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Abstract

Previous missions to Venus have revealed that encounters with plasma irregularities of
atmospheric origin outside the atmosphere are not uncommon. A number of mecha-
nisms have been proposed to discuss their origins. One such mechanism involves an
ionopause with a wavelike appearance. Extensive research on this characteristic of the

ionopause is crucial in understanding the atmospheric evolution of Venus.

This thesis implemented an approach to identify potential boundary crossings resulting
from ionospheric boundary waves. Coupled with Minimum Variance analysis, this
approach was able to demonstrate whether or not the boundary crossings are ‘smooth’
or ‘rippled’. By utilising the magnetic field and plasma data from Venus Express (VEX)
over its entire mission from 2006 to 2014, this work presents the first observational

statistical analysis of the ionospheric boundary waves at Venus.

The average estimated ionospheric boundary thickness is 57 £ 4 km. This value which
is estimated during solar minimum is roughly 1.5 times more than those estimated
during solar maximum period. Further analysis shows that the boundary is thicker for
weaker pressure and at higher altitudes. On the other hand, the boundary is thinner

for stronger pressure at lower altitudes.

In the northern polar region of Venus, the normal directions of the rippled ionospheric
boundary crossings lie mainly in the terminator plane with the largest component pre-
dominantly along the dawn-dusk (Yy o) direction. The average estimated wavelength
of the boundary wave is 212 4+ 12 km and the average estimated velocity difference
across the ionopause is 104 4= 6 km s~'. The consistency shown between these results
and the results from previous simulation studies of the Kelvin-Helmholtz Instability
(KHI), suggests that the rippled boundary is a result of KHI. Furthermore, the mag-
netic field orientation in the barrier region is found to be quasi-perpendicular to the
terminator plane, which is a favourable condition for the excitation of KHI along the

dawn-dusk direction.

Analysis reveals a correlation between the normal directions and the locations of the
boundary wave with respect to Venus. This indicates the draping of magnetic field lines
appear to play a role in enhancing the plasma flow along the dawn-dusk direction, which

could subsequently set up a velocity shear that favours the excitation of ionospheric



boundary wave by the KHI along the dawn-dusk direction. Two other previously

proposed boundary wave excitation mechanisms are also explored.

In addition, flux ropes are also identified using a similar approach. The average es-
timated flux ropes diameter is 90 & 6 km and they have axial orientations which lie
mainly along the Venus-Sun (Xygo) direction. The consistency in the sizes, locations
and orientations shown between the identified flux ropes and boundary wave events
suggest that these flux ropes are created as a result of the boundary waves reaching a

turbulent stage.

In summary, this statistical study reveals that the ionopause of Venus does not always
appear to be smooth, but often exhibits a wavelike appearance. Further analysis sug-
gests that this wavelike appearance of the Venus ionopause is likely to be excited by
the KHI, which arises as a result of the velocity shear across the ionopause driven by
the draping pattern from the magnetic field. This study also shows that flux ropes can
form and populate inside the ionosphere as a result of turbulent boundary wave. On
the other hand, atmospheric bubbles can also form in similar manners and exist outside
the ionosphere. Continuous scattering and the subsequent convection of atmospheric
bubbles downstream and away from Venus over a prolonged period of time plays an

important role in atmospheric loss from Venus.
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Nomenclature

General Plasma Properties

p plasma density
B Magnetic field

Electric field

v Bulk plasma velocity
Ve Escape velocity

n number density

T plasma temperature
Instruments

ASPERA Analyser of Space Plasmas and Energetic Atoms

ELS Electron Spectrometer
IMA Ion Mass Analyser
MAG Magnetometer

NPD Neutral Particle Detector
NPI Neutral Particle Imager
PVO Pioneer Venus Orbiter
VEX Venus Express
Acronym

ESA European Space Agency
EUV Extreme Ultraviolet



FLR Finite Larmor Radius

ICME Interplanetary Coronal Mass Ejection

KHI Kelvin-Helmholtz Instability

MHD Magnetohydrodynamic

M, Planetary body mass

NASA National Aeronautics and Space Administration
RTI Rayleigh-Taylor Instability

SLAMS Short Large Amplitude Magnetic Structures
uTcC Universal Time Coordinated

Uuv Ultraviolet

Physics Constants

1o free space magnetic permeability 47 x 107" H m™!
G Universal gravitational constant 6.67 x 107 m3 kg=! 72
kg Boltzmann’s constant 1.38 x 10723 K1
Rg Radius of Earth 6371 km
Ry Radius of Venus 6052 km
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Chapter 1

Introduction

Venus, which is one of the brightest objects in the sky after the Sun and the moon, is
often the first visible object when the night falls, or one of the last visible objects when
dawn breaks. Hence, it is sometimes regarded as the “evening star” or the “morning
star”. As the closest neighbour of our Earth, Venus had been the prime targeted planet
during the early era of space exploration. In fact, it is the first planet to be visited by
a spacecraft (Mariner 2 [Sonett, 1963]) and Venus has been visited by more spacecraft

than any other planets apart from the Earth.

Based on the similarity in their interior compositions, sizes and the similar distance to
the Sun [ Williams, 2005], Venus is often regarded as the twin sister of Earth. However,
past missions to Venus have revealed that the surface conditions of these two planets are
a world apart. Venus’s surface temperature is around 464 °C and its surface pressure
is about 92 times more than Earth’s [Williams, 2005]. A pressure so high that the
longest any landers could operate was only around 110 minutes ( Venera 12 [Johnson,
1979]). So it is understandable why Venus is sometimes also regarded as the evil twin

sister of Earth.

Compared to Earth, Venus took a contrasting path to evolve. While majority of the
Earth’s surface is covered with liquid water, Venus surface is virtually dry. However,
it is noteworthy to mention that the conditions on Venus have not been this hostile

and harsh throughout its history. A recent study [Way et al., 2016] has shown that
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Venus could have had a shallow liquid water ocean and a moderate surface temperature
billions of years ago; a habitable environment that could allow life to flourish, or at
least a chance for life to form and evolve. As the liquid water receives heat energy
from the Sun, it evaporates and condenses in a continuous cycle that is similar to
Earth’s. However, as Venus evolved, the surface temperature increased and kept the
water vapour from condensing. The liquid oceans eventually dried up and mainly

became water vapour in the atmosphere.

