have produced such maps, the John M. Wilcox Solar
Observatory (WSO) at Stanford University and the National Solar Observatory (NSO)
at Kitt Peak. Both observatories measure the photospheric magnetic field by observing
an Fe I absorption line, although the instrumentation and specific absorption line differ
between the observatories.
information
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Spectromagnetograph instrument at the SOLIS facility at Kitt peak. More recently the
MDI instrument onboard the SOHO spacecraft has provided magnetograms taken from
outside the Earths atmosphere, produced by measuring the Zeeman Splitting o f the Ni I
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absorption line at 676.8nm [Scherrer et al., 1995]. However the majority of attempts to
model the coronal magnetic field have used magnetic field measurements made by the
Wilcox Solar Observatory (WSO) measuring the Zeeman splitting of the Fe I absorption
line at 525.0 nm.

The implications of using the NSO data, (which uses the Fe I

absorption line at 868.8nm) will be discussed later when introducing the alternative
boundary conditions.

The use of synoptic maps of the photospheric magnetic field to produce the coronal
field models requires an assumption that any changes in the photospheric magnetic field
structure on time scales shorter than a solar rotation do not significantly change the
global structure of the coronal magnetic field. Since the line o f sight observations are
generally made from the Earths surface they are naturally more accurate near the solar
equator than at high latitudes. Thus a further restriction on models using this data is that
the calculated high latitude coronal field has a far greater uncertainty associated with it
than the low latitude magnetic field.

The magnetic fields computed from the PFSS models are generally presented in one of
two forms. The classic presentation is that of a 3-D, ‘hairy ball’ magnetic field map,
such as that shown in the right-hand panel o f Figure 2.3, but of more relevance to this
thesis is the second, being that of a contour plot of the source surface magnetic field in a
Mercator projection. In particular the HCS can be considered to correspond the B=0
contour on the source surface, otherwise known as the source surface neutral line
(SSNL).

Figure 2.3 (from Altschuler & Newkirk, [1969]) shows the PFSS with the above
boundary condition (sometimes known as the classic boundary condition (Hoeksema,
1985)) calculated for November 1966, with an image o f the corona from the same
period placed alongside it for comparison.

Whilst the basic features have been

recovered, with open field high latitudes and closed loops at low latitudes, the helmet
streamers that are seen in the image are not reproduced in the field map.

This is

partially a result of path-integration errors in comparing a 3-D field map with a 2-D
coronal image, but also is a characteristic o f the basic PFSS model - the assumption that
there are no currents within the corona inhibits the formation of the helmet streamers.
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Figure 2.3: A field line map (right) showing the coronal magnetic field calculated using the PFSS
model with a 2.5RSsource surface for November 1966, shown next to an image of the corona from
the same period (left). (From Altschuler & Newkirk [1969])

Two separate approaches exist which attempt to recreate the structures of the upper
corona using the PFSS model.

The first uses the above classic inner boundary condition, but, before calculating the
coronal magnetic field, corrections are made to the polar photospheric magnetic field
strength, which follow from the study of WSO data by Svalgaard et al. [1978] and
implemented by Hoeksema et al. [1982, 1983]. An artificial magnetic field

cos8 0 is

added to the synoptic data to counteract the underestimation of the polar photospheric
magnetic field due to line of sight effects, and then the data is multiplied by a constant
correction factor of 1.8 to take into account detector saturation.

The second approach however starts by modifying the inner boundary condition at the
photosphere. We recall that for a small distance above the photosphere the magnetic
field is not force free (Figure 1.9): rather it is radial and congregated at the supergranule
boundaries. Because of this it has been suggested by Wang & Sheeley [1992] that a
more physical boundary condition would be to assume that only the radial component of
the magnetic field should be continuous across the inner boundary. Whilst this does
mean that the approximation of a potential field is not valid very close to the boundary,
the results published using this radial boundary condition do show that it removes the
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need for the addition of an artificial magnetic field to the synoptic data that was
necessary when using the classic boundary condition. [Wang & Sheeley, 1992],

If the uniform correction factor for detector saturation described above is used with the
radial boundary condition then the resulting SSNL is found to be flatter than that with
the classic boundary condition. This initially led to the source surface radius being
increased to 3.25RS in order to fit the maximum latitude of the HCS observed by
Ulysses in 1993 [Hoeksema, 1995] when it first passed above the HCS on its way to the
southern pole. Later work [Wang & Sheeley, 1995] showed that in order to match the
lack of latitudinal gradients in Br observed by Ulysses (Section 1.4.) a latitudinally
dependant, rather than uniform correction factor was required.

This correction had

previously been deduced by Ulrich et al. [1992] by comparing the Mount Wilson
Observatory photospheric magnetic field strength inferred from the Fe I 525.Onm
absorption line with that from the less magnetically sensitive Fe I 523.3nm line. The
correction at low latitudes was found to be approximately the same as that found by
Svalgaard et al., [1978], but at the poles it was found to increase to ~4.5.

In Wang & Sheeley [1995] it was also shown that after the radial boundary condition
and latitudinal dependant saturation correction had been applied, the resultant radial
photospheric field is of the same form as if the extra polar photospheric field had been
added and a constant correction factor employed. This means that providing the same
method is used to extrapolate the photospheric field out into the corona, we should
expect the resultant field at the source surface and hence the SSNL to have a similar
form, with any differences being down to the subtleties o f the boundary conditions. A
2.5RS outer boundary is now commonly used with both inner boundary conditions,
however the latitudinally varying correction factor is not used in producing the WSO
computed source surface maps with the radial inner boundary condition, and hence the
SSNL is found to be slightly flatter than the WSO SSNL calculated using the classic
boundary condition.

In addition to the PFSS, other models have been used in attempts to calculate the
coronal magnetic field. One is the variant on the PFSS called the potential field current
sheet model, first published by Schatten (1971) and shown in Figure 2.4. The diagram
on the left shows how a standard potential field model is calculated out to a source
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surface. Schatten [1971] added a second step, in which any negative (inward) polarity
field on the source surface has its polarity reversed before the model is calculated
beyond the source surface. The diagram on the right shows the modelled coronal field
after the final step, where any field whose polarity was reversed before the second step
is returned to its original polarity. These extra two steps have the effect of allowing
current sheets to form above the helmet streamers, as observed, and hence improve the
accuracy of the calculated magnetic field beyond the source surface. Whilst this model
was originally produced in order to better recreate the structures o f the upper corona, it
has been used more recently in order to improve the accuracy of extrapolations of the
photospheric magnetic field out into the heliosphere as part o f attempts to model the
ambient solar wind and HMF conditions for space weather purposes (e.g. Arge et al.
[2004]; Owens et al. [2005]). However, as will be discussed in Section 3.4, the PFSS
model is adequate if instead of extending the model out to the spacecraft, HCS crossings
observed by the spacecraft are mapped back to the source surface.

Figure 2.4: A schematic showing the three main steps in the Schatten (1971) model. The two
diagrams demonstrate the extra steps performed (left) after a potential field model is produced in
order to recreate current sheets observed outside of the source surface (right).
(From Schatten [1971])
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Figure 2.5: MHD model predictions for the coronal magnetic field topology (left) and white light
image of the corona (centre) produced prior to the solar eclipse of 24th October 1995, an image of
which can be seen on the right. (From Mikic e t

al.,

[1999]).

2.2.2: MHD models
The third and final type of model is the most rigorous, in that it involves solving the
MHD equations: in such models the magnetic field and plasma are linked. This a
complete contrast to the potential field models discussed earlier, in which the effects of
the plasma are ignored, and gas dynamic [Pneumann & Kopp, 1971] and space weather
driven models (e.g. Arge et al., [2004]) in which the plasma is included but treated
separately.

One approach is that of Mikic & Linker [1996], where a potential field model is initially
computed for the corona.

Photospheric field and plasma data is used as an inner

boundary condition, and a surface of radius greater than the critical radius of the Parker
solar wind solution is used as the outer boundary condition. This provides the initial
conditions for the computational grid over which the MHD equations are then
integrated until a steady state is reached. Figure 2.5 shows an example run of the model
made as a prediction prior to a solar eclipse on 24th October 1995, a white light image of
which can be seen in the right panel. The left hand panel shows the 3-D magnetic field
map produced by the model [Mikic et al., 1999], with the central panel being a
simulated white light image produced using the calculated coronal electron density
collapsed onto a plane perpendicular to the viewer. The agreement between the model
and the eclipse is very good, which also reinforces how the coronal images can be used
as a crude guide for the global evolution of the HMF through the solar cycle, as
discussed in Chapter 1.
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The main drawback with using MHD models is that they are computationally intensive
and therefore source surface maps are not routinely produced in the same way as with
the PFSS model. They are hence used either for specific case studies where a highly
accurate model is required, or in combination with MHD models of the heliosphere (e.g.
Riley [2001]), in which modifications o f the magnetic field topology and hence the
HCS by ICMEs and CIRs can be studied. The structure and evolution of CIRs has been
modelled extensively, from initial gas-dynamic models of a 1-D pulse of faster solar
wind [Hundhausen, 1973] through to 2-D and 3-D MHD models of simulated
interaction regions [Pizzo, 1991; Pizzo, 1994; Pizzo & Gosling 1994], which in
recreating observed solar wind parameters for specific events have enabled us to further
our understanding of these structures. In particular it is possible to model the evolution
o f CIR and ICME shocks and their interaction with other heliospheric structures such as
the HCS (Riley et al., [2001,2002]), something that is not possible with the ballistic
mapping techniques used to compare potential field models with spacecraft data.
However the time taken to establish the initial conditions and run such a model at
present precludes them from being used as part of a space weather forecasting tool.

2.2.3: Source Surface maps and the HCS
The source surface neutral line (SSNL) was introduced in Section 2.2.1 as the contour
on the source surface derived from the PFSS model where the computed magnetic field
is zero. It thus separates regions of opposite magnetic polarity and is regarded as the
line of intersection of the HCS with the source surface. Assuming a continuous radial
solar wind outflow from the source surface we can use the location of the SSNL as an
aid to deduce the HCS topology for comparison with spacecraft data. In this subsection
we first introduce the source surface maps and highlight some of their key features
necessary to understand their use later in this thesis.

Figure 2.6 shows an example source surface map in Mercator projection for Carrington
Rotation 1969, produced by the Wilcox Solar Observatory (WSO) using WSO
photospheric magnetic field data and a PFSS with a classic inner boundary. The x-axis
corresponds to heliographic longitude, and the y-axis heliographic latitude.
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Figure 2.6: An example map of the computed source surface field for Carrington Rotation 1969
(27th October-23rd November 2000). (Source: WSO)

Each Carrington rotation corresponds to a single rotation of the Solar equator through
the central solar meridian as observed from the Earth, with the start of the first
Carrington rotation being taken to be 9th November 1853.
(http://scienceworld.wolfram.com/astronomy/CarringtonRotationNumber.html).

Being measured from the Earth rather than from a fixed point in space means that the
duration of each Carrington rotation is not the same as that of a solar rotation, (i.e. 25.38
days), but is slightly longer at approximately 27.28 days due to the rotation of the Earth
around the sun. This also results in the time axis (top axis) on the source surface maps
running from right to left, given that the heliographic longitude of the central meridian
decreases with time when observed from the Earth.

The source surface field is shown as a series of filled contours, with regions coloured
light grey with blue contours corresponding to positive (outward) polarity field, and
regions coloured dark grey with dashed red contours corresponding to negative (inward)
polarity field. The region coloured white denotes a magnetic field strength less than
2pT, within which can be found the black B=0 contour, representing the source surface
neutral line, defined in Section 1.4.1.
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It should be noted that this source surface map covers over 360° longitude. This is
made possible due to the PFSS model being calculated for a 360° wide sliding window
moving by 10° between each model run, something that is done to minimise the effect
of the magnetic field varying on a time scale less than a solar rotation [Hoeksema,
1985], With this extra data it is clear that the source surface magnetic field and hence
SSNL has changed somewhat between 360° and 0°, indicating that there has been some
evolution of the photospheric field during this particular rotation.

The final feature to note are the ‘v’ markers located above the source surface maps,
which mark the times at which conditions at the observatory allowed the photospheric
magnetic field to be measured.

The magnetic field away from these longitudes is

calculated by averaging the measurements from the rotations before and after the one in
question. Whilst this does potentially increase the uncertainty in the computed SSNL
for these regions, it is considered a reasonable approximation of the field, assuming the
solar field is relatively constant over a solar rotation. However care should be taken
when inteipreting the computed SSNL over such longitude ranges.
CR1969 Source Surface Neutral Line
CR1969 Mercator Projection
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Figure 2.7: The SSNL for Carrington rotation 1969, plotted both on a sphere and in Mercator
projection. The roughly sinusoidal shape of the SSNL on the Mercator projection corresponds to a
tilted, approximately planar sheet bisecting the sphere. (Source surface data from WSO)

In Figure 2.7 we have plotted the same SSNL from Figure 2.6 on the surface of a
sphere, showing how the quasi-sinusoidal SSNL corresponds to a highly tilted, almost
planar sheet. The small deviations from a planar sheet show that at this point in the
solar cycle the source surface field is not entirely dipolar but also contains some higher
order components (e.g. Bruno et al., [1982]). This can also be seen close to 360°
73

longitude, where a second separate SSNL is observed. One possible explanation is that
this is caused by a strong active region, however in Section 4.4 I will discuss how with
small changes to the SSNL it is possible to deduce a HCS topology throughout this
period without requiring multiple, separate current sheets.

2.2.4: Comparing spacecraft data and coronal models.
In order to ascertain the solar source of a particular solar wind event, two main
approaches have been used.

Either a model is calculated all the way out to the

spacecraft and then particular events traced back along the field lines (e.g. Arge et al.
[2004], Riley et al., [2001]), or the spacecraft events are ballistically mapped back to the
Sun assuming radial constant speed solar wind flow. Whilst the first method is perhaps
more accurate, especially using a MHD model, the second approach is far quicker and
has been shown to produce a source longitude for a given event consistent with that
suggested by MHD models [Neugebauer et al., 1998]. It is for this reason that this
method is used in this thesis.

The mapping back of events to the sun consists of two stages, first the mapping back of
events to the source surface, before these events are traced back to the photosphere
along the calculated field lines of the coronal model. In the case of the HCS, tracing
crossings back to the photosphere does not produce a meaningful result, since the HCS
does not trace back to a unique point on the photosphere; however if field close to the
HCS on either side are traced back it is found that such field originates at the edges of
the polar coronal holes, similar to the slow solar wind in which they are embedded
[Wang & Sheeley, 1994]. As will be shown in Section 4, the mapped back latitudes and
longitudes of HCS crossings on the source surface can be used to infer the topology of
the HCS at the spacecraft for a given Carrington rotation with guidance from the
computed SSNL.

In order to map events back to the source surface it is assumed that the solar wind flow
is radial and at constant speed, and that the magnetic field is frozen in to the plasma
flow. For a 2.5RS source surface this is an approximation, given that at this point the
solar wind is still accelerating; however it has been shown that this error is partially
cancelled as a result of the plasma still slightly corotating with the sun [Nolte & Roelof,
1973]. Whilst selecting a source surface further from the sun would overcome this
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problem, the 2.5RS surface has been shown to agree best with spacecraft observations
(Hoeksema et al., [1985])

Two similar techniques are used to map solar wind events back to the sun. Both map
events back to the source surface ballistically, where each solar wind parcel is assumed
to have flowed radially and with constant speed between source surface and the
spacecraft. In the first technique separate solar wind parcels are not assumed to be
travelling at the same speed but rather are mapped back at the speed measured at the
spacecraft for each individual parcel. The second technique adds a further level of
approximation, in that it ignores any variations in the solar wind speed measured at the
spacecraft. Instead it assumes a constant value for the solar wind speed, consistent with
what would be expected for the slow solar wind ~400km/s and maps all events back to
the source surface at an average solar wind speed, [e.g. Crooker et al., 1997]. However
whilst this technique is reasonable for the HCS embedded in the slow solar wind, if
events away from the HCS and hence away from the slow solar wind are to be mapped
back to the sun the first technique should be used.

Both techniques have been shown to work well for mapping back HCS crossings but
must be treated with caution [Neugebauer et al., 1998]. When using a ballistic model to
map back to the sun it is not possible to reverse the effects of the non linear interaction
between solar wind streams of differing speeds (and ICMEs). Also, it has been shown
that in using the first technique periods of rarefaction observed at a spacecraft are found
to originate from a narrow band of source longitudes in the corona, known as dwells
[Nolte & Roelof, 1973].

Thus care has to be taken when comparing spacecraft data to source surface maps
during CIRs and ICMEs as substantial errors may be present - for instance Neugebauer

et al. [1998] found that when using the second technique the mapped back longitude of
HCS crossings at low latitudes was on average 22° less than that predicted by the
potential field models.

This interaction can be avoided by tracing events back along the calculated field lines of
MHD models (e.g. Riley et al., [2001]) but as said previously this is computationally
intensive. A number of authors have used these MHD and gas-dynamic techniques
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when considering events at large distances from the Sun or when the events are not
separated from CIRs or ICMEs (e.g. Crooker et al. [1997], De Keyser et al. [2000],
Riley et al., [2001]). Other authors (e.g. Canals [2002]) have shown that by ballistically
mapping EISCAT interplanetary scintillation (IPS) observations of the solar wind speed
at ~30RS it is possible to identify particular regions at 1AU where such interactions are
likely to have taken place and hence the mapping errors will be larger.

In summary, by comparing the sources of the mapped back spacecraft observations with
the coronal model parameters, taking reasonable account o f the uncertainties, source
regions of the solar wind and HMF can be approximately identified. Comparisons of
coronal models with Ulysses data at solar minimum have shown consistency with the
fast solar wind originating from the polar coronal holes, and the slow, variable solar
wind originating from the vicinity of the streamer belt, corresponding to the edges of the
coronal holes [Neugebauer et al., 1998; Breen et al., 1999; Linker et al., 1999]. Away
from solar minimum, solar wind originating from both low and mid latitude active
regions is found to increasingly dominate the solar wind outflow [Neugebauer et al.,
2002; Luhmann et al., 2002]. Both the inclination of the current sheet during HCS
crossings [Crooker et al. 1993; Burton et al. 1994; Shodhan et al. 1994] and the
maximum latitudinal extent of the HCS [Smith & Thomas 1986; Suess et al. 1993] have
been shown to correlate well with that of the SSNL.

Comparisons of the location o f HCS crossings with the location of the SSNL has
revealed that the magnetic hemispheres need not necessarily be of equal size: studies
using data from the first Ulysses fast latitude scan at Solar minimum revealed that the
HCS was deflected southwards by up to 10° [Crooker et al., 1997]. This southwards
deflection of the HCS can also be seen in observations of the HMF by Earth orbiting
spacecraft, where the sector corresponding to the northern magnetic hemisphere is more
likely to be observed than that of the southern magnetic hemisphere [Mursula & Hitula,
2003].

Furthermore, a study using the OMNI dataset of near-lAU HMF observations revealed
that on average this southwards deflection has been present around each solar minimum
for the past 40 years, with a maximum deflection less than that of the latitudinal extent
of the Earths orbit [Mursula & Hitula, 2003]. Furthermore, recent modelling work has
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shown that this longer trend is consistent with the magnetic field strength in the
southern polar coronal hole being greater than that observed in the northern polar
coronal hole [Zhao et al., 2005].

2.3: The HCS within the Heliosphere
2.3.1: Interaction between the Solar Wind and the HCS
As the solar magnetic field is transported outwards into the heliosphere with the solar
wind, it is affected by the interactions between the ambient solar wind and ICMEs and
CIRs.

As discussed in Section 1.5.1, as the stream interface propagates outwards into the
heliosphere a pair of shocks propagate forwards and equatorwards into the slow solar
wind and backwards and polewards into the fast solar wind respectively. Whilst the
HCS, being embedded within the slow solar wind, does not initially interact with the
CIR, eventually the forward shock will overtake the HCS and it will be swept up within
the CIR, an example of which can be seen in Figure 1.22.

Similarly, Figure 1.23 gives an example of how the HCS has been swept up by the
forward shock of an ICME Spacecraft observations have shown that approximately two
thirds of all HCS crossings are found within CIRs at 1AU [Borrini et a l, 1981], with
nearly all crossings within CIRs by 3AU [Thomas & Smith, 1981].

Of the HCS

crossings found within CIRs, all are found between the forward shock and the stream
interface [Gosling et al., 1978], consistent with the HCS being located within the swept
up slow solar wind.

It is perhaps not a surprise that if the HCS is swept up by a CIR then the local topology
of the HCS will be modified - Clack et al. [2000] noted that the magnetic field vectors
observed within CIRs are observed to lie in planes perpendicular to the shocks. This
local distortion o f the HCS by CIRs was something that was discussed as a possible
mechanism by Thomas & Smith [1981] to explain the highly tilted HCS observed at
low latitudes. Later, 3-D MHD simulations were able to simulate how the HCS would
be deformed within a CIR [Pizzo & Gosling, 1994].
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Figure 2.8: A latitudinal velocity profile from a 3-D MHD model of the heliosphere between 110AU, showing how the HCS (white contour) has been affected by the interaction with a CIR.
(From Pizzo & Gosling, [1994]).

An example is shown in Figure 2.8, which shows a vertical slice through a 3-D model
of stream interactions within the heliosphere.

The plot shots the velocity profile

between 60°S and 60°N between 1-10AU. Dark regions indicate slow solar wind and
light indicates fast solar wind. The white contour within the slow solar wind is the HCS
and it is clear how its topology has been affected by its interaction with the CIR and
how at low latitudes it is essentially vertical.
As discussed in Section 1.5.2, most ICMEs are found to arise from the streamer belt
[Hundhausen, 1993], implying that their source lies in the closed magnetic structures
beneath the helmet streamers.

Because of this, ICMEs observed in the middle of

magnetic sectors are in fact centred on the HCS, but have expanded as they have moved
out into the heliosphere [Kahler et al., 1999]. Whilst it has been suggested that the HCS
could be deflected by a ICME passing close to it [Gosling & McComas, 1987] other
studies have explored the possibility of a magnetic cloud locally replacing the HCS.
For example, Crooker & Intriligator, [1996] described how spacecraft observations
showed that a number of sector boundary crossings consisted not of a sharp reversal of
magnetic field polarity consistent with a current sheet, but instead a smooth rotation of
the magnetic field angles consistent with a magnetic flux rope.
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Figure 2.9: A diagram showing how a CME erupting from below the helmet streamers could
locally replace the HCS. (From Crooker et al., [1998])

Further studies of similar events showed that as well as a flux rope these events showed
signatures of magnetic clouds. Figure 2.9 shows a schematic of such an event, with the
HCS being replaced locally by a flux rope originating in the closed loop structures
below the helmet streamers that is still rooted at both ends in the corona [Crooker et al.,
1998].

2.3.2: The HCS as a Function of Radial Distance
Out to 5AU the HCS has been shown to be coherent (De Keyser et al. [2000]; Crooker

et al. [2001]) although the increasing effect of interaction regions and ICMEs has led to
the use of gas-dynamic or even MHD simulations rather than ballistic mapping
techniques. By 10 AU the sector structure observed is no longer consistent with that
predicted by the source surface models [Behannon et al., 1989]. This trend continues in
data taken further out into the heliosphere, where sectors of constant magnetic polarity
have been observed by Voyagers 1 and 2 out to 85AU [Burlaga et al., 2003], but with
the sector structure becoming increasingly complex. These authors have found it easier
to discuss the latitudinal extent o f the “sector zone” [Burlaga & Ness, 1993] as a way of
attempting to understand the topology of the HCS in the outer heliosphere. They found
that this latitudinal extent varies through the solar cycle as described earlier.
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2.4: Structures within the HCS
Having provided a general introduction to the HCS as a global structure and an
overview of coronal modelling techniques in previous sections, we now move on to
discuss the small scale structures encountered during spacecraft crossings of the HCS.

2.4.1: The Heliospheric Plasma Sheet
The Heliospheric Plasma Sheet (HPS) is a region of high proton density and low speed
plasma with depressed magnetic field strength, surrounding the HCS, embedded within
the more extended band o f slow solar wind. Due to the increased density and depressed
field strength, the HPS is also characterised by an increase in the value o f the plasma
beta [Winterhalter et a l, 1994]. Figure 2.10 shows a schematic describing the link
between the HPS and HCS, with the HCS being a thin boundary marked by the
magnetic field reversal and the HPS being the region of increased plasma beta and
depressed magnetic field strength surrounding it.

By using minimum variance analysis (see Section 5.2) to estimate the normal direction
to the HCS local to a crossing, the component of the solar wind velocity normal to the
boundary can be obtained, enabling the thickness o f the HCS and HPS to be calculated.
A problem in comparing published values for the thickness o f the two boundaries is that
various authors have used differing definitions for the boundaries, in particular the HPS,
and hence obtained different thicknesses.

HPS

Figure 2.10: A sketch of an idealised HCS and HPS crossing, showing the variation of the
magnetic field and plasma beta. (From Winterhalter et al., [1994]).
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The values calculated by Winterhalter et al. are of particular interest due to their formal
definitions of the boundaries.

Using the sharp edges of the changes in the plasma

parameters, a value for the HPS thickness at 1AU of 400,000 km was obtained, with a
HCS width at 1AU of 40,000 km being calculated using the width o f the peak in current
density found at the field reversal [Winterhalter et al. 1994], It should be noted that
calculating the current density from a single spacecraft dataset is not a trivial task and
requires assumptions of plane symmetry and time invariance in order to use a 1-D
version of Ampere’s Law. However, similar values for the current density and HCS
thickness have been calculated using the four spacecraft of the Cluster mission
[Eastwood et al. 2002], implying that while calculating the current density from single
spacecraft data may not be ideal, it does provide realistic estimates.

A study of the HPS at 0.3AU using Helios data [Bavassano et al., 1997] has found HPS
and HCS thickness with a similar size ratio to the above. In a recent study Zhou et al.
[2005] showed that a comparison o f the thickness of the HCS and HPS as defined by
Winterhalter et al. [1994] revealed a slight decrease in the thickness of both structures
between 1 & 5AU [Zhou et al, 2005].

It should be noted however that both

Winterhalter et al. and Zhou et al. solely consider “clean” crossings of the HCS where
the above signatures can be observed. However as will be discussed later in the thesis,
not all HCS crossings exhibit clearly defined signatures both for the current sheet itself
and the HPS.

2.4.2: Multiple Sector Boundary Crossings
The HCS has been described up to this point as a single monolithic structure, where any
complications are due to the geometry of the system and the complexity of the
underlying coronal field during the solar cycle. This section looks at the structure of the
sector boundary at higher resolution, before considering the effect of solar wind
structures on the sector boundary. As will be shown in Chapter 3, it is common to see
what appear to be several current sheet crossings within a single sector boundary, with
both low latitude studies (e.g. Behannon et al., [1981]; Crooker et al., [1993]) and the
work within this thesis showing that whilst the gross orientation o f the sector boundary
is consistent with that of the SSNL, minimum variance analysis o f the multiple current
sheets provide a near uniform spread of orientations.
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Figure 2.11: A thin slice from a simulation where the HCS surface has become rippled due to the
turbulent solar wind flows near the HCS. (From Suess e t

a l.,

[1995])

Two main theories have been proposed to explain the previous observations: a thin but
corrugated HCS or multiple current sheets within a finite thickness HCS.

The

corrugation theory suggests that the multiple crossings are crossings of a single
monolithic HCS that on a small scale is highly rippled due the action of the turbulent
solar wind flow on the HCS [Suess et al., 1995]. Figure 2.11 shows a thin slice of a
rippled HCS two degrees latitude in thickness centred on the heliographic equator
extending from the sun out to 2AU (from Suess et al., [1995]). The solid arc shows a
theoretical spacecraft orbit highlighting how multiple HCS crossings could occur. Such
ripples would have to be complex enough in order to explain the uniform distribution of
current sheet normal orientations (e.g. Behannon et al., [1981]), but small enough that
they do not alter the global topology of the HCS.

The second theory is that instead of the HCS being a single monolithic current sheet, it
is a finite thickness boundary consisting of a complex network of interwoven flux tubes,
with adjoining flux tubes of opposite magnetic polarity being separated by localised
current sheets. This developed from an initial suggestion that multiple loop structures
such as that shown in Figure 2.12 could result in the HCS consisting of multiple current
sheets [Crooker et al. 1993] - the example in the figure shows three extending upwards
out of the diagram at the top of the helmet streamers.
82

Figure 2.12: A schematic illustrating how a more complicated coronal magnetic field below the
helmet streamers may lead to the formation of multiple current sheets. (Adapted from Crooker e t
a l,

[1993])

Figure 2.13: A schematic showing a small section of the sector boundary showing the interwoven
flux tubes that it is suggested make up the sector boundary. (From Crooker e t

a l,

[1996])

Further away from the sun, the highly variable solar wind is thought to transform the
multiple current sheets into a complex structure of interwoven flux tubes (Crooker et
al., [1996, 1999]) such as that seen in Figure 2.13. Such a structure would contain
multiple localised current sheets separating opposite polarity flux tubes.

It appears possible in such a structure that flux tubes could fold back upon themselves,
with a localised current sheet forming in the folded region separating opposite polarity
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magnetic field. Such folds and associated local current sheets can also be a feature of a
wavy monolithic current sheet. This leads to added complexity, since on top of the
multiple current sheets separating opposite polarity flux tubes, there is also the
possibility of false polarity reversals, appearing identical to true current sheet crossings,
being observed in the magnetic field data.

Such folds in the HMF are not solely confined to sector boundary crossings, but have
also been observed away from the HCS and in the fast solar wind. Balogh et al., [1999]
observed what appeared to be opposite polarity sectors at high latitudes during the first
Ulysses orbit, contrary to what would be expected during solar minimum conditions.
By calculating the correlation between velocity and magnetic field fluctuations, known
as the normalised cross helicity it was possible to demonstrate due to the high
correlation that the fluctuations were in fact large amplitude Alfvdn waves [Lucek et al.,
1998] and the extreme deflections due to the waves were the source of the high latitude
polarity reversals rather than crossings of the HCS [Balogh et al., 1999].

An alternative technique for identifying folds in the magnetic field is measuring the
differential flow between a-particles and protons in the solar wind.

Steinberg et al

[1996] observed that the direction of the differential flow is well correlated with the
direction o f the magnetic field vector.

By measuring the radial component of this

differential flow it is then possible to identify folds in the magnetic field due to the
reversal of the differential flow (Yamauchi et al, [2004]). However, both techniques are
at their most effective for identifying folds in fast solar wind data, rather than in the
highly variable slow solar wind surrounding the HCS.

As a useful tool to differentiate between folded flux tubes and true current sheet
crossings within a sector boundary, Kahler & Lin [1994, 1995] demonstrated that
suprathermal electrons (where E>2keV) can be used to trace the magnetic topology of
structures, since these electrons are constrained to flow out from the solar corona
parallel to the magnetic field.

Because of this, true polarity reversals can be

differentiated from a fold by recording the relative angle between the magnetic field and
the suprathermal electron flow, otherwise known as the pitch angle.

The flow of

suprathermal electrons is often described in the literature as the Suprathermal Electron
Heat Flux.
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A)

Figure 2.14:

B)

A schematic showing how the suprathermal electron heat flux can be used to

differentiate between folds in the magnetic field and true polarity reversals. (From Kahler & Lin
[ 1994]).

An example o f this can be seen in Figure 2.14, which compares what would be observed
for A) a fold and B) a true polarity reversal. The bottom panels show the magnetic field
azimuth angle observed if a spacecraft follows the trajectory indicated by the dotted line
and as expected both have an identical profile. However overlaid on the magnetic field
azimuth angle is the suprathermal electron heat flux pitch angle, where + indicates the
field vector and suprathermal electron flow are parallel, and - that they are anti parallel.
Since the suprathermal electrons would in the absence of a fold flow anti-sunward, a
polarity reversal can be seen as a reversal of the pitch angle, whereas a fold would not
affect the pitch angle at all.
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This technique has been used in a similar way to those described earlier to identify
kinks in the magnetic field as the source of intra-sector polarity reversals [Kahler et al.,
1996].

More of interest here is how the technique has been used by Crooker and

colleagues to try to understand whether the wavy current sheet or the complex finite
thickness sector boundary is the best way to describe the HCS on a small scale.

Crooker et al., [1999] demonstrated that whilst a wavy monolithic current sheet would
produce a pattern of alternating true polarity reversals and fold associated current
sheets, real data appeared more consistent with paired true reversals and fold associated
current sheet crossings, consistent with a complex, finite thickness boundary. Further
studies (e.g. Crooker et al., [2003]; Kahler et al., [2003]) have led to the definition of a
polarity reversal surface surrounded by a three dimensional structure of localised
current sheets and plasma sheets (Crooker et al., 2004a) separating interwoven, and
often folded flux tubes.

This polarity reversal surface may be coincident with the

magnetic field signature o f a current sheet, but low latitude studies have revealed that
most are not [Szabo et al., 1999] and that often the polarity reversal is masked by a fold
in the magnetic field and hence has no magnetic signature [Crooker et al., 2004b].

Low latitude studies (e.g. Kahler et al. [2003]) close to solar minimum have shown that
the locations of the observed crossings of the polarity reversal surface are consistent
with the location of the SSNL. It was also found that on occasions when the spacecraft
trajectory was tangential to the predicted SSNL, multiple ‘unexpected’ crossings of the
polarity reversal surface are observed.

In chapter 4 we will explore whether the

agreement with the SSNL is also valid at high latitudes, and also explore whether
similar grazing sector boundary crossings have been observed at high latitudes.
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2.5: The HCS at Solar Maximum
Away from solar minimum the latitudinal extent of the HCS is large enough such that
our understanding of the Heliospheric Current Sheet at solar maximum was limited
prior to the Ulysses mission to what could be inferred from computational models,
remote observations of the solar corona and low latitude spacecraft observations.

In Section 2.2 it was shown how the development of potential field models of the
corona made it was possible to estimate the topology o f the HCS at high latitudes during
solar maximum using the SSNL.

However, such estimates are tempered by the

increased uncertainties in the models at high latitudes due to line of sight errors in the
photospheric magnetic field observations.

A second problem in trying to estimate the topology of the HCS at high latitudes was a
lack of in situ spacecraft measurements prior to the second Ulysses orbit to ratify the
effectiveness of the potential field models at predicting the topology of the HCS at high
latitudes. It is however possible to use low latitude spacecraft observations to test the
model before using the computed SSNL as a guide in attempting to infer a HCS
topology that could explain the low latitude results.

It was found that despite the highly variable nature of the Sun and heliosphere during
periods of solar maximum it was possible to produce predictions of the sector structure
at 1AU that agreed well with low latitude measurements [Hoeksema et al., 1983; Burton

et al., 1994]. Secondly, the evolution of the SSNL through the solar cycle showed that
the angle between the SSNL and the heliographic equator at low latitudes increased
from solar minimum to solar maximum such that at solar maximum it appeared to be
almost vertical [Shodhan et a l, 1994].

In Chapter 5 these predictions were tested by applying minimum variance analysis
(Section 5.2) to a set o f magnetic field vectors measured by the spacecraft during a
period that includes the HCS crossing. This technique provides an estimate for the
direction in which the variance o f the set o f magnetic field vectors is minimised, which
for the HCS provides the normal to the sheet. Using this technique Klein & Burlaga
[1980] showed that the angle between the normal vector and the heliographic equator
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was substantially less than 45°, implying that the HCS was highly tilted at low latitudes
at solar maximum (see also Lepping et al. [1996]). Later studies showed that, for sector
boundary crossings free of CIRs and ICMEs the inclination o f the SSNL agreed well
with the observed inclination of the normal to the HCS surface [Burton et al., 1994].

The ratification of the sector structure and vertical HCS at low latitudes suggested that
the predictions of the potential field models o f a HCS whose latitudinal extent increases
from solar minimum to solar maximum [Hoeksema, 1983] was at least plausible. Other
indirect observations seemed to agree with these predictions. Such a variation in the tilt
of the HCS was shown by Smith & Thomas [1986] to correlate inversely with the
observed galactic cosmic ray intensity observed both at the Earth and at Pioneer 10 in
the outer heliosphere. In Chapter 4 of this thesis we present what we believe is the first
systematic study combining high latitude Ulysses observations, low latitude spacecraft
data and potential field models in order to deduce the topology of the HCS at high
latitudes, as well as its evolution through solar maximum.