These hot water vapours are very reactive. They can react with other gases such as
sulphur dioxide to form sulphuric acid. They are then photo-dissociated and exist as
charged particles floating on top of the atmosphere, a region collectively known as
the ionosphere. Without a strong intrinsic magnetic field similar to those on Earth,
the solar wind, which is a hot stream of ionised particles constantly blasted from the
Sun [Baumgjohann et al., 1996], can interact directly with these ionospheric particles,
separated by a boundary called the ionopause. The solar wind can then strip off and
subsequently convect these ionospheric particles away from Venus as it impacts on the

atmosphere [Brace et al., 1982].

For example, waves can be observed when gust of wind flows past a body of water. And
faster flowing wind results in bigger waves. The waves will eventually break and droplets
of water will form. They can then be blown away when the waves become turbulent
and the gravity could no longer hold down the water droplets. Prolonged period of such
persistent process will eventually lead to total loss of water. This scenario is analogous
to the atmosphere of Venus but on a much larger scale. Boundary waves can arise when
the solar wind interacts directly with the atmosphere of Venus. These waves can grow,
become turbulent and droplets of atmospheric contents can be formed. These droplets
are called the atmospheric bubbles and they can subsequently be convected into space

with the solar wind [ Wolff et al., 1980].

This is one of the many but perhaps the most effective atmospheric plasma removal
mechanism for Venus that plays an important role in removing the water contents from

the planet [Lammer et al., 2006]. The aim of this thesis is to study the dynamic stability
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of the ionosphere in response to the solar wind and its role in the atmospheric evolution

at Venus.

1.1 Outline of the Thesis

This thesis is organised as follows. Chapter 2 reviews the solar wind interaction with
Earth and compares it to Venus, illustrating the dynamic response of the Venusian
ionopause. This is followed by a review on the role of boundary waves in the atmo-
spheric evolution at Venus. Chapter 3 describes the instrumentation onboard of Venus
Express (VEX) and the methodologies that will be implemented in the thesis. A de-
tailed analysis of the ionospheric boundary waves and an embedded flux rope observed
on 26 Jun 2006 will be presented in Chapter 4. Chapter 5 presents a statistical survey
on the ionospheric boundary stability conducted over the whole VEX mission, comple-
mented with their global characteristics. The second half of this chapter will present
a detailed analysis of the boundary wave induced-magnetic flux ropes. The potential
wave excitation and generation mechanisms will be assessed and discussed in Chap-
ter 6. Finally, this thesis will be concluded in Chapter 7 and an outlook for future

investigations will also be presented.

1.2 Novel contributions

The main novel contributions of this thesis are summarised as follow.

1. This thesis presents an analysis of an ionospheric boundary wave event and an
embedded flux rope observed on 26 Jun 2006 by utilising the VEX data. The
results provide the first detailed evidence of the ionopause boundary existing
in a wavelike state and they are presented in Chapter 4. They have also been

published in Chong et al. [2017] as detailed in the following section.

2. Above contribution leads to the first statistical observational study on the bound-

ary wave phenomena at Venus by implementing a similar approach over the entire



Chapter 1. Introduction

VEX mission duration. In particular, to measure the global distribution and the
characteristics (e.g. locations and sizes) of the Venusian ionospheric boundary
wave. Analysis reveals that the ionopause of Venus does not always appear to
be smooth, but often exhibits a wavelike appearance. The results can provide an
explanation to the previously observed atmospheric bubbles [Brace et al., 1982]
outside the ionosphere that may play a vital role in the atmospheric evolution at
Venus. The results are presented in Chapter 5.5 and they have been accepted for

publication in Chong et al. [2018] (detailed in the following section).

. This thesis presents the first statistical study of the ionopause current sheet dy-
namics over the solar minimum period, in particular the relationship between the
boundary altitude, thickness and the external pressure. The results are consistent
to and complement the study by Elphic et al. [1981], which prior to this thesis,
was the only statistical work on the Venusian ionopause dynamics but covers
the solar maximum period by utilising the data from the Pioneer Venus Orbiter
(PVO). In particular, the finite estimated boundary thickness will be utilised in
later chapters to validate the estimated wavelength of previous simulation studies

on Kelvin-Helmholtz waves. The results are presented in Chapter 5.4.

. By implementing a new approach to identify magnetic flux ropes in the iono-
sphere, this thesis presents a statistical study that for the first time to evidence
the formation of flux ropes is as a result of turbulent boundary wave. This study
provides an explanation of a strong preference in the magnetic flux rope orien-
tations with respect to their observed altitudes, which have been reported by
a number of previous works [Chen et al., 2017; Russell, 1990; Elphic and Rus-
sell, 1983]. The results are presented in Chapter 5.6. They will be drafted and

submitted to the Journal of Geophysical Research: Space Physics.

. This thesis explored and assessed the boundary wave generation mechanisms that
were previously proposed by Brace et al. [1980] and Luhmann [1990]. Results
reveals that neither mechanism could explain the characteristics of the observed
ionospheric boundary waves. On the other hand, the results in this thesis suggest

that the magnetic field draping pattern plays an important role in exciting and
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generating the ionospheric boundary wave to propagate mainly along the Yy so
axis. The results are presented in Chapter 6 and the discussions on the role of
magnetic field draping have been accepted for publication in Chong et al. [2018]

(detailed in the following section).

1.3 Relevant Publications

As a result from the work conducted during the production of this thesis, 1 journal
paper has been published and 1 manuscript has been accepted for publication to the
Journal of Geophysical Research (JGR) - Space Physics, 1 invited seminar has been
presented and a number of conferences presentations have been given at international

conferences.

Published journal paper

1. Chong, G. S., S. A. Pope, T. L. Zhang, G. A. Collinson, S. N. Walker, and B.
M. Balikhin (2017). A study of ionopause perturbation and associated bound-

ary wave formation at Venus. Journal of Geophysical Research: Space Physics,

122(4), 4284-4298. doi:10.1002/2016JA023769.

Journal paper - accepted for publication

1. Chong, G. S., S. A. Pope, S. N. Walker, R. A. Frahm, T. L, Zhang, and Y.
Futaana (2018), A statistical study of ionospheric boundary wave formation at

Venus. Journal of Geophysical Research - Space Physics. doi:10.1029/2018JA025644.