As discussed with reference to previous studies in Section 2.4.2 and shown in Ulysses
observations at solar maximum (Section 3.2), it is common to observe multiple current
sheet crossings during a sector boundary crossing. Behannon et al. [1981] showed that
if a normal vector is obtained for each current sheet crossing then whilst there is a slight
bias towards angles indicative of a near vertical HCS, the inclination angle distribution
shows all inclinations are as likely to be observed, implying the presence of fine
structure as also discussed in Section 2.4.2. In a similar way, Crooker et al., [1993]
showed for a complex sector boundary crossing that whilst performing the minimum
variance analysis for each current sheet crossing did produce a set o f normal vectors
with no preferential orientation, if a normal was obtained for the entire sector boundary
crossing it was found to be orientated perpendicular to that of the source surface neutral
line. In Chapter 5 the distribution o f HCS inclination angles is produced for the first
time over a full latitude range, as an independent method of estimating the HCS
topology during solar maximum.

Although the existence of multiple current sheet crossings is generally accepted,
opinion is divided as to what physical structure is being encountered, be it a highly
corrugated thin boundary or a finite thickness complex structure containing multiple
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localised current sheets. In Section 3.3 we discuss how by using Ulysses suprathermal
electron heat flux pitch angle distributions we have attempted to identify magnetic
polarity reversals, in order to differentiate between folds in the magnetic field and true
HCS crossings.

This information has been used in both Chapters 4 and 5 to help

understand better the HCS topology at high latitudes, and also to gain insight into the
small-scale structure of the HCS.

Before we can move on to either o f these studies, in Chapter 3 we introduce the Ulysses
dataset, and explain how HCS and other solar wind events are identified in both the
magnetic field and suprathermal electron heat flux data.
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Chapter 3: The Heliospheric Current Sheet during the
Second Ulysses Orbit
At the heart of this thesis lies a survey of data taken by the Ulysses Spacecraft during its
second solar orbit. The main aim of this chapter is to introduce the dataset, and the
techniques to identify crossings o f the heliospheric current sheet.

The chapter starts by introducing the Ulysses data set in its entirety, discussing key
global features that will act as a springboard for the research discussed later. The rest of
the chapter is split into two sections, discussing in turn the two datasets used within the
thesis. In the first section we will be concerned with the survey of magnetic field and
bulk plasma parameters, before moving on in the second half to discuss the survey of
suprathermal electron heat flux observations. The chapter will then conclude with a
brief summary of the basic global results of the survey.

3.1: An Introduction to the Ulysses Second Orbit Data Set

In order to introduce some of the key features o f the data taken during this orbit we have
produced a set o f yearly plots of the selected parameters, shown in Figure 3.1. Each
frame shows 12 hour time averages o f the solar wind speed, vsw, magnetic field azimuth
angle, d>B, and magnetic field magnitude, |B|, each as a function of time and
heliographic latitude. The expected Parker spiral angle, as defined previously in Section
1.4.1 has been overlaid on the field azimuth angle panel on each o f the plots in red in
order to guide the reader. As a result of the RTN coordinate system (see Section 3.2.1)
used a positive polarity magnetic field results in a negative <t>B.

As discussed in Section 1.6, the Ulysses observations made during the second orbit
through solar maximum have produced a data set that is far more complex than that
obtained around solar minimum. Whilst the second orbit officially begins at the end of
1997, the final months of the first orbit are shown in Figure 3.1(a). A recurring pattern
o f CIRs can be seen for the period when Ulysses is above 10°N after which point the
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spacecraft is located solely within slow solar wind as shown by the solar wind speed
-dOOkms’1. At the same time we see multiple reversals in the magnetic field azimuth
angle as Ulysses descends below 10°N, primarily due to crossings of the HCS, along
with a number of magnetic clouds. As we move into 1998 (Figure 3.2(b)), Ulysses
continued to observe slow solar wind and multiple HCS crossings, with the brief
intervals of faster wind such as the one around day 130 being due to ICMEs (Section
1.5.2).
10°

o°

Figure 3.1(a). Twelve hour time averages of the solar wind speed, field azimuth angle and
magnetic field magnitude as a function of time and latitude for 1997.

As Ulysses moves to higher southern latitudes in 1999 we begin to observe in Figure
3.1(c) a pattern of interaction regions marked by enhancements in the magnetic field
magnitude separating periods of slow solar wind and faster ~5-600kms‘' solar wind,
thought to originate from transient low-latitude coronal holes [Neugebauer et al., 2002],
Unlike the near solar minimum case described in Section 1.5.1, McComas et al.
[2000a]) showed that this pattern is not a recurrent pattern, and hence does not corotate
with the Sun. Thus near solar maximum some authors have preferred to describe these
simply as stream interaction regions (SIRs) rather than corotating interaction regions
(CIRs).
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D ay No.

Figure 3.1(b). Twelve hour time averages of the solar wind speed, field azimuth angle and

(km /s)

magnetic field magnitude as a function of time and latitude for 1998.

Day N o.

Figure 3.1(c). Twelve hour time averages of the solar wind speed, field azimuth angle and magnetic field
magnitude as a function of time and latitude for 1999.
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Nor was the source of the faster wind the polar coronal holes: at this time coronal
models showed that through 1998 and 1999 streamers appeared at higher latitudes and
the latitudinal extent of the polar coronal holes reduced considerably [Wang et al.,
2000], Whilst McComas et al. [2001] suggested that by the end of 1999 the polar
coronal holes had disappeared, Balogh and Smith [2001] highlighted a correlation
between negative polarity sectors (characteristic of the south pole at this time) and
higher speed solar wind streams, with higher speed solar wind rarely found in positive
polarity sectors. This would imply that whilst the coronal hole is reducing in latitudinal
extent, it has not fully disappeared. Irrespective of whether the southern polar coronal
hole has disappeared or not, it was suggested that the main source of the faster wind was
small transient coronal holes found at all latitudes [McComas et al. 2000], A secondary
source of short lived faster solar wind streams are of course ICMEs, and it was found
that not only was the number of ICMEs observed higher than at solar minimum, they
were found over a much larger latitude range.
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Figure 3.1(d). Twelve hour time averages of the solar wind speed, field azimuth angle and
magnetic field magnitude as a function of time and latitude for 2000.
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This pattern of SIRs can be seen in Figure 3.1(d) to extend to the highest southern
latitudes during 2000; with the particularly noticeable interval of fast solar wind around
60°S being attributed to a small, short duration coronal hole [McComas et al., 2002],
Similarly, the magnetic field azimuth angle, Ort, also reflects the increased complexity
seen in the corona and solar wind.

Both magnetic polarities are seen at all latitudes apart from during the final solar
rotation at the highest southern latitudes [Smith et al., 2001] implying the presence of
the HCS at the highest latitudes. As will be discussed in Chapter 4 several possibilities
exist in order to explain Ulysses observing ‘old’ negative polarity magnetic field during
this solar rotation, including that polarity reversal has not yet occurred in the Southern
hemisphere at this time, or alternatively that this observation is a consequence of a
warped, non planar HCS that has already undergone polarity reversal.

D a y N o.

Figure 3.1(e). Twelve hour time averages of the solar wind speed, field azimuth angle and
magnetic field magnitude as a function of time and latitude for 2001.

Figure 3.1(e) shows data taken during 2001, which covers much of the second fast
latitude scan. Below 40°N the data appears similar to that seen previously, with an
irregular pattern of SIRs and ICMEs; for example an ICME caused the solar wind speed
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spike >800kms_l at ~20°S . However in the northern hemisphere, between 41°-49°N
and above 60°N, solar wind with similar speed and composition to the fast wind seen at
high latitudes at solar minimum is observed, and at the same time the d>lt plot shows
only new negative polarity field (McComas et al., 2002). This fast wind has been
shown to be coincident with the emergence of the new northern polar coronal hole
[Miralles et al., 2001], which combined with the single new magnetic polarity suggests
that the solar magnetic polarity reversal has occurred and the latitudinal extent of the
HCS has decreased such that Ulysses is at this point polewards of it.
60°

50°

40°

30"

Figure 3.1(f). Twelve hour time averages of the solar wind speed, field azimuth angle and
magnetic field magnitude as a function of time and latitude for 2002.

Finally, Figures 3.1(f) and 3.1(g) show data taken during 2002-2003, at which time
Ulysses is slowly moving back down towards the heliographic equator. Lower speed
solar wind begins to be observed again with a similar multi-stream structure as before
from 67°N, but with present both magnetic polarities only unambiguously below 50°N.
This would suggest that Ulysses is grazing the band of slow solar wind that surrounds
the HCS without crossing the actual HCS itself. Below that latitude the data is very
much like that seen during the passage to highest southern latitudes, although in
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particular the Ob observations in 2003 appear a lot less complicated than in previous
years, indicating a more stable HCS configuration as the solar cycle declines.

Figure 3.1(g). Twelve hour time averages of the solar wind speed, field azimuth angle and
magnetic field magnitude as a function of time and latitude for 2003.

To summarise, during the descent to the Southern pole by Ulysses during its second
orbit both magnetic polarities were observed to the highest latitudes, implying the
presence of the HCS up to the highest latitudes. The correlation between old negative
polarity sectors and faster solar wind streams suggests that whilst the southern polar
coronal hole is decreasing in size it has not completely disappeared, but instead is
polewards of the spacecraft. Taking this further, if the southern polar coronal hole is
decreasing in size during this period then this could imply that the maximum latitudinal
extent of the HCS is increasing on a similar timescale to the increasing latitude of the
spacecraft.

By the time the spacecraft reaches the northern hemisphere, however, we observe that
the maximum latitudinal extent of the HCS has dropped to 67°. Above this latitude
single polarity field in fast solar wind is observed, with the same magnetic polarity as
that observed in the southern pole during the first Ulysses orbit. From this we can say
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that a new polar coronal hole must have formed, that by this point the polarity reversal
of the solar magnetic field has occurred and the HCS is receding to lower latitudes.
This is consistent with the observations during Ulysses’ subsequent descent from
maximum northern latitudes, in that the latitude at which both field polarities are again
observed is lower than at which it was lost during the fast latitude scan.

Instead of directly plotting the magnetic field data, Jones & Balogh [2003] used a
magnetic polarity distribution in order to give a more immediate impression of the field
polarity observed by Ulysses. Figure 3.2 is taken from their paper, and was constructed
using one hour time resolution data, plotted after being mapped back to a 2.5 solar radii
source surface.

The data is presented in the Carrington Reference frame, i.e.

heliographic latitude vs. Carrington Longitude. The source surface is viewed using a
Mercator projection for ease of viewing, with time moving in the direction of the arrows
shown to the right of the plots, and in the direction of decreasing longitude.
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Figure 3.2: The polarity distribution of the solar wind source surface (Adapted from Jones &
Balogh, [2003])
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Each point on the plots shows the magnetic polarity observed at Ulysses, estimated by
comparing the field azimuth angle with the predicted Parker spiral angle at the location
of the spacecraft. Each point was mapped back to the source surface using the solar
wind velocity observed at the spacecraft assuming a constant velocity, radial solar wind
flow between the source surface and spacecraft (a discussion o f the errors incurred in
doing this can be found in Section 2.2.4). The colour scheme used is that outwards
(positive) polarity field is coloured yellow, inwards (negative) polarity field blue, with
red used to designate field where the azimuth angle is between 60° and 120° away from
the expected Parker angle, i.e. indeterminate polarity.

Looking at the top panel first it is clear that, as seen in Figure 3.1, both magnetic
polarities are observed up to the highest latitudes as Ulysses travelled south from the
equator, apart from for the last rotation which shows predominately that of the old
coronal hole. Similarly, the single polarity magnetic field at high northern latitudes can
be seen in the middle and lower panels. Due to the relatively rapid motion of Ulysses at
Perihelion, the fast latitude scan provides as near to a snap shot of the full latitudinal
magnetic polarity distribution as we could possibly obtain during this phase of the solar
activity cycle, shown in the middle panel of Figure 3.2. A source surface neutral line
(SSNL) consistent with the polarity reversal boundary shown in the middle panel of
Figure 3.2, that is aligned approximately north-south at low latitudes and extending to
the highest latitudes, would suggest a highly tilted HCS through this period.

Whilst a highly tilted HCS would also be consistent with the magnetic polarity
distributions in the upper and lower panels of Figure 3.2, on closer inspection things are
rather more complicated. As can be seen in Figure 3.3, the longitudinally averaged
photospheric magnetic field for this period shows that magnetic polarity reversal is
completed in the northern hemisphere in late 2000, some six months earlier than in the
southern hemisphere [Wang et al., 2002]. Whilst this is consistent with the Ulysses
observations described previously, it suggests substantial evolution of the coronal
magnetic field and hence substantial evolution of the HCS. Moreover the HCS during
this period is not planar: the observation o f old polarity by Ulysses at the southern pole
has been shown to be a result of the HCS being folded such that it extends over the
southern pole (see Section 4.3).
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Figure 3.3: The NSO/Kitt Peak photospheric magnetic field 1996-2001, averaged longitudinally
over each solar rotation. The grey scale for the magnetic field extends from B,<-3G (black) to
Br>+3G (white). (Adapted from Wang e t

a l.,

[2002])

3.2: Survey of Magnetic Field and Bulk Plasma Parameters
As a first step towards the work in Chapters 4 and 5 describing the use of the Ulysses
second orbit dataset to study the HCS at solar maximum, surveys of the magnetic field
and suprathermal electron heat flux (SEHF) data were undertaken in order to identify
and log each crossing of the HCS made by Ulysses. These surveys are introduced in
Sections 3.2 and 3.3 respectively.

3.2.1: Survey of HCS crossings in the Magnetic Field Data
The aim of this work was to identify crossings of the heliospheric current sheet at sector
boundaries. The primary data used has been one minute time averaged magnetic field
data in the spacecraft centred radial-tangential-normal (RTN) coordinate system. In this
coordinate system the R axis points radially anti sunward along the instantaneous Sunspacecraft line, the T axis is the vector product of the solar rotation axis with the R axis
and hence lies in the solar equatorial plane and is positive in the direction of solar
rotation. Completing a right handed set, the N axis points north, perpendicular to the RT plane.

One minute data was chosen to ensure the data was of sufficient time resolution to
enable possible HCS crossings to be adequately resolved for identification purposes, but
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at the same time low enough that higher frequency variability in the magnetic field does
not hide the crossing. Later in the thesis results obtained using the one minute data are
compared with those using full resolution data (one or two second samples) to check
whether using such a resolution has introduced any substantial errors in the derived
parameters. In this survey we have also utilised bulk plasma parameters, to complement
our study.

If we recall how the Parker field lines are wrapped around cones of constant
heliographic latitude (Section 1.4.1), then this means that ideally the magnetic field
vectors should be confined to be solely within the R-T plane. Hence by comparing the
magnetic field azimuth angle,

<D b ,

the angle made by the field vector in the R-T plane,

with the expected parker spiral angle, Op, it is possible to identify HCS crossings as
being where the polarity of the magnetic field reverses from 4>b - Op = 0° to O b - Op =
180° on average or vice versa. Whilst strictly a 180° change in Ob would be sufficient
to identify a HCS crossing, the comparison with Op is a useful aid when trying to pick
out HCS crossings in a complicated dataset.

An example of such a crossing is shown in Figure 3.4, which shows a segment of low
latitude Ulysses data from the second fast latitude scan. The blue line in the central
panel is the magnetic field azimuth angle, with the parker angle for both field polarities
superposed in red.

It is clear that on the left hand side of the plot we are in a region of constant sunward
polarity magnetic field (a magnetic sector), and on the right hand side the polarity has
reversed as we move into the new sector. It can be immediately seen that in the middle
of the plot the polarity reverses not once, as we would expect if the HCS was a simple
2-D structure, but at least five times. In such a case we must decide what is to be
logged as being the time of the heliospheric current sheet crossing. Should we interpret
the three hour period covering all the reversals as a single crossing o f a current sheet
with internal structure, or multiple crossings o f a single, highly distorted surface?
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Figure 3.4. An example HCS crossing taken from the second Ulysses fast latitude scan. Top:
Solar wind speed. Middle: Magnetic field azimuth angle plotted in blue, predicted parker angle
overlaid in red. Bottom: magnetic field magnitude.

This raises a key point that was touched upon in Section 2.4.2: whenever we discuss
such events we have to be very cautious when using such phrases as current sheet, or
sector boundary. Without further analysis, all we can say is that Ulysses has observed
multiple current sheet signatures, that is multiple reversals of the field azimuth angle
from the predicted Parker direction in one hemisphere to that of the other. For the
purposes of our survey, we recorded the timings and spacecraft position each time we
observe a current sheet signature in the dataset, thus five in the example of Figure 3.4.

It could be argued that we should also record a separate set of timings, being those of
the start and end of what we believe to be the sector boundary crossings covering each
set of multiple current sheet crossings. This would be fine if what we were observing
was a two or even four sector structure per solar rotation, with the multiple events
occurring at the ends of the sectors. However, even this is not always the case in the
data, as can be seen in the further example of Figure 3.5.
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Day No.
Figure 3.5.

A sample of Ulysses data showing a series of multiple HCS/Sector boundary

crossings.

Not only does there appear to be a set of multiple current sheet crossings during the first
half of day 214, but there is also a pair of crossings observed about two days earlier. It
could possibly be that all these events are part of the same sector boundary crossing, but
given the timings of the events, and the observed solar wind velocity this would
correspond to a spatial dimension for the crossing in the direction of spacecraft travel of
about 6.7 x 107 km, or about 0.45AU.

If we say that the day 212 events are not the same sector boundary crossing, then we
need to ask if we have observed three sector boundary crossings in this period, or do we
say that there is one sector boundary crossing, plus two extra current sheet crossings
associated with a warp in the current sheet. This risks introducing a level of subjectivity
into our survey - how far apart does a pair of current sheet crossings have to be before
we consider them each as separate sector boundary crossings.
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It is for this reason that we did not try to identify where the sector boundary crossings
are during our initial survey. A further level of subjectivity arises at the other end of the
spectrum in identifying each current sheet crossing in a set of multiple crossings: where
do we draw the line when picking out separate events?