Invited seminar

1. Chong, G. S., S. A. Pope, S. N. Walker, R. A. Frahm, T. L, Zhang, and Y.
Futaana (2018), A statistical study of ionopause perturbation and associated
boundary wave formation at Venus, The Solar Physics and Space Plasma Research

Centre (SP?RC) Seminar, Sheffield, May 2018.
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Conference proceedings

1. Chong, G. S., S. A. Pope and S. N. Walker (2018), Statistical analysis of iono-
spheric boundary wave phenomena on Venus, In 42nd COSPAR Scientific Assem-

bly (Vol. 42). Poster Presentation

2. Chong, G. S., S. A. Pope, S. N. Walker and G. A. Collinson (2018), Statisti-
cal analysis of ionospheric boundary wave phenomena on Venus, EGU meeting,

Vienna, Austria, April 2018. Poster Presentation

3. Chong, G. S., S. A. Pope, S. N. Walker, T. Zhang, and B. M. Balikhin (2017), A
statistical study of ionopause perturbation and associated boundary wave forma-
tion at Venus, AGU Fall meeting, New Orleans, USA, December 2017. Poster

Presentation

4. Chong, G. S., S. A. Pope, T. Zhang, G. A. Collinson, S. N. Walker, and B.
M. Balikhin (2016), A study of ionopause perturbation and associated boundary
wave formation at Venus., AGU Fall meeting, San Francisco, USA, December

2016. Oral Presentation

5. Chong, G. S., Balikhin, M. A., and Pope, S. A.(2016). A study of ionopause
perturbation and associated wave formation at Venus. In 41st COSPAR Scien-
tific Assembly, abstracts from the meeting that was to be held 30 July-7 Au-
gust at the Istanbul Congress Center (ICC), Turkey, but was cancelled. See
http://cospar2016.tubitak.gov.tr/en/, Abstract C3. 2-28-16. (Vol. 41). Oral

Presentation

6. Pope, S. A., Chong, G. S., Collinson, G., Zhang, T., and Balikhin, M. A.
(2016). The magnetosphere of Venus under unusual Solar Wind condition., AGU

Fall meeting, San Francisco, USA, December 2016. Poster Presentation



Chapter 2

Review of the solar wind

interaction with planetary bodies

2.1 Venus: present day

Mercury, Venus, Earth and Mars, which are the first four planets away from the Sun, are
called the terrestrial planets. They are characterised based on their main composition
of rocks or metals. The main characteristics of Venus and other terrestrial planets

([Williams, 2005], and references therein) are summarised in Table 2.1.

Venus has a mass of ~ 4.87 x 10?* kg and a diameter of 12103 km. It has a volume
of ~ 92.843 x 10 km? and a surface gravitational acceleration of ~ 8.9 m/s?. The
rotation period of Venus is 5832.6 hours (roughly 243 Earth days) compared to only
~24 hours on Earth. This implies that the days and nights are very long at Venus,
sunsets and sunrises only happen every 243 Earth days to be exact. Moreover, with an
orbital eccentricity of ~ 0, Venusian orbit is the closest to circular. In addition, Venus
is the only planet other than Uranus that has a retrograde rotation, which means that
the rotation directions around their axes are in the different directions (anti-clockwise)
to their orbital directions around the Sun (anti-clockwise) [Correia and Laskar, 2010].
One theory for Uranus retrograde motion is its collision with a protoplanet during the

formation of the solar system. Due to its dense atmosphere and close proximity to the
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Sun, Venusian retrograde rotation can be attributed to the tidal dissipation between

the gravitational and atmospheric tides [Correia and Laskar, 2010].

Venus has long been considered a twin sister of the Earth simply based on their close
resemblance in the bulk parameters, only if their distinctive atmospheric characteristics
are not considered. For instance, the mean surface temperature on Venus is 464 °C
compared to only 15 °C on Earth. In addition, the surface pressure on Venus is about
92 bars, that is 92 times more than Earth, which is equivalent to the pressure around
920 metres deep in the ocean. This surface pressure is so high that all the Russian
Venera landers to Venus in the 70s and 80s crashed. The longest time any lander has
ever spent on the surface to transmit data back to Earth was Venera 12, a total of 110
minutes to be exact before it was crushed by the extreme environment [Johnson, 1979].
Compared to Earth, present day Venus has an extremely harsh environment for any
form of life, so it is understandable why Venus is sometimes regarded as the evil twin

sister of Earth.

2.1.1 Venus was once hospitable

Perhaps the most distinctive difference between present day Venus and Earth is the
presence of water, arguably the most essential necessity for life. While the extreme
temperature at Venus would have boiled all the water from its surface making it a very
dry planet, in comparison, 71% of Earth’s surface is covered with water. However, Venus
has not always been this inhospitable. The high deuterium-to-hydrogen ratio on present
day Venus (which is > 100 times more than Earth’s) indicates that Venus may have had
an ocean of water early in its history [Donahue and Hartle, 1992; McElroy et al., 1982].
In addition, a recent 3-D climate simulation [Way et al., 2016] has shown that Venus
could have had a shallow liquid water ocean and a moderate surface temperature billions
of years ago; a habitable environment that could allow life to form. The similarity in
the bulk characteristics between Venus and Earth indicates that the initial stages of
the formations of both planets should be similar, but if both planets were to evolve in

a similar way, why are they so distinctively different now? Where did the water that
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Table 2.1: Comparisons between the terrestrial planets. E.g. Mercury, Venus, Earth
and Mars. After Williams [2005, and references therein].

Parameters Mercury Venus Earth Mars
Bulk and orbital Parameters
Mass (10%* kg) 0.33 4.87 5.97 0.642
Diameter (km) 4879 12,104 12,756 6792
Density (kg/m?) 5427 5243 5514 3933
Volume (10° km?) 6.083 92.843 108.321 16.318
Gravity (m/s?) 3.7 8.9 9.8 3.7
Escape Velocity (km/s) 4.3 10.4 11.2 5
Rotation Period (hours) 1407.6 -5832.5 23.9 24.6
Length of Day (hours) 4222.6 2802 24 24.7
Distance from Sun (106km) 57.9 108.2 149.6 227.9
Perihelion (10% km) 46 107.5 147.1 206.6
Aphelion (10° km) 69.8 108.9 152.1 249.2
Orbital Period (days) 88 224.7 365.2 687
Orbital Velocity (km/s) 474 35 29.8 24.1
Orbital Inclination (degrees) 7 3.4 0 1.9
Orbital Eccentricity 0.205 0.007 0.017 0.094
Obliquity to Orbit (degrees) 0.034 177.4 23.4 25.2
Number of Moons 0 0 1 2
Global Magnetic Field? Yes No Yes No
Atmospheric Parameters
Mean Temperature (C) 167 464 15 -65
Surface Pressure (bars) <~5x 1071 92 1 0.01
Surface density (kg/m?) Vacuum 65.0 1.217 0.02
Total mass of atmosphere (kg) <~10000 4.8 x10%° 5.1 x 108 2.5 x 106
Atmospheric composition
(by volume, dry air) % Na 12.0 COy 965 Ny 78.1 COs 95.3
Mg 60.0 Ny 3.5 02 21.0 No 2.7
Oy 24.0 CO2 0.03 Ar 1.6
Hs 3.0 Oz 0.13
K 0.8 CO 0.08
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once existed on Venus go?

2.1.2 Where did the water go?

The atmosphere that we enjoy much today takes a lengthy process to evolve since its
formation [Marshall, 2009; Chaisson and McMillan, 1995]. Earth’s atmosphere was
formed mainly from the volcanic gases which were outgassed as a result of volcanic
activity during the early days of its formation. These volcanic gases are mainly com-
posed of water vapour, carbon dioxide, sulphur dioxide, methane, and nitrogen-rich
compounds [Chaisson and McMillan, 1995]. As the Earth’s surface cooled, these water
vapours condensed and subsequently covered the surface with a layer of liquid ocean.
The carbon dioxide and sulphur dioxide then dissolved into the ocean or deposited in
the surface rocks. As life formed in the oceans more than 3.5 billion years ago [Mar-
shall, 2009], oxygen was slowly produced and life started to flourish on Earth. As Sun
rays penetrated through the cloud and reached the surface, majority of the energy was
reflected back into the space and only minority of the energy was absorbed by the
atmospheric greenhouse gases, for example the carbon dioxide and water vapour. It
is this continuous process that keeps the Earth hospitable, a comfortably warm planet

where we call home [Chaisson and McMillan, 1995].

Venus is located 30% closer to the Sun compared to Earth, implying that Venus was
much hotter during the early stages of its formation as it received more energy from the
Sun. An ocean was still expected to form, but it might not have been as abundant as
on Earth [Raymond et al., 2006]. This is because the high temperature at Venus would
keep the kinetic energy of the water vapour high. The exact temperature was unknown
but it was believed that the temperature was high enough to keep the vaporisation
rate constantly greater than the condensation rate, which would cause more water to
exist in the forms of gases rather than liquid [Kasting and Pollack, 1983]. The lack
of liquid water subsequently implies that majority of the carbon dioxide would also
exist in a gaseous form. These two biggest greenhouse effect contributors eventually

lead Venus into a looped process which is known as the runaway greenhouse effect
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[Hamano et al., 2013; Luger and Barnes, 2015; Kasting, 1988]. The water vapours
would combine with sulphur dioxide to form clouds of sulphuric acid that ranges from
around 45 km to around 70 km [ Taylor, 2006]. Even though this thick cloud layer would
only allow around 20% of sunlight to penetrate and reach the surface, majority of this
energy would be trapped and absorbed by the atmosphere. This subsequently raises
the surface temperature further and eventually boiled the whole ocean [Chaisson and
MecMillan, 1995]. These water vapours are then subjected to photodissociation by the
solar ultraviolet (UV) light when they reach high enough altitude in the atmosphere
and are subsequently lost into space [Kasting, 1988; Ingersoll, 1969; Pollack et al.,
1987; Kasting and Pollack, 1983]. This same process could also explain both the high
temperature and pressure at Venus. Even though the early ocean could have been
habitable, the prolonged process of such runaway greenhouse effect left a very harsh

and inhospitable place for life to evolve, let alone for life to form.

However, if Earth’s upper atmosphere is also subjected to photodissociation and pho-
toionisation processes, how did Venus lose the majority of its atmospheric water con-
tents (currently only around 20 ppm (parts per million) water molecules exist in the

atmosphere[ Williams, 2005]), while 71% of Earth’s surface is covered with water?

2.2 Solar wind interaction with Earth (magnetised body)

The Sun is constantly blasting a huge amount of plasma, resulting from the expansion of
hot solar coronal gases at a supersonic speed [Baumgjohann et al., 1996]. This population
of plasma, collectively known as the solar wind, is a stream of hot gas composed of
ionised particles, i.e. the positively charged protons and negatively charged electrons
as well as about 5% of Helium ions. The solar wind typically has an electron density
of ~# 5 cm~2 and temperature of ~ 10° K near Earth, though these values vary with
time [Baumgohann et al., 1996]. It carries an interplanetary magnetic field (IMF)
with coronal origins, into the solar system [Owens and Forsyth, 2013]. These charged
particles have a big impact on everything in their path, including all the planetary

bodies.
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Figure 2.1: Topography environments of the solar wind interaction with (a) Earth and
(b) Venus. Illustrations are not drawn to scale. Source of the picture of Earth: (©
Copyright: EUMETSAT 2002. ID: 197557. Source of the picture of Venus: Image
credit: Magellan Project/NASA /JPL.
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Earth has a strong dipolar magnetic field that projects into space and acts as the prime
obstacle to prevent the solar wind from directly interacting with the atmosphere. The
magnetism is mostly generated by the molten iron alloy spinning in the Earth’s outer
core, a process generally known as the dynamo theory [Stevenson, 2003]. As the solar
wind approaches the terrestrial magnetic field, its super-magnetosonic speed abruptly
changes and a bow-shaped shock is formed. Hence, this boundary that separates the
shocked from the unshocked solar wind is called the bow shock. Across the bow shock,
a substantial fraction of the solar wind’s dynamic energy is converted into thermal
energy by dispersive and dissipative processes [Kennel et al., 1984], creating a region

of thermalised plasma, which is also known as the magnetosheath.

The shocked solar wind cannot simply penetrate the terrestrial magnetic field. It is
mostly deflected around the obstacle and the IMF lines start to drape around Earth.
This subsequently forces the terrestrial magnetic field lines into a cavity known as
the magnetosphere. And the boundary that separates the magnetosphere from the
shocked solar wind, is called the magnetopause. The nightside region where the mag-
netic field lines are stretched far in the anti-sunward direction is known as the magne-

totail [Baumjohann et al., 1996].

On the other hand, the dayside magnetopause and the magnetotail region can be sub-
jected to magnetic reconnection process that involves the merging of anti-parallel mag-
netic field between two regions [Baumjohann et al., 1996]. For example, configuration
of a northward directed terrestrial magnetic field and a southward directed IMF at the
dayside magnetopause, as well as the oppositely directed magnetic field between the
northern and the southern magnetotail lobes. Magnetic reconnection is an important
process that results in a non-zero flux transfer across the discontinuity, allowing the
transfer of particles and energy between the solar and terrestrial systems, as well as

within the terrestrial system [Hones, 1984].