Taking this to the ultimate extreme: is a single data point at the opposite polarity enough
to justify recording two current sheet crossings? When plotting field angles we also
have the problem of wraparounds: a point at an angle of 181° and one at -179° are of
course the same, but if by convention the limits on the plot are ±180° then the one
within the limits is plotted. For instance if we had within the data to be plotted a series
like G>b =[179 179.5 180 180.5 180], then what would actually be plotted would be O b
= [179 179.5 180 -179.5 180], which, as in Figures 3.4 and 3.5 if we plot a curve rather
than a scatter plot results in a spike appearing on the plot. This is obviously a non
physical effect, and care must be taken in selecting suitable limits to minimise the
number o f such wraparounds, or in a more extreme case a period where the field angle
moves away from the Parker angle care was needed not to record them as pairs of
crossings, as could have been the case on day 212 o f Figure 3.5 if the upper limit on Ob
had been any lower. Because of this, all very short duration crossing pairs have been
recorded not separately but as a single entity.

3.2.2: Stream Interaction Regions and ICMEs
As was discussed previously in Section 1.5.1, the sector structure is not the only global
recurring signature observed in heliospheric field and plasma data. It has been shown
that within such interaction regions the magnetic field vectors are found to lie within a
set of parallel planes (Clack et al., 2000). Given how, especially at larger heliocentric
distances, it is common for the current sheet to be swept up by the interaction regions it
is useful to record for each event if it lies within the compression region of a CIR, or
within one day upstream o f it, since this might have an influence on the HCS
orientation. Also a note was made if an event was located within a rarefaction region,
since these regions have been shown to be associated with periods where the magnetic
field topology altered from aligned with the Parker spiral to being radial (Murphy et al.,

2002).
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A similar note was made for the relative position of any event to an ICME. For the
majority of the dataset, the locations of the ICMEs were obtained from the list published
by the SWOOPS instrument team at Los Alamos National Laboratory (LANL)
(http://swoops.lanl.gov/cme_list.html.) However this list does not carry on beyond the end of
2002: it was necessary to produce our own list of events for 2003.

The start and end times

for an ICME are defined in both lists as the period that encompasses all the separate
field and plasma signatures observed for the particular event, as distinguishable from
the ambient solar wind (see Section 1.5.2). For the 2003 list, candidate events were
identified by looking for signatures in the magnetic field data, before using bulk plasma
parameters and suprathermal heat flux data in order to reject events that were not
considered to be an ICME, and to refine the start and end times of events that were
ICMEs.

When we looked at the magnetic field data for the purpose o f identifying current sheet
crossings, crossings were found in close proximity to many listed ICMEs. In the case
that on either side of the ICME the magnetic field is of opposite polarity and there is a
clear rotation of the field angles in the centre, then it is likely that the ICME has
replaced the current sheet locally as described in Section 1.5.2.

However we have also found events where either side of the ICME the magnetic field is
of the same polarity, and we observe field signatures that look more like current sheet
crossings than field rotations. Such an event can be seen in Figure 3.6, which shows a
sector boundary observed by Ulysses at approximately 29°S and 4.8AU consisting of
multiple current sheet signatures spread over a seven day period within a complex
merged interaction region, where an ICME has been swept up by an expanding
interaction region.

The start and end times for the ICME are taken from the SWOOPS list described earlier
in this section, and are marked in Figure 3.6 by vertical dotted lines, with what appear to
be multiple current sheet signatures in the magnetic field azimuth angle both prior to
and during the ICME.

Such a signature could imply that Ulysses was tangentially

skimming the HCS and encountered an occlusion (see section 2.3.1) such as that shown
in Figure 2.9 but did not pass through into the opposite polarity sector. An alternative
scenario would be that Ulysses observes an overexpanding ICME (e.g. Gosling et al.,
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[1998]) close to the HCS that has locally distorted the topology of the boundary,
although this raises interesting questions with regard to the source of ICMEs being the
streamer belt in the corona.

1999 D ay 178 -

1999 D ay 192

Figure 3.6. A sample sector boundary crossing observed within a merged interaction region,
highlighting how an ICME could be mistaken for a pair of HCS crossings.

3.2.3: Initial Results of the Survey
As described above, we have attempted to log all current sheet crossings observed in the
Ulysses magnetic field data from the second solar orbit. For each crossing a start and
end day and time are recorded, along with the position as heliographic latitude,
longitude and radial distance from the Sun.

Also for each crossing the relative

proximity to any IRs and ICMEs are recorded by a simple number system. Using
Interaction Regions as an example, 1 signifies the event was within the compression
region of an IR, 2 signifies it is not inside the structure but within one day of it, 3
signifies the event is further away than that and 4 that the event was located within a
rarefaction region.
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In total 1191 events have been recorded for the period 1998-2003, which covers almost
all the second orbit, less the small section of the orbit in 2004 during which the
spacecraft descends from 2°N to the solar equator. This section was excluded due to the
intermittent coverage of Suprathermal Electron Heat Flux data (see Section 1.7.1 or 3.3
for more information) through this period as a result of power constraints at large
distances from the Sun as the power available to the spacecraft decreases with age.

Figure 3.7: Distribution of all magnetic events with range and latitude as observed by Ulysses
1998-2003.

Figure 3.7 shows the location of all the events plotted against range and latitude. As
can clearly be seen current sheet crossings were observed throughout the second
Ulysses orbit, up to the highest latitudes. Note that this plot covers the entire range of
events, including the very short duration crossings and all events within ICMEs and
interaction regions.

However events included within IRs and ICMEs could be distorting the distribution in
Figure 3.7. To analyse this, Figure 3.8 contains a set of four pie charts which break
down the types of events observed into the classifications described previously.

In

Figure 3.8(a) we see equal numbers of crossings from positive to negative polarity
magnetic field, and that almost a third of our recorded events have either been classified
as a rotation or as a very short duration pair of crossings.
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Figure 3.8: Pie charts showing the break down of the magnetic field events with proximity to IR
and ICME

Similarly Figures 3.8(b) and 3.8(c) show the distribution of the proximity of each event
to interaction regions and ICMEs respectively. From Figures 3.8(b) and 3.8(c) it can be
seen that a substantial number of events are either inside or within one day of an
interaction region, with a larger proportion of the events similarly located relative to
ICMEs. The majority of the events, however, are substantially separated from both
types of large solar wind structures when considered separately. However Figure 3.8(d)
shows that less than 50% of the events are completely free of the influence of both IRs
and ICMEs at the same time. Of the other events, we see that it is less likely that an
event is observed to coincide with only a IR or only a ICME than for it to be associated
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in some way with both, be it inside the compression region, within one day of it or
within a rarefaction.

Figure 3.9: Distribution of magnetic events with range and latitude as observed by Ulysses 19982003, excluding very short duration crossing pairs and those in/near ICMEs and IRs.

Using the results shown in Figure 3.8, Figure 3.9 shows the distribution of Figure 3.7
once all the very short duration pairs have been removed, along with any events that are
inside or in close proximity to IRs and ICMEs. Apart from having substantially fewer
events than Figure 3.6, we now see that there are now no recorded events at the highest
northern latitudes, consistent with the data and polarity distribution discussed in Section
3.1. However the clear presence of current sheet crossings at high southern latitudes
remains.
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3.3: Suprathermal Electron Heat Flux Survey
3.3.1: Introduction to the Data Set
In Section 2.4.2, we discussed how true magnetic polarity reversals can be differentiated
from folds as a 180° change in the relative angle between the magnetic field and the
suprathermal electron heat flux (SEHF) flow, otherwise known as the pitch angle.

The main data product we use to do this are the pitch angle distributions.

These

distributions, such as the example shown in Figure 3.10, show the suprathermal electron
velocity distribution f(v) as a function o f the pitch angle, for ten separate energy ranges
between 43-814eV. Each panel corresponds to about 12% of the total energy range, and
is made up of a series of temporal slices, with each vertical slice corresponding to a
single measurement of the 3-D distribution function, the colour map defining the
intensity of the heat flux at each pitch angle. It should be noted that the colour scale is
different for each subplot- the entire range from red to blue corresponds to the limits of
the values of f(v) as shown on the right hand edge of each panel. The suprathermal
electron heat flux is seen in this plot as the collimated beam seen between about 130180° pitch angle, meaning that the field and electron heat flux are anti parallel.

Before we move onto discuss how we identify magnetic field polarity reversals using
the SEHF data, some further features of this data need to be noted. Firstly the dark
vertical band seen in all subplots of this example is not a heliospheric feature, rather the
result o f light leak into the instrument [Ruth Skoug, Private Communication]. Also in
this example the distribution in the highest energy band appears completely different to
the lower energy bands below it and is considered to be random noise as a consequence
of the counts being particularly low. In periods of particularly low fluxes such as at
aphelion this can be seen in not just the highest energy band but also often in the next
two lower bands. At the lower end of the energy range it is possible that the break point
between the suprathermal and thermal distributions can rise in energy, especially near
perihelion, such that the lowest one or two panels are o f the thermal, rather than
suprathermal distribution.
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SWOOPS—e Pitch Angles, SW Frame, 26 Oct (day 300), 2000
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Figure 3.10: An example of a single day of Suprathermal Electron Heat Flux data for 26th October
2000. Each panel shows the electron velocity distribution f(v) as a function of pitch angle for a
given energy range, and hence the direction of the electrons carrying the suprathermal heat flux.
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The particular type of event we are interested in identifying in this dataset is the
magnetic polarity reversal, which occurs when the spacecraft moves from one magnetic
sector to the next. As described in Section 2.4.2 this corresponds to a reversal of the
pitch angle of the beam from 180° to 0° or vice versa. It was found to be difficult to
clearly identify these polarity reversals from the daily plots such as Figure 3.10 due to
the low time resolution of the data. However there is a second standard data product
provided by the SWOOPS team, consisting of ten day plots of a single energy band. In
Figure 3.11 an example ten day plot o f the pitch angle distribution is shown above plots
of the solar wind speed, magnetic field azimuth angle and magnetic field strength as
introduced in Section 3.2. Using the ten day plots a polarity reversal can be quickly
identified, with more accurate start and end times for the event then being obtained from
the corresponding one day plot. Care has to be taken in analysing this data as clean
sharp pitch angle reversals are uncommon, meaning that the identification of events is
subjective [Feuerstein e ta i, 2004].

The segment of data in Figure 3.11 shows a polarity reversal occurring near the
beginning of Day 239, which is close to the forward edge of a weak interaction region.
The heat flux beam can be clearly seen to reverse from a pitch angle o f 180° before the
event, to 0° after the event. However a number o f additional features in the plot suggest
other things happening which need to be discussed.

Firstly, before the polarity reversal there is a period of about a day upstream o f the
interaction region where there is both a faint counter-streaming beam and a flux
depletion observed at approximately 90° pitch angle.

Whilst this is a bidirectional

electron signature, unlike in an ICME (e.g. Gosling et al., [1987]) it is not caused by the
presence of closed magnetic field. In this instance both the counter streaming beam and
depletion at 90° pitch angle are the result o f electrons being reflected back upstream
from the forward shock [Gosling et al. 1993, 2001; Steinberg et al., 2005] A second
weaker bidirectional electron signature is observed from day 241 onwards behind the
interaction region, its reduced strength due to the fact that in this case the reverse wave
has not steepened into a shock and is hence less efficient at reflecting the electrons
[Steinberg et al., 2005; Skoug et al,, 2006].
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Figure 3.11: An example of a ten day plot of Suprathermal Electron Heat Flux data for 22nd-31st
August 2000. The top panel shows the electron velocity distribution f(v) as a function of pitch
angle for a single energy band, showing a crossing from a negative polarity sector to a positive
polarity sector on day 239. The three panels underneath show the solar wind speed, field azimuth
angle and field magnitude for the same period.

In this example it is relatively straightforward to accurately identify the location of the
polarity reversal, and hence obtain accurate values for the duration of the crossing.
However when the polarity reversal is close to much stronger interaction regions, it
becomes increasingly difficult to identify the exact location and duration of the event.
Such an example can be seen in Figure 3.12. This particular period has been chosen as
it allows us to compare a polarity reversal close to and away from a strong interaction
region. Near the left of the figure on day 41 a relatively clean reversal can be seen to
occur (marker A), with the beam pitch angle reversing from 0° to 180° over a period of
about an hour.

The second polarity reversal however presents greater difficulties.

Before marker B there is a clear beam at 180°, and after marker C the spacecraft has
encountered the new beam at 0°, albeit with a counter streaming signature due to the
reverse shock. The problem arises in identifying where exactly between markers B and
C that the polarity reversal actually occurs.
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Utysses/SWOOPS: 2001, days 39-48; 59°S @ 1.7 A.U.

Figure 3.12: Suprathermal electron heat flux pitch angle, solar wind velocity, field azimuth angle
and field strength plotted for 8th-17th February 2001.

The data segment shows two polarity

reversals, with the exact location of the second being masked in the pitch angle distribution as a
result of an IR swamping the energy channel.

Unfortunately the strong compression region associated with the interaction region has
created a region within which the suprathermal electrons are accelerated and scattered
and such that they are observed at all pitch angles in numbers sufficient to saturate the
energy channel. We have attempted to look at the single day plots in order to see if we
can resolve more accurately where the reversal occurs, but in general the best we can do
for such events in the survey is to give outer limits on the start and end times for the
event being those for the region of saturation.

A final example is one where the polarity reversal occurs during an ICME, forming an
occlusion of the HCS, shown in Figure 3.13. The ICME, as defined by the SWOOPS
instrument team at LANL (http://swoops.lanl.gov/cme_list.html.), is marked by the grey
bar seen during days 223-225, and the beam pitch angle reverses from 0° before the
ICME to 180° afterwards. As discussed in Section 3.2, the event would be recorded as a
polarity reversal, but as one that occurred within an ICME.
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Figure 3.13: Suprathermal electron heat flux pitch angle, solar wind velocity, field azimuth angle
and field strength plotted for 7th- 16th August 2000.

The grey band under the pitch angle

distribution marks the width of the ICME identified by the SWOOPS team. Vertical dotted lines
mark the extent of the ICME in the magnetic field and solar wind speed plots, showing how the
ICME has occluded the HCS.

3.3.2 Overview of the SEHF survey
Having introduced the suprathermal electron heat flux data above and discussed some of
the pitfalls in identifying events, we now move on to present an overview of the survey
of the data. As described in Section 3.2 for the magnetic survey, we have attempted to
identify the timings and position for each polarity reversal observed in the period 19982003, 231 events in total. Also each event has been classified using the same number
convention as for the magnetic events to indicate proximity to ICMEs, but instead of the
proximity to an IR the proximity to the associated saturation region is preferred. Whilst
for the magnetic field survey we were concerned as to whether events were clean
events, short duration pairs or rotations, the SEHF survey is classified by the strength
and clarity of the beams before and after the polarity reversal. Using the convention
described in Kahler et al., [2003], as well as the polarity of the beam, a note was made
as to whether the beam was sharply defined or diffuse, and also whether there was a
single beam or a counter-streaming signature. An example of the difference between a
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sharp and diffuse beam can be seen in Figure 3.11, where the negative polarity beam
during day 238 would be considered sharply defined, whereas the positive polarity
beam on day 243 would be considered diffuse.

Like Figure 3.7, Figure 3.14 shows the location of all the SEHF reversal events plotted
against range and spacecraft latitude.

Unlike in Figure 3.7 the gap at the highest

northern latitudes of the orbit is immediately clear, implying that perhaps the events
shown in that region of Figure 3.7 are transient current sheets caused by folds and kinks
in the magnetic field rather than true crossings of the HCS, as described in Section
2.4.2.

Figure 3.14: Distribution of all polarity reversal events with range and latitude as observed by
Ulysses 1998-2003.

Figure 3.15 shows a series of pie charts breaking down the events by their classification
in a similar way to that shown in Figure 3.8. In Figure 3.15(a), we see that the majority
of the events are reversals with sharp well defined beams before and after, with neither
side showing evidence of counter streaming electrons. Approximately equal numbers
of events are recorded for crossings from positive polarity sectors to negative as
negative polarity sectors to positive, which is also observed if a pie chart is produced
without any filtering of beam type. The rest of the events can be split up into two major
groups, being that with one (or both) of the beams being diffuse and hence less well
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defined, and another where the beams appear to be sharp but associated with the
reversal there is a bidirectional electron signature. The remainder of the events are
those for which a counter-streaming signature is observed and at least one beam is
diffuse.

Diffuse beam

From Negative Sector
sharp beam no BDE

c) Proximity to ICME

a) Types of crossings

»T

■n

fWOCf

b) Proximity to saturated flux

d) Proximity to any solar wind structure.

Figure 3.15: Pie charts showing the breakdown of the SEHF events with proximity to ICME and
Saturation of Channels (implying IR).

Figures 3.15(b) and 3.15(c) show the breakdown of events with proximity to saturation
region and ICME respectively. As for the magnetic events, the majority of the polarity
reversals are not in close proximity to ICME or saturated regions (and hence IRs) when
considered separately. When we combine these conditions as shown in Figure 3.15(d),
we find that as in Figure 3.8, only approximately a third of all events are substantially
separated from both IR and ICME.

116

Figure 3.16 shows the distribution of events with range and latitude only for events
where the beams before and after the crossing are sharp, with no BDE signatures and
are clearly separated from ICMEs and saturation regions. Comparing Figure 3.16 with
Figure 3.9 we see that unlike when the magnetic events were filtered, here filtering has
not changed the distribution, but simply reduced the number of events.
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Figure 3.16: Distribution of SEHF events with range and latitude as observed by Ulysses 19982003, for crossings with sharp beams, no counter-streaming signatures and excluding those events
in close proximity to ICME and saturation regions.

3.3.3 Comparing the locations of SEHF and Magnetic Events
In Section 2.4.2, we described how many magnetic field events could be a result of
folded magnetic field rather than HCS crossings, but that such folds can be identified by
the lack of a corresponding polarity reversal in the pitch angle distribution.