The solar “extreme” ultraviolet (EUV) and UV light could dislodge a fraction of elec-
trons by ionising the neutral atoms and molecules in the atmosphere. This in turn

creates ionosphere, a region of permanent ionised population of electrically charged
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gas, separating the neutral atmosphere and the fully ionised magnetospheric plasma.
At higher latitudes, charged particles with origins of solar wind and magnetospheric
plasma can precipitate into the upper atmosphere along the magnetic field lines which
intersect the North and South Poles, colliding and ionising the atmospheric neutrals.
The emitted photons as a result of this ionisation process create the aurora, or com-
monly known as the northern and southern lights. [Morrison and Owen, 1996; Baumgo-

hann et al., 1996; Kivelson and Russell, 1995; Chaisson and McMillan, 1995].

This complex process of solar wind interaction with Earth which possess an intrinsic
magnetic field is illustrated in Figure 2.1(a). Not that this illustration is not drawn to

scale.

2.3 Solar wind interaction with Venus (unmagnetised body)

The previous section has shown that the presence of a strong intrinsic magnetic field can
shield the terrestrial atmosphere from directly interacting with the highly ionised solar
wind. As much as Venus is similar to Earth by only comparing their bulk properties (e.g.
size, density, chemical composition), one of the biggest differences between these two
planets is the absence of an intrinsic magnetic field on Venus. Nevertheless, studying the
solar wind interaction with Venus would provide an opportunity to better understand

the dynamics of a planet which an intrinsic magnetic field is absent.

Past studies have come to the conclusion that present day Venus does not possess an
intrinsic magnetic field similar to that on Earth, though it could have had a dynamo
planetary magnetic field for the first billion years of its life [Stevenson, 2003; Russell
et al., 1980; Stevenson et al., 1983; Luhmann and Russell, 1997]. For a celestial body to
generate a magnetic field, Dynamo Theory states that there must be (1) an electrically
conductive fluid medium, (2) planetary rotational kinetic energy and (3) convective
transferable internal energy [de Pater and Lissauer, 2001]. Hence Earth’s magnetic field
can be explained by its conductive molten iron outer core, continuous self-rotational
characteristic and also a temperature flux from its core to its crust. However for Venus,

the absence of magnetic field is unlikely due to its slow rotation (243 days compared
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to 1 day for Earth) [Stevenson, 2003]. Stevenson [2003] suggests that the absence of
magnetic field could be due to the lack of heat convection as the inner core is not

cooling [Stevenson et al., 1983] or has already completely solidified.

A schematic diagram showing the topography of the solar-Venus environment is illus-

trated in Figure 2.1(b). Note that the illustration is not drawn to scale.

A bow shock will still form as the super-magnetosonic solar wind is abruptly slowed
towards Venus. Similarly, a magnetosheath, a region of thermalised shocked solar
wind is formed behind the shock. However, unlike Earth, Venus does not have a
magnetosphere (dominated mainly by the strong terrestrial magnetic field) to deflect
the solar wind. Hence, the IMF carried by the solar wind will pile up on top of the
dayside ionopause, creating a region with high magnetic pressure called the ‘magnetic
barrier’ (sometimes referred to the magnetic pile-up region) [Zhang et al., 2008a]. These
field lines will drape around the planet and create an induced magnetotail region in
the nightside of Venus. Analogous to Earth’s magnetopause, the Venusian ionopause

is the boundary that separates the shocked solar wind and the planetary plasma.

As a matter of comparison, at the subsolar position (where sun is directly overhead of
Venus), Earth’s magnetopause has a stand off distance of around 10 Rg (Earth radii)
[Sibeck et al., 1991] while the nominal altitude of Venusian magnetopause stands around
1.05 Ry (Venus radius) during solar minimum [Zhang et al., 2008a]. The large difference
between the nominal altitudes of the Earth’s and Venus’s magnetopause demonstrates
how contrasting the planetary boundaries can be for cases whether or not a planetary
body is magnetised. An artistic comparison of the solar wind interaction between Earth

and Venus is illustrated in Figure 2.2.

2.3.1 Dynamics of the ionosphere/ionopause

Without an intrinsic magnetic field, Venus’ ionosphere is directly exposed to the incom-
ing solar wind. However, the ionised particles populating the ionosphere are very good
conductor. A current can be induced by the convecting magnetic field, which in turn

can generate a cancelling field to prevent the shocked solar wind from penetrating. The
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Figure 2.2: Artists impression of the solar wind interaction with Earth and Venus.
Earth and Venus are depicted as the planetary bodies with and without an intrinsic
magnetic field respectively. (© Copyright: ESA 2012. ID: 207755

current induced field can always be generated as long as the magnetic field orientation
constantly changes [Kivelson and Russell, 1995]. The ionopause forms at an altitude
where the total pressure balance (i.e. the thermal (nkgT), magnetic (B?/2u0) and dy-
namic (pv?) pressures) between the ionosphere and magnetic barrier are in equilibrium

[Zwan and Wolf, 1976; Brace and Kliore, 1991; Brace et al., 1980]:

MB B2 I0 B2
nkgT + =MB 4 V2:| = [nkBT—l— el (AR v2] 2.1
> il v =3 R (2.1)

where ) of MB and IO denote the summations of all the pressure components in the
magnetic barrier and ionosphere regions respectively. n, T, p and v are the plasma
number density, temperature, density, and velocity along the normal direction of the
ionopause. kp and pg are the Boltzmann’s constant and free space magnetic perme-

ability.

In the subsolar region, the total external pressure in the magnetic barrier is mainly
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dominated by the magnetic pressure where the thermal pressure is primarily converted
into magnetic pressure [Elphic et al., 1980] and the dynamic pressure becomes insignifi-
cant where the plasma velocity stagnates at the ionopause (hence pv? — 0) [Luhmann,
1986]. Hence ideally, the internal ionospheric thermal pressure itself can stand off the
total external pressure in the magnetic barrier. However, this is not always the case.
For example, under typical solar minimum environment where the incident solar ir-
radiance decreases, the peak ionospheric thermal pressure is lower than the external
pressure, the interplanetary flux can be easily forced into the ionosphere to supplement
the total ionospheric pressure with magnetic pressure. This subsequently leads to the
formation of ionopause at a lower altitude which allows the diffused magnetic field to
magnetise the exposed ionised particles, creating a magnetised ionosphere. In contrast,
during solar maximum when the ionospheric thermal pressure is strong enough to with-
stand the external pressure (85% of the time according to [Luhmann, 1986)), it results
in a higher ionopause altitude where the ionosphere is mostly “field-free”, leaving the

ionosphere unmagnetised [Luhmann et al., 1980; Luhmann and Cravens, 1991].