In order to investigate this, for each magnetic event the nearest SEHF event has been
identified and the time separation recorded. From this the number of current sheet
crossings associated with each magnetic polarity reversal has been identified and is
plotted as a function of spacecraft latitude in Figure 3.17.

It is clear that multiple

current sheet crossings are common at all latitudes during the second Ulysses orbit, with
Figures 3.17(a) and 3.17(c) showing a small population of polarity reversals both before
and after the fast latitude scan which had associated with them far more events than that
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seen in Figure 3.17(b) during the fast latitude scan. It should be remembered however
that the number of events recorded during the fast latitude scan is considerably lower
and hence this trend could be a result of the distribution being under-sampled.

In Figure 3.18, the number of days between each current sheet crossing and the nearest
magnetic polarity reversal is plotted as a function of latitude, with the orbit split into
before, during and after the fast latitude scan as in Figure 3.17.

Spacecraft Latitude

(a) Pre Fast Latitude Scan
Figure 3.17:

(b) Fast Latitude Scan

(c) Post Fast Latitude Scan

Plots showing the number of current sheet crossings associated with a given

magnetic polarity reversal, plotted as a function of spacecraft latitude for the second Ulysses orbit.

Spacecraft Latitude
(a) Pre Fast Latitude Scan

(b) Fast Latitude Scan

(c) Post Fast Latitude Scan

Figure 3.18: Plots showing the magnitude of the time separation in days between each magnetic
event and the closest SEHF event, plotted as a function of spacecraft latitude for the second
Ulysses orbit.

If we recall Figures 3.9 and 3.14, whilst there was a clear gap with no events at high
northern latitudes in the SEHF survey, current sheet crossings were recorded at such
latitudes. Figures 3.18(b) and 3.18(c) highlights this clearly, with the time difference
increasing markedly above 60°N. Another thing that is apparent is the number of events
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for which the time difference is of the order of days rather than hours - of the 1191
current sheet crossings recorded, 740 were observed a day or more away from a SEHF
polarity reversal. When these 740 events are removed, we arrive at the distribution
shown in Figure 3.19. As in Figure 3.18(b) there is a suggestion that below 30° latitude
the time separation is greatly reduced during the fast latitude scan: however the reduced
number of events during this period means that this could be a result of the distribution
being under sampled. Away from the fast latitude scan in Figures 3.19(a) and 3.19(c),
we note that below 60° latitude there is a slight bias towards time separations of under 1
hour, although large number of events are seen at all separations up to one day. Above
60°N for reasons described previously we see very few events, with the distribution
above 60°S suggesting either a reduced spread of time separations or that the
distribution is under-sampled.

Spacecraft Latitude
(a) Pre Fast Latitude Scan

(b) Fast Latitude Scan

(c) Post Fast Latitude Scan

Figure 3.19: Plots showing the magnitude of the time separation in days between a magnetic
event and the closest SEHF event, plotted as a function of spacecraft latitude for the second
Ulysses orbit. The horizontal dashed line shows a time separation of one hour.

3.4: Summary
After introducing the reader to the Ulysses data set for the second solar orbit, the data
surveys to identify HCS crossings in the magnetic field and SEHF datasets were
introduced in turn, including initial results. Whilst both surveys observed events at all
southern latitudes, the magnetic field survey continued to observe events above 60° in
the northern hemisphere. However it has been shown that these events are likely to be
folds rather than true HCS crossings.
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Chapter 4: The Heliospheric Current Sheet Topology at
Solar Maximum.
4.1: Introduction
In Section 2.5 we described how in lieu o f in situ observations at high latitude, the
global topology o f the HCS could be inferred by comparing low latitude observations of
the sector structure and HCS inclination with the source surface neutral line (SSNL).
Whilst the observations were consistent with a HCS that extended to the highest
latitudes at solar maximum, without high latitude verification of the SSNL it would not
be possible to use it to gain further insight into the HCS at solar maximum.

Here we investigate the topology of the HCS, and the evolution of the HCS topology
through comparing the observed polarity of the Ulysses magnetic field data with the
computed source surface maps produced by the Wilcox Solar Observatory introduced in
Section 2.2.3.

In order to better constrain the topology when Ulysses is at high latitudes, magnetic
field data from the ACE spacecraft has also been included in this study.

Since in

Section 2.4.2 it was shown how many magnetic field events corresponded to folds and
not true HCS crossings, we have also included the Ulysses SEHF events described in
Section 3.3.

Before the comparison can take place, data from both spacecraft must be mapped back
to the source surface and the mapped back time series associated with the appropriate
Carrington Rotations. One hour time averaged data has been used for each spacecraft
and is mapped back to the source surface as described in Section 2.2.4, with the radial
component of the solar wind speed for each data point used to estimate the appropriate
travel time.

The mapped back longitude is then smoothed to ensure that during

rarefaction regions, the time series o f mapped back longitudes cannot temporarily
change direction. This would imply a plasma parcel had left the sun before an earlier
parcel which would be unphysical. By comparing the times at which the mapped back
spacecraft trajectory crosses zero degrees longitude with the start times for the
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Carrington rotations it is then possible to associate sections of the spacecraft trajectories
with appropriate Carrington rotations.

Plots of the source surface in a Mercator projection for every Carrington rotation can be
found in Appendix A and will be used exclusively for the first half of this section. Later
on when examining high latitude data it will also be found useful to plot the data onto a
sphere. The spacecraft trajectories for the two spacecraft plotted onto the maps have
been colour coded to reflect the polarity of the observed magnetic field using the same
scheme shown in Figure 3.2.

Yellow denotes outward (positive) polarity magnetic

field, with blue showing inward (negative) polarity magnetic field.

Red indicates

magnetic field where 60<|<I>p-<I>b|<120. The SSNL is overlaid as a black curve and is
taken from the 2.5RS classical boundary condition model for the appropriate Carrington
rotation.

The reader should also recall that for the Mercator projection plots the

spacecraft moves from right to left.

4.2: Low Latitude Verification of the Two Spacecraft Technique.
The first thing we must establish is how well the model is able to recreate the observed
polarity distribution at low latitudes, where the model is thought to be the most reliable.
In using both spacecraft we will, by choosing Carrington Rotations from different times
when Ulysses was orbiting at low latitudes, also be able to check whether the two
spacecraft are in agreement with each other. This will be critical if we are to deduce the
HCS topology for periods when Ulysses is at high latitudes, since this is a region in
which the model is considered to be at its most uncertain, if not completely unreliable.

Figure 4.1 shows Carrington rotation 1933, which began 18 March 1998, during which
time Ulysses was at 5°S, near the start o f the second orbit. It is clear from comparing
Figures 4.1(b) and 4.1(c) that despite a difference in heliographic distance of over 4AU
both spacecraft show similar polarity distributions: however the agreement between the
two spacecraft and the SSNL shown in the upper plot is not as good.

Whilst the

magnetic polarity does change at ~30° and ~300-330°, consistent with where the SSNL
and the spacecraft trajectories intersect, there are two further reversals in magnetic
polarity at -170° and -250°, during which times the modelled SSNL is north o f the
spacecraft.
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It should be noted that Ulysses did observe a large ICME during this period and that
there was a lack of optical photospheric magnetic field measurements for the
corresponding longitude range. This might suggest that the assumptions described in
Section 2.2.3 in order to fill in the gaps between photospheric measurements before
producing the potential field model are invalid for this particular longitude range.

Longitude

Longitude

(b) Ulysses only

(c) ACE only

Figure 4.1: A source surface map for Carrington rotation 1933. The top plot (a) shows both
spacecraft trajectories colour coded by magnetic polarity, with the lower plots showing the Ulysses
(b) and ACE (c) trajectories separately.

The second example is taken from the middle of the second fast latitude scan. During
Carrington rotation 1975, which began 9 April 2001, Ulysses ascended from 16°S
through the equator to 4°N. As before, both spacecraft appear to show the same polarity
distribution, and one that is consistent with that predicted by the potential field models.
Recalling Figure 2.7, we see that the SSNL for this particular rotation is consistent with
a tilted, yet approximately planar HCS with maximum latitudinal extent of less than
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60°. A further point of interest is that the magnetic polarities north and south of the
SSNL have reversed between Figures 4.1 and 4.2, implying that at least according to the
WSO potential field model solar polarity reversal occurred between Carrington rotation
1933 and Carrington rotation 1975.

Longitude

Longitude

(b) Ulysses only

(c) ACE only

Fig 4.2 : A source surface map for Carrington rotation 1975.

The top plot (a) shows both

spacecraft trajectories colour coded by magnetic polarity, with the lower plots showing the Ulysses
(b) and ACE (c) trajectories separately.

The third and final example shown in Figure 4.3 is that of Carrington rotation 2009,
which began 23 October 2003, at which point Ulysses was at approximately 4°N at the
end of the second Ulysses orbit. Whilst the intersection between the SSNL and the
ACE trajectory is in good agreement, there is a 30° difference in longitude between the
magnetic field polarity reversals and those observed by Ulysses. One possible reason
for the difference is that zero longitude of the mapped back Ulysses trajectory occurs
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about nine days after the start of the Carrington rotation i.e. Ulysses is located at a
substantially different longitude from the Earth.

Longitude

Longitude

(b) Ulysses only

(c) ACE only

Fig 4.3: A source surface map for Carrington rotation 2009.

The top plot (a) shows both

spacecraft trajectories colour coded by magnetic polarity, with the lower plots showing the Ulysses
(b) and ACE (c) trajectories separately.

In such a circumstance this segment of Ulysses data could easily be associated with the
next Carrington rotation: however the neighbouring source surface maps for this
particular portion of the Ulysses orbit are very similar, suggesting that some other factor
is causing the difference. The highly complex solar wind near solar maximum could
plausibly have created conditions in which the assumptions made in mapping the data
back to the source surface are broken, leading to increased uncertainties in the mapped
back longitudes.

This effect could have been amplified for the example shown in
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Figure 4.3, partially given that Ulysses was close to aphelion but also since a large
ICME was observed during this period by Ulysses.

4.3: Deducing the Heliospheric Current Sheet Topology at High
Southern Latitudes
The three examples shown in the previous section demonstrate that in general at low
latitudes the modelled SSNL is consistent with the magnetic polarity distribution
observed by both spacecraft, and that even with the greater distance from the source
surface to Ulysses the polarity distribution observed at both spacecraft is remarkably
similar. We now continue by using similar plots in order to try and understand the
topology and evolution of the HCS through the second Ulysses orbit, including the high
latitude segments. First of all two example Carrington Rotations are introduced, with
which the benefit of using two spacecraft at differing latitudes in order to infer the HCS
topology can be seen.

In order to aid our analysis at higher latitudes, the position of the polarity reversals as
deduced from the SEHF data (see Section 3.3) have been mapped back to the source
surface and marked on the plots. In doing so it may be possible to identify regions
where flux tubes are folded back upon themselves in a more complex HCS structure,
such as that described in Section 2.4.2. The clear polarity reversals, i.e. those without a
counter-streaming electron signature and away from regions of saturation of the SEHF,
are marked on each plot as vertical and diagonal crosses, corresponding to reversals
from negative to positive polarity and from positive to negative polarity respectively.
As well as these, the locations of polarity reversals that do not show a counter-streaming
electron signature but the SEHF is saturated have also been marked, with this time a
filled square and circle replacing the vertical cross and diagonal cross respectively.

The first Carrington Rotation to be considered is Carrington rotation 1964, during which
Ulysses is at approximately 60°S, during its descent to an eventual maximum southern
latitude of 80.2°. Figure 4.4(a) shows the source surface for Carrington rotation 1964 in
Mercator projection, with Figures 4.4(b) and 4.4(c) showing a spherical source surface,
looking down onto the south pole and the north pole respectively. Looking initially at
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Figure 4.4(a), whilst the sector structure observed by ACE is consistent with the
prediction of a SSNL extending to approximately 75°S, at higher latitudes the width of
the negative polarity sector is underestimated by the SSNL, with the ratio of positive
polarity and negative polarity magnetic field observed being approximately the same.

(b) Southern hemisphere

(c) Northern hemisphere

Figure 4.4: Source surface map for Carrington rotation 1964 as viewed in (a) Mercator projection
(b) looking down on the south pole and (c) looking down on the north pole.

Figures 4.4(b) and 4.4(c) show the Carrington rotation 1964 plotted on a spherical
source surface, with the rotation starting on the right hand edge of the plot and moving
clockwise if looking down on the south pole as in Figure 4.4(b) or anti clockwise if
looking down on the north pole as in Figure 4.4(c). Looking at the magnetic polarity
distribution shown in Figure 4.4(b) for the southern hemisphere, instead of the black
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curve predicted by the SSNL, a simple straight line o f best fit would provide a better
estimation of the HCS topology.

Such a line would imply a HCS that was

approximately planar and vertical in the southern hemisphere at this point in the Ulysses
orbit over the latitude range of the spacecraft.

Note that in both this plot, and the

equivalent when looking down on the north pole shown in Figure 4.4(c), zero degrees
longitude is centre right and increases anticlockwise in the northern hemisphere and
clockwise in the southern hemisphere.

However the reduced width and longitudinal

shift of the negative polarity sector observed using the SEHF boundaries as marked on
the plots does suggest that the actual topology in the southern hemisphere lies
somewhere between the vertical HCS of the best fit line and the warped HCS predicted
by the SSNL. At the same time it is accepted that both the longitudinal shift and the
reduced width o f the sector could be a consequence of using the constant velocity
ballistic mapping technique.

Although the high latitude Ulysses observations enable a deeper understanding of the
HCS topology in the Southern hemisphere at this point in the spacecraft orbit, with only
one spacecraft at high latitudes no such data exists in order to simultaneously verify the
predicted SSNL topology in the Northern hemisphere. Whilst Figure 4.4(c) suggests a
similar topology in the northern hemisphere to that in the southern hemisphere, we are
no more qualified to comment on the validity of this topology than we were when only
low latitude data was available. Care has to be taken to treat the SSNL as no more than
a guide in order to infer a HCS topology consistent with the magnetic polarity
distributions observed by both Ulysses and ACE.

The approximately vertical HCS observed in the southern hemisphere during Carrington
rotation 1964 could be taken as a sign that this Carrington rotation is close to the solar
polarity reversal. As the HCS rotates beyond the vertical in later Carrington rotations,
we would then expect to see a positive polarity sector at the highest southern latitudes
and that the HCS is limited to lower latitudes. In Figure 4.5(a) however, we see that
this does not appear to be the case for Carrington rotation 1969, which corresponds to
the period during which Ulysses reaches the highest Southern latitudes.

Whilst the

SSNL suggests that polarity reversal has occurred and that Ulysses should observe only
new, positive polarity magnetic field, the spacecraft observations show the exact
opposite.
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Latitude
Latitude

(b) Carrington rotation 1968 SSNL and ACE observations.
Figure 4.5: Source surface map for the final solar rotation observed by Ulysses as the spacecraft
approached its highest southern solar latitude. The data is plotted with the SSNL and ACE data
for both (a) Carrington rotation 1969 and (b) Carrington rotation 1968

128

Although Ulysses appears to be polewards o f the HCS for the majority of the
Carrington rotation, predominantly old cycle, negative polarity magnetic field is
observed. Also, multiple SEHF events are observed near both the start and end of the
Carrington rotation, suggesting that the Ulysses trajectory grazes the HCS over a
longitude range where the potential field models predicted the SSNL to be at high
northern latitudes.

The possibility of such a difference between the predicted SSNL and the spacecraft
observations was suggested in Section 2.2.1. It was shown that as a result of the large
line of sight errors in estimating the photospheric magnetic field, the errors in the
computed high latitude coronal field are increased. However this does not explain the
differences between the sector structure observed by ACE and that predicted by the
SSNL.

Before this discrepancy is discussed it should be noted that Ulysses crossed zero
degrees longitude 13 days before start of the Carrington rotation and hence is on the far
side o f the sun from the Earth. Recognising this, Figure 4.5(b) shows the same segment
of Ulysses data shown along with the ACE observations and SSNL for Carrington
rotation 1968, in order to ensure that the discrepancies are not simply due to assigning
the data segment to the wrong Carrington rotation. Looking first at the SSNL we see
that there are two southward bulges predicted by the model centred on 45° and 330°
longitude. This corresponds to the longitudes in Figure 4.5(a) for which the difference
between the ACE observations and the SSNL were observed, suggesting that the HCS
topology at low latitudes for Carrington rotations 1968 and 1969 is essentially the same,
unlike like that suggested by the model.

Irrespective o f which Carrington rotation this segment of Ulysses data is compared
with, we find the same problem remains: the predicted polarity of the magnetic field at
high southern latitudes is opposite to that observed by Ulysses. Wang et al. [2002]
suggested that this difference could be a result o f the magnetic field strength at high
southern latitudes being underestimated due to the pole being tilted away from the
Earth.
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Latitude

Longitude
Figure 4.6: A source surface map for Carrington rotation 1969, with modified photospheric field
and radial inner boundary condition. (From Wang e t a l , [2002])

x (Rs)
Figure 4.7: A source surface map showing the SSNL and ACE observations for CR1969, with the
Ulysses observations from the final solar rotation at the highest southern latitudes overlaid. The
source surface is viewed looking down upon the south pole.
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Figure 4.6 shows a source surface magnetic field map for Carrington rotation 1969
constructed by Wang et al. [2002] using their 2.5RS PFSS model with radial inner
boundary condition and the southern polar photospheric magnetic field increased by a
factor of three. Within this plot the SSNL can be identified as the contour separating
the dark grey (negative polarity) from the light grey (positive polarity) regions, with
white and black regions designating strong positive and negative polarity field
respectively.

Unlike the prediction of the previous models, the modified model shown in Figure 4.6
predicts negative polarity field at high latitudes in both hemispheres, which
comparisons between Figures 4.5 and 4.6 show is consistent with that observed at both
spacecraft. Comparing the predicted location of the SSNL with the Ulysses trajectory
also suggests that the spacecraft skims along the HCS.

This skimming trajectory

appears to reveal a complex local structure similar to that shown in Figure 2.13, with
multiple short periods of positive magnetic field over an extended range o f longitudes.
Most of these magnetic field events are believed to be folds rather than HCS crossings,
although the SEHF events do suggest that Ulysses crossed into the positive polarity
sector for a small range o f longitudes.

In order to get a better understanding of this topology, Figure 4.7 shows the spacecraft
data and SSNL for Carrington rotation 1969 plotted on a spherical surface, the same
data that was initially presented in a Mercator projection in Figure 4.5(a). Bearing in
mind the alternative SSNL suggested in Figure 4.6, the HCS must be non planar and
extend over the southern pole as described in Section 3.1, consistent with the
description by Balogh & Smith [2001] that the HCS was ‘kinked or folded’. If Figure
4.6 is to be believed, then the HCS has a similar topology at high northern latitudes
extending over the pole.

It is o f course possible that the predicted magnetic field

polarity at high northern latitudes could also disagree with in situ observations, however
no such measurements are available to ratify the model. If the predicted SSNL shown
in Figure 4.6 is assumed to be correct, MHD models have suggested that such a
topology when mapped out into the heliosphere would result in topology more akin to a
conch shell than a ballerina skirt [Riley et al., 2002].
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4.4:

The

Heliospheric

Current

Sheet

in

the

Southern

Hemisphere before the Fast Latitude Scan.

Now that we have shown the ability of the technique to gain an insight into the HCS
topology at high latitudes, first o f all we consider the series of Carrington rotations prior
to the second Ulysses fast latitude scan in order to investigate the evolution of the HCS
as Ulysses moved to higher southern latitudes. This will be followed in Section 4.5
with a similar study for the fast latitude scan, before finally looking at the Carrington
rotations after the fast latitude scan as Ulysses descends down from high northern
latitudes in Section 4.6.

We begin with the period encompassing Carrington rotations 1933-1949, corresponding
to 18 February 1998 - 28 May 1999. During this period Ulysses is moving steadily
southwards and reaches a maximum latitude of approximately 30°S. At the same time
the maximum latitudinal extent of the SSNL is observed to increase, with a maximum
value of approximately 60°. An example rotation from this period can be seen in Figure
4.8, which shows data taken from CR1943 beginning on 18 November 1998. We note
that the magnetic field observed by both spacecraft shows a four sector structure
consistent with the predicted SSNL, and that in the case of Ulysses there is a strong
correlation between the SEHF events and the magnetic polarity reversals. Whilst the
largest difference in longitude between the magnetic polarity reversal observed by
Ulysses and that predicted by the SSNL corresponds to a SEHF event that is obscured
by the channels being saturated, it should also be noted that the photospheric magnetic
field for this longitude range had to be estimated on account of a lack of observations.
Also, with the latitudinal separation o f the spacecraft less than 30° at this point in the
Ulysses orbit it is not possible to confirm the predicted latitudinal extent o f the HCS at
this time.

As in the previous sections, Figure 4.8(a) is replotted as a spherical surface in Figures
4.8(b) and 4.8(c) in order to try to gain a further insight into the HCS topology. Rather
than the almost planar HCS shown in Figure 2.7, the SSNL for this Carrington rotation
looks like the seam on a tennis ball: the HCS is substantially warped.
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(a) Mercator projection

x(Rs)

x(Rs)

(b) Southern Hemisphere
Figure 4.8:

(c) Northern Hemisphere

A source surface map for Carrington rotation 1943 viewed (a) as a Mercator

projection, and also as a spherical surface viewed (b) looking down on the south pole and (c)
looking down on the north pole.

If we recall the topology described previously to explain Carrington rotation 1969
where a folded HCS extends over both poles, we note that the spacecraft observations in
this rotation could be explained by a similar topology, albeit one rotated through 90°.
Looking at other rotations in this short sequence we note that the negative polarity
sector centred on 300° in Figure 4.8(a) is not always apparent in the ACE observations.
This would suggest that either the HCS topology is changing, or that the topology
remains constant but the entire structure is rotating.
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Figure 4.9: Mercator projection of a source surface map for CR 1954.

Moving onwards, the next section of the orbit to be discussed covers Carrington
rotations 1950-1959, corresponding to 28 May 1999 - 25 February 2000. As described
in Section 3.1, during this period the polar coronal holes disappear and smaller,
transient coronal holes are observed at low latitudes. Looking at the source surface
maps for this period we note that the dominant magnetic field polarity predicted at high
latitudes in each hemisphere reverses between Carrington rotation 1950 and 1959.
Whilst we have already shown in Section 4.3 that spacecraft observations suggest that
the model may not be accurate at high latitudes, the suggestion that polarity reversal
could have occurred during this period should be explored further.

Figure 4.9 shows a Mercator projection of the source surface map for Carrington
rotation 1954, which began on 14 September 1999.

Unlike the previous series of

Carrington rotations, the increasing difference in latitude between the spacecraft means
that it is again possible to make deductions regarding the topology of the HCS on the
source surface without having to rely so heavily on the SSNL for guidance.

Like the previous section of the Ulysses orbit, both spacecraft have observed a four
sector structure, with good agreement between magnetic and SEHF observations for
Ulysses, and between both spacecraft and the model.

A fourth SEHF event was

observed for this period, however the presence of a counter streaming electron signature
means that it has been omitted. The reduced width of negative polarity sectors observed
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by ACE compared with Ulysses observed suggest a single, warped HCS similar to that
described for the previous series of Carrington rotations, albeit rotated to take into
account the longitude shift of the negative sector in this series. Whilst in the previous
series the SSNL was found to have a maximum latitudinal extent of approximately 60°,
the SSNL in Figure 4.9 predicts that negative polarity magnetic field is observed at both
poles.

Such a topology was introduced to describe the spacecraft observations in Section 4.3,
however unlike this example the SSNL suggested that smaller negative polarity sector
observed by ACE in Figure 4.5 was due the HCS extending down from the north pole.
With the spacecraft observations in Figure 4.9 suggesting that the HCS extends down
from the south pole instead, we postulate that the difference between the HCS topology
of Carrington rotations 1954 and 1968/1969 is an increasing tilt between the rotational
and magnetic axes. As implied in Section 4.3, this concept of a non planar HCS whose
tilt angle increases as Ulysses moves to higher southern latitudes also holds for
Carrington rotation 1943.

At this point, we break away from the systematic study in order to consider Carrington
rotation 1955 as a specific case study in light o f our analysis. This rotation, which
began on 11 October 1999, was discussed by Balogh et al. (2001) and is shown in
Figure 4.10(a).

Unlike the previous rotations we have discussed where negative

polarity magnetic field was observed over a single longitude range at low latitudes, here
the SSNL predicts that the negative polarity sector forms a vertical band encircling the
Sun, and hence multiple vertical current sheets.

It should be noted that as for

Carrington rotations 1968 and 1969 Ulysses is behind the sun at the start o f the
Carrington rotation. For the sake o f continuity between Balogh et al. (2001) and our
own study we will compare Carrington rotation 1955 and not 1954 with the Ulysses
data.

Looking at the spacecraft observations, two magnetic polarity reversals are observed by
Ulysses in general agreement with the longitudes of the SEHF events, as well as four
magnetic polarity reversals observed by ACE. Whilst there is a suggestion o f a small
positive sector centred on 150° longitude in the Ulysses magnetic field data, it is
considerably smaller than that predicted by the SSNL and no clear SEHF events were
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recorded.

This suggests, in agreement with Balogh et al. [2001] that the Ulysses

trajectory skimmed the HCS but did not cross the sector boundary.

Longitude

(a) Mercator projection

x (Rs)

x (Rs)

(b) Southern Hemisphere

(c) Northern Hemisphere

Figure 4.10: Source surface map for CR 1955, viewed (a) as a Mercator projection, and also as a
spherical surface viewed (b) looking down on the south pole and (c) looking down on the north
pole.
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Returning to the problem of whether the sector structure is a result o f a single boundary
or multiple current sheets, without spacecraft observations above 60° latitude in either
hemisphere we cannot determine whether as predicted only negative polarity magnetic
field is present. Hence we are unable to show one way or the other whether there are
more than one distinct HCS during this portion of the Ulysses orbit, but at the same time
we cannot disprove the hypothesis.

If this rotation is replotted on a spherical surface however, then looking down on the
north pole in Figure 4.10(c) we note that only a small change is necessary for the SSNL
ascending from low latitudes in each quarter to connect horizontally rather than
vertically. This modified SSNL would be a single contour similar to that of Figure 4.9,
suggesting that the extension of the HCS over the southern pole centred on 270°
longitude is retreating polewards, reducing the width of the sector observed by ACE.
This trend continues through the next few rotations, although the sector structure is also
observed to shift in longitude.

In order to bring to a close our description of the evolution of the Ulysses topology
during the ascent towards the southern solar pole, Figure 4.11 shows Carrington
rotations 1959 and 1960.

Looking first at Carrington rotation 1959, the ACE observations show the reduced
width o f the negative polarity sector centred on 90°, with the four sector structure
observed by Ulysses suggesting that as the extension retreats polewards its width is also
decreasing.

Interestingly the SSNL does predict the HCS retreating back to polar

regions for that longitude range but to the north pole, a discrepancy that could possibly
be caused by the same error in the model at high southern latitudes described in Section
4.3. The next Carrington rotation also shows this progression, with the HCS extension
having receded such that no clear magnetic sector is observed at ACE centred on 90°
and the sector observed at Ulysses is greatly reduced in width.

Finally Carrington

rotation 1964 would then show the case where the extension has retreated polewards of
both spacecraft.
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(b) Carrington rotation 1960
Figure 4.11: Source surface maps in Mercator projection for (a) Carrington rotation 1959 and (b)
Carrington rotation 1960.

In summary, by comparing spacecraft observations over a range of latitudes in the
southern hemisphere with the predicted SSNL for Carrington rotations 1933-1969, it
was possible to confirm that the HCS was not only highly tilted, but was also
substantially non-planar. Furthermore it was shown that the evolution of the contour
that the HCS makes upon the source surface for this period is predominately due to the
rotation in latitude of a folded HCS whose topology at least qualitatively is unchanged.
Finally, in light of our analysis Carrington rotation 1955 was considered as a specific
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case study. Whilst we were unable to unequivocally state whether there was more than
one distinct HCS during this rotation (Balogh et al. [2001]), it was possible to show
how the spacecraft observations were consistent with our description of the evolution of
the HCS.

4.5: The Heliospheric Current Sheet Topology during the Fast
Latitude Scan.
Having inferred the evolution of the HCS all the way up to the highest latitudes, we now
look at the fast latitude scan, covering Carrington rotations 1970 to 1981. The relatively
rapid motion of Ulysses at perihelion means that the fast latitude scan provides as near
to a snapshot of the full latitudinal magnetic polarity distribution as we could possibly
obtain during this phase of the solar activity cycle.

Looking at this series of Carrington rotations in Appendix A, we find that in general the
predicted SSNL topology changes little throughout the fast latitude scan: any variations
in the sector structure observed by the spacecraft would therefore be a result of
encountering the HCS over a range of latitudes. As always however, care must be taken
to ensure that the SSNL is used only as a guide in order to aid in the interpretation of the
spacecraft observations.

This can be seen in Figure 4.12(a), which shows a Mercator projection of the SSNL and
spacecraft observations for CR1973, at which point Ulysses was at mid southern
latitudes. As seen prior to the fast latitude scan the negative polarity sector is observed
to be wider than that observed at ACE, suggesting that the HCS still extends to far
higher southern latitudes than that suggested by the SSNL. In general the predicted
sector structure is reflected in the spacecraft observations, with the width of the positive
polarity sector steadily decreasing as Ulysses moves to higher northern latitudes. What
is also apparent is that the positive polarity sector appears to shift in longitude
throughout the fast latitude scan, such that it is encountered by Ulysses progressively
later in successive Carrington rotations.

This can be seen clearly if the source surface map for Carrington rotation 1973 in Figure
4.12(a) is compared with one from high northern latitudes such as that in Figure 4.12(b)
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for CR 1978. Whilst the SSNL for CR 1973 suggested that the HCS was almost planar
in the northern hemisphere, both the spacecraft observations and the SSNL for CR1978
appear consistent with a HCS that is predominantly planar in the northern hemisphere,
but is locally kinked over a small longitude range centred on 240°.

(b) Carrington rotation 1978.
Figure 4.12: Source surface maps in Mercator projection for (a) Carrington rotation 1973 and (b)
Carrington rotation 1978.

In summary, the HCS topology for the fast latitude scan appears to be relatively stable.
Whilst spacecraft observations in the first half of the fast latitude scan suggest that the
HCS still extends to the highest southern latitudes, in the northern hemisphere the
latitudinal extent is reduced, as evidenced by the reducing width of the negative polarity
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sector with increasing latitude and only negative polarity magnetic field being observed
above 60° latitude. The varying latitudinal extent of the HCS in opposite hemispheres
suggests that globally the HCS is folded, but that apart from a small range of longitudes
can be thought of locally as essentially planar.

4.6: The Heliospheric Current Sheet Topology after the Fast
Latitude Scan in the Northern Hemisphere
The evolution of the HCS as Ulysses moves to lower northern latitudes can be split into
three distinct sections. Firstly, during Carrington rotations 1980 and 1983 Ulysses is
polewards of the HCS and apart from setting an upper limit for the latitudinal extent of
the HCS, it is unable to shed any light on the HCS topology at this time.

ACE

observations for this period suggest that the sector structure has continued to rotate in
longitude, with a large negative polarity sector observed over the same longitude range
for which a positive polarity sector was observed during the fast latitude scan.

Figure 4.13: Source surface map in Mercator projection for Carrington rotation 1984.

The second section starts with Carrington rotation 1984, which began on December
10th 2001 and marks the first rotation for which Ulysses observed positive polarity
magnetic field after the fast latitude scan. Figure 4.13 shows the source surface map for
this rotation in Mercator projection.

Although there is a longitudinal separation

between the spacecraft observations and the SSNL, the Ulysses observations appear to
correlate with the observed extension of the SSNL.
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1984

Figure 4.14:

WSO Source surface map in Mercator projection for Carrington rotation

1984.Unlike the map shown in Figure 4.13, other contours than the SSNL are included. [Source:
WSO]
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Figure 4.15: EIT synoptic map of the EUV corona for Carrington rotation 1984, using the Fe XV
(284A) emission line. [Source: http://quake.stanford.edu/~elena/EIT/]

However if we view the full source surface map including non zero magnetic field
strength, it appears that rather than a polewards extension of the HCS in the northern
hemisphere, the distortion of the SSNL is actually in the southern hemisphere. This
source surface map can be seen in Figure 4.14, with non-zero contours of magnetic field
strength suggesting the presence of a structure, centred on 220° longitude and 30°S
which has distorted the HCS topology from that seen in the fast latitude scan. Looking
Figure 4.15, which shows a synoptic map EIT Fe XV observations of the EUV corona
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for Carrington rotation 1984 shows this location corresponds to low latitude coronal
hole, as evidenced by the reduced emission.

The final series of rotations as Ulysses approaches the end of the second orbit cover the
Carrington rotation 1993 through to Carrington rotation 2009. Figure 4.16 shows a
source surface map for Carrington rotation 1995. Whilst the SEHF events suggest that
Ulysses was in a negative polarity sector for most of the Carrington rotation, the
magnetic field suggests the presence of a short positive polarity sector centred on 150°
longitude.

This discrepancy, coupled with the location of the SSNL suggests a

trajectory for Ulysses skimming the HCS.

This topology is observed up until

Carrington rotation 1998, after which point both spacecraft observed a simple two
sector structure at the same longitudes. Whilst this might suggest that the HCS still has
a considerable latitudinal extent, both spacecraft are at too low latitudes to determine the
HCS topology.

Figure 4.16: Source surface map in Mercator projection for Carrington rotation 1994.
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4.7: Summary
By combining the magnetic polarity distributions observed by Ulysses and ACE it has
been possible, using the predicted SSNL topology as a guide, to infer both the HCS
topology and its evolution throughout the second Ulysses orbit. To our knowledge, this
is the first time that such a combination of both low latitude and high latitude
observations with coronal models has been used in this way. In particular, including the
low latitude observations has enabled features to be identified that would not have
become apparent with single spacecraft observations.

It has been shown using single Carrington rotations as case studies that the HCS is
highly tilted at solar maximum, and that the HCS during this period is substantially nonplanar, consistent with previous studies (Smith et al., [2001]). In addition to using the
magnetic field observations, magnetic polarity reversals identified in our survey of the
Ulysses SEHF dataset were used in order to differentiate between folds and ‘true’ HCS
crossings and hence aid the analysis. Using these observations we were able to identify
several examples over a range of latitudes where the Ulysses trajectory skimmed the
HCS and in doing so revealed a highly complex local HCS structure.

By comparing the deduced topology over sequences of Carrington rotations, we were
able to provide a description for the evolution of the HCS topology throughout the
second Ulysses orbit.

Whilst the non-planarity of the HCS during this period had

previously been discussed in the literature for specific examples at high southern
latitudes (Wang et al., [2002]), we were able to demonstrate that the magnetic polarity
distribution throughout the second Ulysses orbit could be described by slowly rotating
such a non-planar HCS in both latitude and longitude.

As part of this analysis we

revisited a case study by Balogh et al. [2001] in which it had been suggested that
multiple distinct HCS could have been present during Carrington rotation 1955. With
our description of the HCS evolution we were able to present a scenario in which the
observations could be explained using a single HCS: however without in situ
observations above 60° latitude for the particular rotation we were unable to
unequivocally prove, or disprove the hypothesis.

144

Chapter 5: Investigating the HCS using MVA
5.1: Introduction
In the previous chapter we combined the observed magnetic field polarity distributions,
SEHF events and source surface maps in order to try to deduce the HCS topology
through solar maximum. It was found that for the majority of the Ulysses second orbit
the HCS was highly tilted and that at high latitudes it was common to find the
spacecraft trajectory tangential to the HCS.

In this chapter we will introduce and explore a second technique for investigating the
topology of the HCS. Given the topology deduced in Chapter 4, if the angle between
the vector normal to the HCS and the heliographic equator is plotted as a function of
heliographic latitude there should be a clear trend, with a dominance of lower
inclination angles of the normal vector when Ulysses is at low latitudes and of larger
inclination angles when Ulysses is at higher latitudes. This idea is illustrated in Figure
5.1, where a selection of normal vectors has been added to a radial cross section through
a very simple highly tilted HCS. This shows why we might expect to see a greater
range of inclination angles near the maximum latitudinal extent o f the HCS.