When the ionosphere is magnetised, the magnetic field in the magnetic barrier and the
ionosphere regions are less distinguishable. On the other hand, when the ionosphere is
unmagnetised, the ionospheric boundary can be clearly defined, where the ionosphere
is often populated with small scale magnetic structure (e.g. flux ropes which will be
discussed further in the following section) [Elphic et al., 1980]. Moreover, the altitude
where the ionopause forms is an important factor in plasma escape mechanisms, of
which will be discussed in detail later. This is because the altitude of the ionopause
can dictate the proportions of the atmospheric neutrals being eroded by the solar wind.
Nonetheless, the ionopause can generally be characterised as a tangential discontinuity
[Knudsen et al., 1982; Elphic and Ershkovich, 1984] separating the dense ionospheric
plasma from the tenuous solar wind plasma, where the total pressure is constant with

no mass and magnetic flux across the boundary [Baumjohann et al., 1996].

The total magnetic pressure in the magnetic barrier is primarily manifested from the
incident solar wind dynamic pressure through the depletion of solar wind plasma [Zwan

and Wolf, 1976; Brace and Kliore, 1991; Brace et al., 1980]. However, as the plasma
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velocity is primarily in the direction along the Venus-Sun line, this implies that the ex-
erted dynamic pressure will also vary depending on locations. For instance, the dynamic
pressure is higher at lower Solar Zenith Angle ! (SZA) where the radial components
(relative to Venus) of the plasma velocity are maximal. In contrast, the dynamic pres-
sure is lower at higher SZA where the radial components of the plasma velocity are
minimal [Phillips et al., 1986; Brace et al., 1980; Brace and Kliore, 1991; Luhmann,
1986]. In another word, the altitude where the ionopause forms varies depending on
locations. For instance, the nominal ionopause altitude at subsolar and terminator
regions during solar maximum are ~300 km and ~900 km respectively [Zhang et al.,

20084a).

Unlike Mars [ Vogt et al., 2015] which is also an unmagnetised planet, Venusian ionopause
is a well defined boundary and has a characteristic finite thickness that mostly ranges
from 20 to 40 km [Elphic et al., 1981]. Similar to the altitude, the thickness of iono-
spheric current sheet also varies with solar activities. For example, when the solar
activity is higher, the ionopause forms at a higher altitude as a result of stronger iono-
spheric thermal pressure. At the same time, the plasma collisional effects decrease with
increasing altitude and this results in a thinner current sheet. On the other hand, dur-
ing quiet solar activity where the ionopause forms at lower altitude, collisional diffusion
is responsible in broadening the current sheet [Elphic et al., 1981]. Such properties of
the ionospheric current sheet have so far only been explored with Pioneer Venus Orbiter
(PVO) data over the solar maximum period. Similar variability is also expected during

solar minimum and it will be one of the objectives in this thesis to be explored further.

2.4 Ionopause: wavelike appearance

The solar wind interaction with large planetary bodies like Venus can be described us-
ing magnetohydrodynamics (MHD) theory where the plasma is treated as a conducting

fluid and its behaviours vary with the presence of a magnetic field. An in-depth intro-

1SZA is the angle between the zenith and the Sun. For example, SZA = 0° at subsolar point and
SZA = 90° at the terminator region. Terminator is the the imaginary line separating the dayside and
night side of Venus
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duction to solar system magnetohydrodynamics can be found in Siscoe [1983]. For this
reason, the Venusian ionopause is subjected to a number of macro, “fluid-like” insta-
bilities [Luhmann and Cravens, 1991]. The two main instabilities are the Interchange
(flute) Instability [Arshukova et al., 2004] and the Kelvin-Helmholtz Instability (KHI)
[Chandrasekhar, 1961].

The KHI is a macroinstability that is principally generated by the strong shear flows
across a boundary [Chandrasekhar, 1961] and is an important mode of energy transfer at
Venus [Futaana et al., 2017]. Other contributing factors to the generation of KHI waves
include the magnetic field orientation [Lu et al., 2015], density gradient [Amerstorfer
et al., 2007; Amerstorfer et al., 2010], temperature gradients [Huba, 1981], gyroviscosity
or Finite Larmor Radius (FLR) [Wolff et al., 1980], solar activities [Biernat et al., 2007]
and gravity [Terada et al., 2002; Elphic and Ershkovich, 1984]. Detailed solutions to
the KHI using MHD equations can be found in Nagano [1978, 1979]; Wolff et al. [1980];
Elphic and Ershkovich [1984]; Terada et al. [2002].

Generally, the following qualities possess destabilising effects: quasi-perpendicular ori-
entation between the magnetic field and the wave vector as well as the flow velocity,
lower density and higher temperature gradients across the ionopause, and lower plan-
etary gravitational acceleration. The opposites are also true for the stabilising effects.
Note that the FLR effects can be either stabilising or destabilising depending on the
solar wind condition [ Wolff et al., 1980].

Even though the KHI is considered the more dominant instability for wave excitation,
there are occasions when terms such as the magnetic field stress and boundary curvature
are more significant, and can give rise to other instabilities, for example the Rayleigh-
Taylor Instability (RTI) or Interchange (flute) Instability [Elphic and Ershkovich, 1984].
On the other hand, the Interchange (flute) Instability only grows when there is a non-

monotonic plasma pressure gradient at the subsolar region [Arshukova et al., 2004].

A schematic illustration of the ionospheric boundary wave phenomena is shown in Fig-
ure 2.3 (denoted in blue). A number of model simulations have demonstrated that the

ionospheric boundary wave can arise when the ionopause is excited by these instabili-
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Figure 2.3: A schematic summary of all the dominant loss mechanisms of both ions
and neutrals on Venus. After [Futaana et al., 2017].

ties. Wolff et al. [1980] showed that the ionospheric boundary is unstable to KHI and
illustrated the formation of flux ropes and atmospheric bubbles as a result of the iono-
spheric surface wave. The 2D model utilised in Thomas and Winske [1991] shows that
the ionopause can be unstable as long as the magnetic field is perpendicular to the flow
direction, even for very low velocity shears. Terada et al. [2002] used a two-dimensional
global hybrid model to investigate the KHI at Venus and showed that the ionopause
in the subsolar region is unstable to KHI. Biernat et al. [2007] studied the growth of
the KHI at the Venusian ionopause and found that KHI can evolve regardless of the
solar wind conditions. Amerstorfer et al. [2007] and Amerstorfer et al. [2010] showed
that a density increase across the ionopause can influence the growth rate of KHI and
characterised the evolution of the KHI into three main phases, i.e. linear, non-linear

and turbulent phases.

However, Mdstl et al. [2011] showed that the ionopause is not able to reach the non-
linear vortex phase during either low or high solar activity due to the stabilizing density
jump across the ionopause as well as the low ionopause altitudes. Though Lu et al.

[2015] pointed out that Mdstl et al. [2011] utilised the density ratio of solar wind
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condition to the ionosphere which is higher (more stabilising), rather than the density
ratio of magnetic barrier to the ionosphere which is lower (less stabilising). In addition,
using a 2.5D MHD simulations, Zellinger et al. [2012] shows that the gravity possesses
an insignificant effect to the evolution of KHI and concluded that density increase has
a more stabilising effect on the boundary layer than the gravity term. Lu et al. [2015]
shows that boundary wave can still arise even for parallel magnetic field orientation
which has a stabilising effect. The results also indicates that there is a critical value of

the density ratio for which non-linear phase would not be reached if exceeded.

In addition to Venus, the development of the KHI has been studied at other planets.
For example, Penz et al. [2004] suggests that KHI may lead to the detachments of
ionospheric plasma clouds on Mars; Sundberg et al. [2010] observed dusk-side magne-
tospheric boundary wave at Mercury which could possible be excited by KHI; Nykyr:
and Otto [2001] shows that KHI at the magnetospheric boundary is responsible for the
plasma transfer into the Earth’s magnetotail; Masters et al. [2009] suggests that KHI
is responsible for the magnetospheric boundary wave phenomena at Saturn; and Goetz
et al. [2016] shows that the ionopause can be excited by the KHI as a result of high

velocity shear at comet 67P /ChuryumovGerasimenko.

2.4.1 Flux ropes and atmospheric bubbles

When it is excited, model simulations have demonstrated that Venusian ionopause can
exhibit a wavelike appearance. This wavelike appearance of the ionopause is an impor-
tant characteristic of Venus and plays a significant role in its atmospheric evolution as
well as the plasma energy exchange between the Sun and Venus. For instance, when
the Venusian ionospheric boundary is excited by the KHI, the boundary wave can
grow, become non-linear and subsequently reach a turbulent phase with non-regular
structures [Amerstorfer et al., 2010]. Results in Lu et al. [2015] shows that magnetic
reconnection can be initiated when the KHI vortices are highly rolled up and islands
of plasma irregularities can be formed. The vortices formed in the turbulent phase

can eventually break up to create magnetic “flux ropes” and “atmospheric bubbles”.
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Figure 2.4: Illustrations of possible formations of (a) flux rope and (b) atmospheric
bubble when the ionospheric boundary wave reach a turbulent state. After [Wolff
et al., 1980].

Their possible formation mechanisms are illustrated in Figure 2.4 (after [ Wolff et al.,
1980]). The ionopause can be distorted as the boundary reaches turbulent state. As a
result, compressed IMF and solar wind plasma which are trapped in a “current tube”
can be formed in the ionosphere when the ionospheric current sheets reconnect. This
current tube with plasma originated from the shocked solar wind is called a flux rope.
Similarly, a current tube but with ionospheric plasma can also be formed outside the

ionosphere, and it can be regarded as an atmospheric bubble.

Venusian flux ropes were first reported in Russell and Elphic [1979], since then they
have been extensively researched [Elphic and Russell, 1983; Elphic and Russell, 1983;
Russell, 1990; Chen et al., 2017]. In addition to boundary wave reaching turbulent
stage, flux ropes can also be generated by the mass loading mechanism. The mecha-
nism presented in [Russell, 1990; Wei et al., 2010] remarks the sinking of flux tubes
into the ionosphere based on the balance between the downward curvature force and
upward buoyancy force (due to the different densities between the flux tubes and the

ionosphere). When the buoyancy force is stronger than the curvature force, the flux
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Interior Structure of Flux Rope

'

Figure 2.5: Tllustration of the interior magnetic structure of a flux rope. (adapted from
[Russell and Elphic, 1979]). The red, yellow and purple-coloured arrows represent the
magnetic field lines of the inbound boundary, central axis and outbound boundary. The
grey arrows represent the magnetic field lines between the boundaries and the axis. The
green straight arrow representing the trajectory of VEX.

tubes will float on the ionospheric current sheet. These flux tube can become heavier
as a result of photoionisation of the neutrals, eventually overcoming the buoyancy force

and subsequently sink into the ionosphere.

Regardless of the generation mechanisms, as the flux ropes sink deeper into the iono-
sphere, the velocity shear relative to the quasi-stationary ionospheric plasma could
provide the flux ropes with a helical structure [Russell and Elphic, 1979]. These flux
ropes will twist and compress as they travel deeper into the ionosphere, resulting in
a decrease in their diameters, which can be attributed to the Helical Kink Instability
[Russell, 1990]. Its interior structure is illustrated in Figure 2.5. Flux ropes can be
viewed as a magnetic structure with twisted solar wind field lines. The twisting and
compressions of the magnetic field lines give flux rope a strong axial field, and the field
becomes more azimuthal with increasing distance from the centre. Hence, spacecraft
crossing through the flux rope will experience a three dimensional change in magnetic

field direction, a unique signature of a flux rope.

A thorough review of the global characteristics of these magnetic flux ropes can be found

in [Elphic and Russell, 1983; Elphic and Russell, 1983; Chen et al., 2017]. According



24 Chapter 2. Review of the solar wind interaction with planetary bodies

to the authors, flux ropes can be observed on more than 70% of the PVO orbits.
They have higher spatial occurrences at lower altitudes and can occupy more than
50% of the ionospheric volume near 165 km. The radius of the flux ropes range from
6 km at an altitude of 160 km to 15 km at altitude of 500 km. They tend to have
quasi-horizontal orientations at higher altitudes and more randomly orientated at lower
altitudes. These flux ropes may enter into, slow down, ‘pile up’ in the denser ionosphere
and are subsequently transported to the nightside region [Russell and Elphic, 1979]. As
they twist and develop into three dimensional structures, they can interact with other
flux ropes which have also become kink unstable to form more complex structures.
These flux ropes may dissipate their respective magnetic flux through charge exchange
and recombination with the surrounding ionosphere, which is becoming more resistive

as the altitude decreases [Russell, 1990].