Figure 5.1: A radial cross section through a tilted HCS, on which the vector normal has been
shown at a selection of latitudes.

As reported in Chapter 3, 1191 magnetic field events were recorded during the survey
of magnetic field data taken during the second Ulysses orbit, each corresponding to the
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crossing of a current sheet. For each event minimum variance analysis has been used in
order to estimate the direction normal to the HCS at the location of the crossing. In
studying the distribution of the orientations of the direction normal to the HCS we hope
to gain a further insight into both the topology of the HCS and also the local structure.

In the next section we first introduce the minimum variance analysis technique, before
going on to present the results of the analysis.

5.2: Minimum Variance Analysis
A full mathematical treatment o f the minimum variance technique can be found in
Sonnerup & Schieble [1998]. In the following section we highlight the key principles.

5.2.1: Basic Derivation
Whilst originally applied to magnetic field data to obtain the direction normal to the
magnetopause [Sonnerup & Cahill, 1967], minimum variance analysis (MVA) can be
used to estimate the direction normal to any current layer that is not believed to be a
simple ID boundary. This is achieved by identifying a direction in space,n, such that
the variance o f a set of magnetic field vectors containing the boundary B(m) (where
m = l,2,3...,M .l,M ) is minimised in that direction. Mathematically this variance can be
expressed as

5.1
Where ( b ) is the average magnetic field vector, defined as
(m )

5.2

In order to minimise equation 5.1 using a Lagrange multiplier we require a further
constraint, which in this case is that
|n| 2

5.3

= 1

The minimisation o f 5.1 using this constraint results in the following three equations
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— (o’2 -/lln l2 -l) )= 0
dnx

^ - ( a 2 -/ljn |2 -l))= 0

5.4

■^-(cr2 -/l(jn|2 —1))= 0
where X is the Lagrange multiplier.

Looking solely at the x derivative in equation 5.4 we find

.d a 2
= > -— = 2 Anx
dnr

5.5

which on substituting for a 2 leads to

1_ M
£ (B(m) •n - (B) •ii)(B<m>- (B, ))=
M m=l
‘

5.6

X [s ^m) (®<m>' ”)“ Bxm) ((B) •n ) - (Bx)(B(m> •n)+ (Bx)((B) •n)= Anx]

5.7

m=1

If we expand equation 5.7 we find that it simplifies to

fax = Y j{BvBx)nv ~(By)(Bx)nv

5.8

V=1

where v =1,2,3 corresponds to the components of B and n along the x, y and z axes
respectively.

Similar equations to 5.8 can be produced when the y and z derivatives in equation 4.4
are considered, meaning that equation 5.8 can be further generalised to
3

fa M

5.9
V —l

where ju =1,2,3 also corresponds to components of n and B along the x, y, and z axes
respectively.

Recalling the definition of covariance, in this case the covariance of the components of
the magnetic field, we find that the equation 5.9 can be written as a simple eigenvalue
problem,
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5.10
v=\

where M^v is the covariance of the magnetic field components BM and Bv and is an
element of the 3x3 magnetic covariance matrix MB. This covariance matrix has three
separate eigenvalues, Xi, fa, fa, each with a corresponding eigenvector xi, X2 , X3 . As a
consequence of the magnetic covariance matrix being symmetric, it follows that all the
eigenvalues are real and the eigenvectors orthogonal.

If instead of using an arbitrary Cartesian coordinate system we instead use a coordinate
system in which the three eigenvectors are the orthogonal axes, we find that the
covariance matrix is now diagonalised, with the non zero terms corresponding to the
three eigenvalues,

such that

A, = m ! =( B, B, ) - { B i)(Bi}

5.11
5.12

=>A: =<7,2

5.13

i.e. the three eigenvalues each correspond to the variance of the set of magnetic field
vectors in the direction of each eigenvector.

As such the eigenvectors represent the

directions of minimum, intermediate and maximum variance for the set o f vectors, with
the naming convention being that X3 denotes the minimum variance direction and xi the
maximum [Sonnerup & Cahill, 1967].

5.2.2: The variance ellipsoid and eigenvalue ratios.
If we perform a transformation such that one of the axes of the coordinate system
corresponds to an arbitrary unit vector k rather than the unit normal vector n , the
variance of the magnetic field component parallel to the unit vector k can be written in
terms of the original magnetic covariance matrix, M B, as

a 2 = k TM Bk = ^ k MM^vkv

5.14

M.v

where k Tis the transpose of the unit vector k

If we then transform 5.14 into the coordinate system for which the three eigenvectors
correspond to the orthogonal axes we find it simplifies further to
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a 2 = A,fc,2 + X2k2 + ^

5.15

^ 3

Where kt = k x, is the component of the vector k along the direction of the ith
eigenvector.
If we combine this with the condition that |k| 2

= 1

we arrive at the following relationship
5.16

Equation 5.16 is that of an ellipsoid, and is shown in Figure 5.2. This variance ellipsoid
is centred on the origin, with the principle axes having half lengths ■
y]Xi parallel to the
three orthogonal eigenvectors j c Note that the ellipsoid is tilted relative to the X, Y, Z
axes, which correspond to the orthogonal coordinate system of the original field data.

z
X2

Y

F igu re 5.2: The Variance Ellipsoid, shown relative to the particular X , Y , Z coordinate system o f
the magnetic field vectors (e.g. RTN). (From Sonnerup & Schieble [1998])

It is clear from looking at Figure 5.2, that the specific shape o f the variance ellipsoid
depends on the relevant magnitudes of the three eigenvalues. In order for the direction
of the minimum variance of the magnetic field to be well defined, and hence the
direction of the normal to the current layer, there needs to be a substantial difference
between the minimum and intermediate eigenvalues i.e. the variance ellipsoid must
have three well defined axes.

If the eigenvalues are o f similar size, then a small change in their magnitude could lead
to a change in the orientation of the variance ellipsoid and hence the intermediate and
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minimum variance directions swapping, introducing a 90° error in the direction of the
normal vector.

Whilst the same can be said for the directions of intermediate and

maximum variance, these are not of such critical importance for the determination of the
normal vector.

As a result of this the ratio of the intermediate and minimum eigenvectors has been
commonly used as an indicator of how reliable a particular estimate of the normal
vector is. Whilst early studies often used a threshold of 2 for this ratio (e.g. Sonnerup &
Cahill, [1967]), it is now accepted that such a value is too low and higher values should
be chosen. More recent studies have shown that a ratio of at least five is necessary for
the minimum variance direction to routinely agree with the direction produced using
multiple spacecraft techniques [e.g. Eastwood et al., 2005]. Furthermore, Sonnerup &
Schiebel [1998] suggested that if a small number (less than 50) of data points is used to
produce the covariance matrix a ratio of at least

1 0

should be used as a cut off.

5.2.3: Estimating the uncertainty in the normal direction.
Whilst using eigenvalue ratios is a good way to identify how well the normal vector
direction is estimated by the minimum variance technique, a high eigenvalue ratio does
not necessarily imply that there is a low uncertainty in the calculated normal direction.
Both systematic errors, linked to the temporal width o f the window over which the
covariance o f the set of magnetic field vectors are taken, and statistical errors linked to
the noise inherent within the data must also be taken into account.

Sonnerup &

Schieble [1998] reviewed the various approaches that have been commonly used to
estimate the statistical error and recommended two main techniques.

The first is a computational technique known as the bootstrap method. In this technique
the set of M magnetic field vectors described in Section 5.2.1 is used to produce
multiple sets of M vectors, produced by selecting vectors at random from the set with
replacement.

Minimum variance analysis is then performed for each set of vectors,

before the average normal direction and an estimate for the error are calculated. The
second technique is an analytical method [Sonnerup & Schieble 1998] which estimates
the error in the normal direction by investigating the effect o f a perturbation due to the
noise around an initial noise free state.

This analysis results in an equation which
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estimates the angular error in the direction of the normal to the current layer relative to
the other eigenvectors.
5.17
where M is the number of magnetic field vectors used in the analysis.

It follows from equation 5.17 that for a poorly defined variance ellipsoid the uncertainty
in the direction of the minimum variance eigenvector is increased. Also the uncertainty
in the direction of the minimum variance eigenvector varies with the number of field
vectors, M in the sample as |a O(>|°cA/- 1/2, hence the accuracy of the obtained normal
direction improves with increasing M, as expected.

Whilst the above simple analytical method exists to estimate the statistical errors, in
order to estimate the effect o f systematic errors on the determination of the minimum
variance direction a computational technique must be employed. Although equation
5.17 shows that statistical accuracy improves by increasing the number of magnetic
field vectors in the sample used in the minimum variance analysis, it does not follow
necessarily that simply increasing the temporal width of a sample window will result in
a reduction in the uncertainty of the analysis.

The presence of structures close to the current layer with differing orientations could
increase the uncertainty of the determined normal direction if the temporal width of the
window is too large. A technique known as stationarity analysis [Sonnerup & Schieble,
1998] can be used to quantify this uncertainty by performing minimum variance
analysis on a nested set o f windows centred on an observed current sheet crossing.

5.3: Determining the Vector Normal to the HCS using MV A
Using the minimum variance analysis technique described above an attempt was made
to obtain an estimate for the normal direction to the current sheet for each event, using
the same one minute average magnetic field data described in Section 3.2.1. Of the
1191 events identified in the magnetic field data, initially 419 events were rejected on
the grounds that they appeared to be rotations and/or close to ICMEs.
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For the remaining events, minimum variance analysis was performed several times for
varying temporal window sizes centred on the observed crossing, until a normal vector
was found that was consistent across several analyses. This led to a further 376 events
being rejected. These included those classified as short duration crossing pairs and also
other events for which it was not possible to obtain a stationary orientation for the
normal vector.

It is accepted that this is not the same as formally ascertaining that the solution is
stationary by using a nested set of windows centred on the observed crossing: however
it was felt that repeating the analysis several times for each event with several different
window sizes was an acceptable trade off between formally ensuring stationarity and
being able to analyse such a large number of events in a reasonable timeframe.

Decimal Day

0n

=1.54°

— = 42.04

<pn

= 12.08“

|A 0 23| = 1.49°

*3
Figure 5.3: An example HCS crossing for which an estimate of the direction normal to the HCS
was obtained the parameters determined are shown below the plot.
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Following this procedure 396 events were found, for which it was possible to obtain an
estimate of the normal vector using MVA. For each event the ratio of the intermediate
and minimum eigenvalues was calculated, as well as |A 023| , the error in the direction of
the minimum variance eigenvector relative to the intermediate. An example is shown in
Figure 5.3. This event shows a crossing from negative to positive polarity magnetic
field on day 147 o f 1998, at which point Ulysses was at 5.4AU and 7.98°S. The plot
shows the magnetic field azimuth angle in blue, with the Parker spiral angle overlaid in
red, and the vertical dashed lines show the width of the sample window selected for the
minimum variance analysis.

The results of the minimum variance analysis of the 38 magnetic field vectors found
within this window are also shown in Figure 5.3. This result is consistent with a highly
tilted HCS (low 0n) as previously described in Chapter 4, with the angle of the normal in
the R-T plane being approximately perpendicular to the Parker spiral, as expected. The
high

ratio, and small value for the error in the minimum variance direction, |ao 23|

, suggest that this particular normal vector is very well determined.

5.4: The Latitudinal Distribution of the Normal Vectors.
In the example above the normal vector was described using the inclination angle 0„ out
o f the R-T plane and the azimuth angle (jv made by the projection of the vector in that
plane to the radial direction.

However the inclination of the R-T plane to the

heliographic equator varies during the Ulysses orbit, making it unsuitable for a study at
varying latitudes.

Hence, the normal vectors must first be transformed from the

spacecraft centred RTN coordinate system into a heliographic coordinate system. This
involves a rotation about the T axis through an angle equal to the spacecraft latitude,
such that in spherical coordinates the azimuthal angle lies in the heliographic equatorial
plane and the meridonal angle is the elevation of the normal vector out of the equatorial
plane. In addition, the radial components of the normal vectors are forced to be positive
in the anti-sunward direction when calculating the inclination angle, in order to remove
a 180° ambiguity from the direction.

Figure 5.4 shows the inclination angle o f the normal from the heliographic equator, Qn,
plotted as a function of latitude for all the 396 events described above. At first glance no
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obvious trends are apparent, with all inclinations seen at all latitudes for which the HCS
was encountered.

This is consistent with the findings of Behannon et al., [1981]

described in Section 2.6, albeit over a wider range of latitudes.

As described in the previous section, with the Parker magnetic field in principle
confined to the R-T plane, we would expect for a simple current sheet that the
projection of the normal vector in the R-T plane, (f>n, would show a clear trend towards
angles perpendicular to the Parker spiral direction. This angle is plotted in blue for each
event in Figure 5.5, with the expected angle perpendicular to the Parker spiral for each
event plotted in red for both positive and negative polarity magnetic field. As expected
the distribution is bipolar, with events clustered around the angles perpendicular to the
Parker spiral, however it should be noted that a substantial population is present at other
angles.
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Figure 5.4: Latitudinal distribution of the inclination angle of the normal vector in heliographic
coordinates. The distribution is constructed using one minute time averaged data for the entire
orbit

This can also be seen in Figure 5.6, which shows a normalised histogram of the error in
the direction of the calculated minimum variance directions. Whilst the majority of the
events have errors of less than 4°, about a third of all the calculated angles have errors
exceeding 4° and about a tenth have errors exceeding 10°. This suggests that at least
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some of the variability seen in Figure 5.4 and 5.5 is due to uncertainties in the normal
direction as a result of using the minimum variance technique.

Figure 5.5: Latitudinal distribution of the azimuthal angle (blue) of the normal vector in the R-T
plane, with

</>P ±

90° overlaid in red. The distribution is constructed using one minute time

averaged data for the entire orbit
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Figure 5.6: Bar chart showing the error in the direction of the normal vector, |a0 23|< for the data
shown in Figure 5.4 and 5.5.

155

5.4.1: Restricting the Eigenvalue Ratios

Given that the error in the minimum variance direction relative to the intermediate,
|AO 2 3 1, decreases with increasing values o f the ratio o f the minimum to intermediate
eigenvalues, we next produce a similar distribution to that in Figure 5.4, but with a
minimum threshold of

1 0

for the ratio of the intermediate to minimum eigenvalues.

This criterion reduces the number o f events to 130 and produces |A 023| and
^distributions shown respectively in Figure 5.7 and 5.8.

As expected, Figure 5.7

shows that the number of events with large errors has been greatly reduced: whilst in
Figure 5.4 we saw that a third of all events had errors in the angle of >4°, with the
application of the eigenvalue threshold all errors are <4°. This can also be seen in the

<pndistribution in Figure 5.8, in which the spread about <pB± 90° is greatly reduced.

Looking now at the latitudinal distribution o f the inclination of the normal from the
heliographic equator, 9n, Figure 5.9 shows that in excluding events whose eigenvalue
ratio is below the threshold appears to reveal a trend. At lower latitudes the range of
inclination angles is greatly reduced when compared with that seen at higher latitudes,
where a much wider range of angles are observed. Whilst in the northern hemisphere
there is a spread from small negative angles to large positive inclination angles, in the
southern hemisphere there is a population of events with large positive angles, one of
large negative angles and what appears to be a clear gap at low inclination angles. This
trend is consistent with both the simple model shown in Figure 5.1 also that described in
Section 3.4: of a warped HCS extending to the highest latitudes, such that at low
latitudes it appears to be nearly vertical. The increasing inclination of the normal vector
with increasing latitude could be thought o f as a consequence of Ulysses approaching
the maximum latitudinal extent of a HCS whose topology is relatively stable.

It should also be noted that the

distribution in Figure 5.9 is not symmetrical - most

events have either large negative inclination angles in the southern hemisphere or large
positive inclination angles in the northern hemisphere. One possible reason can be seen
in Figure 5.8, in which the distribution centred on <|)p-90o contains far fewer events than
the one centred on <)>p+90o.
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Normalised Count

Figure 5.7: Histogram showing the error in the direction of the normal vector, |a 0 23|- The
distribution is constructed using one minute time averaged data, with events filtered using a
threshold for the ratio of the intermediate and minimum eigenvalues of 10.

Spacecraft Latitude (degrees)

Figure 5.8: Latitudinal distribution of the azimuthal angle (blue) of the normal vector in the R-T
plane, with

(¡)P ±

90° overlaid in red.

The distribution is constructed using one minute time

averaged data, with events filtered using a threshold for the ratio of the intermediate and minimum
eigenvalues of 10.
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Figure 5.9: Latitudinal distribution of the inclination angle of the normal vector in heliographic
coordinates. The distribution is constructed using one minute time averaged data, with events
filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10.

It is possible that if the same number of events were found for <J)P-90° as for (¡)P+90° that
the distribution in Figure 5-9 would be x-shaped. It could also be argued that this trend
could be a result of the distribution being under sampled: however we feel that the
systematic loss of low latitude events with large inclination angles and high latitude
events with low inclination angles suggests that this is a physical effect rather than a
numerical artefact. A further scenario worthy of investigation is that stream interaction
is influencing the HCS topology in a manner similar to Figure 2.8.

This could

potentially explain why the normal vectors preferentially point pole-ward in both
hemispheres rather than equator-ward.

5.4.2: Using SEHF Events to Eliminate False HCS Crossings
If we recall the discussion in Chapter 3 of the magnetic field survey, it was very
common to observe multiple magnetic signatures of a current sheet crossing over a
small time period, especially when the spacecraft trajectory was tangential to the SSNL
as predicted by the potential field maps. This leads us to ask the following question how would our distribution be affected if the HCS cannot be considered to be a simple
planar structure on small scales?
158

In order to explore this, a further filter is applied to our set of events, that the time
difference between a magnetic event and SEHF event should be less than one hour. A
large time separation between the magnetic field and SEHF event is suggestive of the
magnetic field signature being that of a folded flux tube, such as that described in
Section 2.4.2 and hence not of a true current sheet crossing of the HCS.

First of all the effect of restricting the temporal separation is considered on its own,
which drastically reduces the number of events from 396 to 34.

Comparing the

latitudinal distribution of Gn shown in Figure 5.10 and the |a o 23| distribution shown in
Figure 5.12 with the original distributions shown in Figures 5.4 and 5.6, we find that
applying such a filter has had a similar effect on the distribution as setting an eigenvalue
threshold, with the x-shaped inclination angle distribution, and the majority of events
having errors less than 4°. This similarity can also be seen when the distribution of
azimuthal angles shown in Figure 5.11 is compared with that of Figure 5.8. This would
suggest that the normal vectors of events excluded by this restriction on the temporal
separation follow a similar distribution as those with poorly defined minimum variance
directions, both away from the solar equator and in the R-T plane.
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Figure 5.10: Latitudinal distribution of the inclination angle of the normal vector in heliographic
coordinates. The distribution is constructed using one minute time averaged data, with events
filtered using a maximum temporal separation between magnetic and SEHF events of one hour.
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Figure 5.11: Latitudinal distribution of the azimuthal angle of the normal vector in the R-T plane.
The distribution is constructed using one minute time averaged data, with events filtered using a
maximum temporal separation between magnetic and SEHF events of one hour.

Figure 5.12: Normalised histogram of the error in the direction of the normal vector, |Ad>23|. The
histogram is constructed using one minute time averaged data, with events filtered using a
maximum temporal separation between magnetic and SEHF events of one hour.
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5.4.3: Combining Eigenvalue Ratios and SEHF data
The final step is to introduce the latitudinal distributions for the events that both have a
well defined variance ellipsoid and for which the separation between the magnetic and
SEHF events is small.

Combining these filters leaves us with 18 events, with the

latitudinal distributions of the inclination and azimuthal angles found in Figures 5.13
and 5.14 respectively.

Looking first at Figures 5.13 and 5.15, we can see how that as before the eigenvalue
ratio threshold has removed all events with large |a 4>23| , which has led to the emergence
of the x-shaped distribution once again.

The asymmetry of the <})„ distribution is

particularly clear in Figure 5.14, although with so few data points we cannot be sure
whether this is a result of the distribution being under sampled.

90

I----------------------------- T----------------------------- T----------------------------- T-----------------------------T----------------------------- T-----------------------------

60 •
30 .
0

■

•

•

-30 ■
-60 - *
—9 0 ----- !---- 1-----------1-----------1---------- 1---------- 1----------90
-60
-30
0
30
60
90
Spacecraft Latitude
Figure 5.13: Latitudinal distribution of the inclination angle of the normal vector in heliographic
coordinates. The distribution is constructed using one minute time averaged data, with events
filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10 and also
for a maximum time separation of 1 hour between a magnetic field event and SEHF event.
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Figure 5.14: Latitudinal distribution of the azimuthal angle (blue) of the normal vector in the R-T
plane, with

(f>p

± 90° overlaid in red.

The distribution is constructed using one minute time

averaged data, with events filtered using a threshold for the ratio of the intermediate and minimum
eigenvalues of 10 and also for a maximum time separation of 1 hour between a magnetic field
event and SEHF event.
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Figure 5.15: Normalised histogram of the error in the direction of the normal vector, |a 0 23|- The
distribution is constructed using one minute time averaged data, with events filtered using a
threshold for the ratio of the intermediate and minimum eigenvalues of 10 and also for a maximum
time separation of 1 hour between a magnetic field event and SEHF event.
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5.5: The Latitudinal Distribution Using High Resolution Data
Up until now all distributions within this chapter have been constructed using one
minute time averaged data. However, equation 5.21 highlights how the error in the
minimum variance direction relative to the intermediate, |A<J>2.,| varies with the number
of field vectors, M in the sample as|Ai>23|°c M ~'12. If the one minute data is replaced
with the maximum resolution (~l-2 second) magnetic field data and the normal vectors
recalculated for the same sample windows, it is found that |A023| <2° for all 396 events.
Within this section we will explore whether this reduced error has had any effect on the
distributions described above.

Figure 5.16 shows the 0n and (J)n distributions constructed using the recalculated normal
vectors, with no restriction made with regards to eigenvalue ratio or temporal separation
from SEHF events. Comparing these distributions with Figures 5.4 and 5.5, we see that
whilst |A023| is greatly reduced, increasing the temporal resolution of the data has not
noticeably changed either the inclination or azimuthal angle distribution.
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Figure 5.16: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
</>P ±

90° overlaid in red. The distribution is constructed using high resolution data including all

396 events.

If we introduce a threshold of ten for the ratio of the intermediate and minimum
eigenvalues, then we find that the number of events drops from the 130 described in
Section 5.4.1 to 91. This reduction of the eigenvalue ratio of certain events suggests
that small structures, unresolved in the one minute time averaged data have altered the
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shape of the variance ellipsoid for some events and hence adversely affected how well
the minimum variance direction can be estimated.

Spacecraft Latitude (degrees)

Spacecraft Latitude (degrees)

(a) Inclination angle

(b) Azimuthal angle

Figure 5.17: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
</>P

± 90° overlaid in red. The distribution is constructed using high resolution data, with events

filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10.
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Figure 5.18: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
<pr ±

90° overlaid in red. The distribution is constructed using high resolution data, with events

fdtered using a maximum temporal separation between magnetic and SEHF events of one hour.

Comparing the 0n and <J)n distributions shown in Figure 5.17 with those shown in Figures
5.7 and 5.8, once again we find that changing the time resolution of the data has had
little effect on the shape of the 0„ distribution, with the (J)n becoming more asymmetric.
Similarly Figure 5.18 shows how the use of high resolution data has had little effect on
the shape of the distributions when a threshold of one hour for the temporal separation
of magnetic and SEHF events is used.
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Finally, when both the eigenvalue ratio threshold and maximum temporal separation are
applied to the high resolution events, comparing Figure 5.19 with Figures 5.13 and 5.14
highlights once more the asymmetry in the 0n distribution seen in the previous
examples.
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Figure 5.19: Latitudinal distribution of (a) the inclination angle of the normal vector from the
heliographic equator and (b) the azimuthal angle (blue) of the normal vector in the R-T plane, with
(j)p

± 90° overlaid in red. The distribution is constructed using high resolution data, with events

filtered using a threshold for the ratio of the intermediate and minimum eigenvalues of 10 and also
for a maximum time separation of 1 hour between a magnetic field event and SEHF event.

5.6: The Latitudinal Distribution in Each Hemisphere and in the
Fast Latitude Scan.
Whilst we have presently only discussed the Ulysses orbit as a single entity, it is
illuminating to separate it into three sections. As was described in Section 3.1 due to
the relatively rapid motion at perihelion, the fast latitude scan provides as near to a
snapshot of the full latitudinal magnetic polarity distribution as we could possibly
obtain during this phase of the solar activity cycle. Also, as described in Section 3.1
and in Chapter 4, the orbital segments before and after the fast latitude scan can be
considered to reflect approximately conditions before and after magnetic polarity
reversal. Thus the 9n distribution shown in Figure 5.9 has been replotted in Figure 5.20,
with data points colour coded corresponding to whether they were observed before the
fast latitude scan (red vertical cross), during the fast latitude scan (blue saltire) or after
the fast latitude scan (green asterisk).

165

Figure 5.20: Latitudinal distribution of the inclination angle of the normal vector in heliographic
coordinates, colour coded according to orbital segment. The distribution is constructed using one
minute time averaged data, with events filtered using a threshold for the ratio of the intermediate
and minimum eigenvalues of 10.

It is immediately clear that, even without restrictions on the temporal separation
between magnetic and SEHF events or the use of high resolution data reducing the
numbers, hardly any of the events are located within the fast latitude scan. These events
do seem to show a decreasing inclination angle with decreasing spacecraft latitude
during the fast latitude scan, although with so few events it is hard to say whether this is
a physical result or a result of under sampling the distribution. Looking at the rest of
the orbit, it appears that the distribution of inclination angles in the northern hemisphere
is more spread out than that observed in the southern hemisphere. This would imply
that the HCS topology at mid to high northern latitudes is less stable than that at the
corresponding latitude in the southern hemisphere, as can be seen if the topology
deduced for Carrington rotation 1964 in Section 4.3 is compared with that with that for
Carrington rotation 1984 in Section 4.6
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5.7: Summary
Previous authors have attempted to infer the inclination of the HCS at low latitudes by
producing distributions of the angle between the heliographic equator and the HCS
normal vector estimated using MVA for a set of HCS crossings,

As described in

section 2.5, such distributions revealed predominately low inclination angles and hence
a highly tilted HCS at solar maximum. In this study we have constructed a distribution
of the inclination angle for the HCS crossings identified in Ulysses magnetic field data
from the second solar orbit. To our knowledge, this is the first time this distribution has
been constructed for a full latitude range and hence gives us a unique insight into the
HCS topology at solar maximum.

With minimal post-processing, the latitudinal distribution showed no preferential
inclination angle, although the width o f the distributions of azimuthal angles and the
error in the normal direction suggested the presence of substantial small scale structure
in the current sheet. When the distribution was filtered by eigenvalue ratio, removing
poorly defined normal vectors, an approximately X-shaped distribution was revealed in
which the inclination angle increased with increasing latitude. A similar distribution
was revealed if events with temporal separations greater than one hour from SEHF
polarity reversals (implying folds and not ‘true’ HCS crossings) were rejected, or if both
filters were used in combination.

Such a distribution is consistent with a highly tilted HCS extending to the highest
latitudes. Furthermore, it appears that the distribution is asymmetric: normal vectors are
preferentially inclined towards the poles rather towards the equator. Whilst we cannot
rule out that this asymmetry is a result of under-sampling, the asymmetry of the
distribution could also imply that the HCS topology has been modified by stream
interactions.

The above results are based on one-minute time averaged data. Replacing this data with
full resolution data and recalculating the normal vectors results in a similar X-shaped
distribution, but with some eigenvalue ratios reduced. This suggests the presence of
small scale structure that had been unresolved in the lower resolution data.
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Chapter 6: Conclusions and Future Work
6.1: Introduction

Whilst near solar minimum it was previously possible to gain an understanding o f the
structure of the heliosphere in three dimensions using low latitude in situ measurements,
at solar maximum this was not the case. The Ulysses mission, with its unique almost
polar orbit has provided an opportunity between 1998 and 2003 to investigate the
structure of the heliosphere in three dimensions during a period of solar maximum.

This thesis has focussed on investigating the topology and evolution of the HCS at solar
maximum as well as the local structure of the boundary itself using magnetic field and
plasma observations taken during the second Ulysses orbit. As a passive structure the
HCS acts as a marker for the dynamic evolution of solar wind surrounding it while the
large scale structure of the HCS also reflects the structure of the solar magnetic field.
By gaining a better understanding o f the HCS topology, the evolution o f that topology
and the local HCS structure we can obtain a further insight into the heliosphere, and in
particular its magnetic field, in three dimensions through solar activity maximum

This work began with a survey o f the magnetic field and suprathermal electron heat flux
observations made by Ulysses in order to identify HCS crossings and other events such
as interaction regions and ICMEs that might affect the topology of the HCS. Crossings
were observed at all latitudes in the southern hemisphere and up to 60° in the northern
hemisphere, suggesting that, as previously found in low latitude studies, the latitudinal
extent o f the HCS was considerably greater than at solar minimum. By comparing the
temporal separation between the HCS crossings identified in the magnetic field data and
the polarity reversals observed in the suprathermal heat flux pitch angle distributions,
we demonstrated that many of the magnetic events were likely to be local current sheets
associated with folded field lines rather than true crossings o f the HCS. Armed with the
data set obtained from the surveys, in Chapters 4 and 5 we attempted to infer the
topology and evolution of the HCS during the Ulysses orbit using two independent
techniques.
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6.2: The HCS Topology at Solar Maximum

In Chapter 4, Ulysses and ACE spacecraft observations were combined and used to
infer the magnetic polarity distribution over a range of latitudes.

By ballistically

mapping the magnetic observations back to the source surface and separating the dataset
into Carrington rotations, the source surface neutral line obtained from the WSO
potential field model was used as a guide in inferring the HCS topology for a given
Carrington rotation.

Unlike previous studies that have compared solely the Ulysses

observations (e.g. Smith et al., [2001]) with the predicted SSNL, by including the low
latitude ACE data we can infer the magnetic polarity distribution over a large latitude
range and hence have to rely less on the SSNL for guidance. To our knowledge this is
the first systematic study of the HCS over a full latitude range at solar maximum, as
well as being the first study combining both low latitude and high latitude observations.

We began by studying several rotations whilst Ulysses was at low latitudes, in order to
verify that, when the data was mapped back to the source surface, both spacecraft saw
the same polarity distribution even when Ulysses was at aphelion. Whilst there was
generally good agreement between ACE and Ulysses observations, the differences were
found to be largest near aphelion. Such a difference may well be a consequence of
using a ballistic mapping technique to trace events back to the source surface under
complex solar wind conditions, leading to increased uncertainties in the mapped back
longitudes.

In future studies a possible improvement would be to ballistically map

outwards from the solar corona (e.g. Breen et al., [2002], Canals [2002]), or to map
events back to the corona using MHD models (Riley et al., [2001]) removing the
uncertainties associated with stream interactions.

In particular, MHD tomographic

techniques capable of recreating the 3-D solar wind distribution close to the Sun from
Nagoya IPS observations (Hayashi et al., 2003) as a by-product could provide valuable
further information on the HCS topology.

Whilst the HCS appeared to be planar and approximately vertical at mid southern
latitudes we demonstrated that the HCS was non planar at high southern latitudes, such
that the ‘old’ negative polarity magnetic field was still observed at the pole despite other
evidence suggesting that polarity reversal had already occurred. Although not in itself a
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new observation (Smith et al. [2001]; Wang et al. [2002]), by studying a series of
Carrington rotations we were able to establish that as Ulysses descended towards the
southern pole the variation in the observed magnetic polarity distributions could be
explained in terms of a non-planar HCS whose topology remains unchanged but that the
tilt between the rotation axis and the magnetic axis is gradually changing.

During the fast latitude scan we showed that the observed sector structure and hence
HCS topology remained relatively stable throughout, consistent with a folded HCS still
extending to the highest latitudes in the south while observations in the northern
hemisphere were consistent with a maximum latitudinal extent of approximately 60°. A
similar result was obtained after the fast latitude scan as Ulysses descended towards the
equator, although the diminishing latitudinal range sampled by the spacecraft restricted
our ability to determine the HCS topology at this point. With the Solar Orbiter mission
(expected launch 2015) aiming to make observations o f the photospheric magnetic field
from a viewpoint of up to 40° latitude, it will be interesting to see how the potential
reduction of the line of sight error will affect future studies utilising potential field
models.

As well as providing an insight into the HCS topology, comparing the Ulysses
observations with the predicted SSNL has revealed multiple examples over a wide
range of latitudes where the Ulysses trajectory skims the HCS surface. By plotting the
location of SEHF events on each Carrington rotation, we were able to identify a number
of short duration sectors for which either a single SEHF is present or no event at all.
This is indicative of a HCS with a high degree of local structure: however with only a
single spacecraft we are unable to gain any further insight into the origin of such events.

6.3: Investigating the HCS using MV A
By using minimum variance analysis, estimates for the vectors normal to the HCS were
obtained for the majority of HCS crossings observed in the Ulysses magnetic field data.
In Chapter 5 we used the inclinations of the HCS normal vectors away from the
heliographic equator were used in order to deduce the topology of the HCS. Whilst
previous studies using low latitude observations had revealed that the normal vectors
were consistent with a vertical HCS at solar maximum (section 2.5), it is believed that
this is the first time this technique has been used over the full latitude range.
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When the latitudinal distribution of the inclination angles was constructed it initially
appeared that all inclination angles were equally likely at all latitudes.

However,

consistent with previous studies at low latitudes, filtering out events with high
uncertainties in their normal vectors revealed a trend where the inclination angle of the
normal increased with increasing latitude. This was shown to be consistent with the
HCS being highly tilted at low latitudes and extending to the highest latitudes.
similar distribution was obtained if events with a temporal separation greater than

A
1

hour were discarded, albeit with concerns that the distribution was being adequately
sampled with such a small number of events.

Similar concerns emerged when we

considered the fast latitude scan on its own, although the distribution did appear
consistent with that observed for the entire orbit. However a formal study to check the
stationarity of the HCS normal vectors will need to be undertaken in order to ensure that
this does not adversely affect our result.

One significant observation that emerged, but was not explored fully in the time
available, was that the distribution appeared biased towards normal vectors pointing
polewards as opposed to equatorwards in each hemisphere.

Whilst this could once

again be due to the distribution being under sampled, we consider it likely that this trend
could be a consequence of stream interactions modifying the HCS topology in a similar
way to that suggested by Pizzo & Gosling [1994].

By producing a theoretical

inclination angle distribution from a 3-D MHD simulation it may be possible to shed
further light onto this problem, as might comparing the calculated normal angles with
the orientation of larger scale planar structuring of the magnetic field within stream
interactions, using similar techniques to Clack et al. [2000],
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6.4: Summary
The work described in this thesis was aimed at gaining an insight into the structure and
evolution of the HMF and with it the heliosphere at solar maximum. In doing so we
have explored several outstanding problems in heliospheric physics: the topology of the
HCS at solar maximum, the evolution of the HCS topology through solar polarity
reversal, and finally the structure o f the HCS local to individual spacecraft crossings.
The work contained within this thesis provides a starting point for further more specific
studies of the HCS during this period.

With only one spacecraft at high latitudes, the best estimate of the HCS topology using
Ulysses and ACE is only valid over a limited range of latitudes: the original Ulysses
concept of two spacecraft in opposite hemispheres would make it possible to tell, for
example, whether changes in the HCS topology occurred simultaneously at both poles.
Furthermore, with a single spacecraft it is difficult to gain insight into the small scale
structure of the HCS.

Perhaps the ideal experiment in order to make a concerted attempt to fully understand
the HCS at solar maximum would be to have a multiple spacecraft configuration such as
Cluster making observations over a full latitude range simultaneously in both
hemispheres, allowing progress to be made on both the large scale topology and local
structure of the HCS.
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Appendix A: Source Surface Maps for Chapter 4.
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