The atmospheric bubbles, sometimes referred to as “plasma clouds”, possess plasma
contents which are similar to those of ionospheric origins [Brace et al., 1982]. They are
primarily observed above the ionopause around the terminator and further downstream,
a region which is regarded as the “cloud zone”. The shapes of these clouds are not
known as the authors suggested that they can appear in spherical or elongated shapes
along the solar wind flow. In addition, only a small number of clouds (12 according
to Brace et al. [1982]) are predicted to be present in the cloud zone at any given time.
The fate of these atmospheric bubbles are not certain. They are likely to be convected
downstream along with the solar wind bulk flow. The authors also discussed the roles
of ionospheric surface wave in leading to the detachment of atmospheric bubbles. The
estimated ion loss rate due to the convection of atmospheric bubbles ranges from 5x 1024
to 7x 1026 s=! [Lammer et al., 2006; Brace et al., 1982; Terada et al., 2002; Amerstorfer

et al., 2010]. If such process has been taking place on Venus since its formation, its role

in the plasma removal mechanism will have been significant.



2.4. lIonopause: wavelike appearance 25
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Figure 2.6: Illustrations of possible formations of ”terminator wave” [after Luhmann
[1990]]. Note the reversed orientations of the magnetic field lines.

2.4.2 Previous observational works

The ionospheric boundary has been demonstrated to be unstable to a number of insta-
bilities. When it reaches turbulent phase, flux ropes and atmospheric bubbles can be
created as illustrated in Figure 2.4. These plasma irregularities play an important role
in Venusian atmospheric evolution and have been observed and researched extensively
in the past. However, observational studies on ionospheric boundary wave events are
rather limited and only short periods of PVO data (one to two orbits of data) have

been utilised.

Using PVO data, Luhmann [1990] suggested the existence of “terminator wave” based
on the significant field behaviour change of the observed flux ropes within 15° of the
terminator. The authors suggested a possible mechanism by the reverse orientation of
the IMF in the ionosphere and suggested its association with the formation of flux ropes

as illustrated in Figure 2.6 (after Luhmann [1990]). Brace et al. [1980] observed large
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amplitude wavelike features in the vicinity of ionopause which the authors suggested
propagating longitudinal waves or ionospheric surface waves. Such observations are
always accompanied with ionopause altitude changes. The authors suggested that
these wavelike features could be induced by the impulsive solar wind interactions with

the ionosphere.

Brace et al. [1983] reported quasi-coherent wave trains that exist below 200 km which
can represent vertical plasma motions. The authors regarded these waves as propa-
gating trans-terminator ionospheric waves into the nightside and suggested a potential
energy source from the plasma pressure gradient driven interchange instabilities or the
ion-neutral drag driven shear instabilities. Pope et al. [2009] and Walker et al. [2011]
suggested that nonlinear vortex-like structures observed in the magnetosheath region
using Venus Express (VEX) magnetic field data were associated with the strong shear
flow across the ionopause. However, the altitudes of these observations are not consis-

tent with the nominal ionopause altitude.

2.4.3 Atmospheric evolution of Venus

There are a number of particle escape mechanisms from the upper atmosphere of Venus
and they are summarised in a schematic diagram in Figure 2.3. One of the processes
is the detachment of plasma clouds as a result of turbulent boundary as discussed
previously. All of these processes are well summarised in Lammer et al. [2008], Lammer
et al. [2006], Brain et al. [2016] and references therein. A synopsis discussion of these
mechanisms will be described briefly in this section. Generally, neutral atmospheric
particles can escape from a planetary body as long as they have sufficient energy to
reach the escape velocity to overcome its gravitational inward pull. The escape velocity

of a planetary body at a particular distance can be determined by

2G M,
T

Ve = (2.2)

where G is the universal gravitational constant, M), is the mass of the planetary body,

and r is the altitude where the particles escape. Hence for Venus, a G of 6.67 x
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1071 m3 kg™t 572, M, of 4.87 x 10%* kg and r of 6052 km give an escape velocity
of ~ 10.34 km s~!. Note that the value of escape velocity varies with the distance
of the particles from the planet. Hence, if the nominal ionopause altitude of 250 km
is considered instead, v, would decrease to ~ 10.15 km s~!, indicating less energy is
needed for the particles to escape from the ionosphere compared to those from the
surface. This would then correspond to an escape energy of ~ 8.54 eV for O* and

~ 0.54 eV for H*. * indicates hot and energetic photochemically produced atoms.

The atmospheric escape mechanisms can primarily be characterised into two categories,

depending if the particles are in neutral or charged states.

Neutral particles

1. Thermal escape (or Jeans escape) [Chamberlain, 1961; Opik and Singer, 1961]:
Atoms with velocity that exceeds the escape velocity in the exosphere can escape
into the space. However, the low temperature in the collisionless exosphere of
Venus is not able to provide the hydrogen atoms enough energy to overcome the
escape energy |[Lammer et al., 2008]. Hence, the loss of hydrogen through this
process is negligible Venus, let alone the heavier atoms which higher energy is

needed to escape.

2. Photochemical escape: The dissociative recombinations of molecular atmospheric
ions would form neutral atoms with large velocity. The productions of hot H*
atoms of all possible photochemical reactions have sufficient energy to escape
from the planet. However, the energy of the productions of O* atoms are not
sufficient to escape [Dubinin et al., 2012]. The highest energy of all the possible
formations of hot O* atoms is 6.96 eV [Kella et al., 1997] which is much lower

than the escape energy (8.54 eV) of O* atoms.

3. Sputtering [Luhmann and Kozyra, 1991]: The atmospheric neutral particles can
be accelerated and subsequently ejected into the space when incident charged
particles interact with the neutrals in the collisional region of the atmosphere.

It is important to mention that these accelerated particles are also subjected to
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photodissociation and photoionisation processes, which are then picked up by the

solar wind as charged particles instead.

In addition to thermal energy, charged particles can be influenced by the external mag-
netic and electric field. Hence, there is a difference in the escape mechanism between

the neutral and charged particles.

Charged particles

1. Solar wind pick up: A convection electric field (E = —v x B) can be generated
by the solar wind flowing past the ionosphere. This electric field can accelerate
the planetary ions (mainly the HT and O") from the exosphere up to twice the

solar wind velocity [Futaana et al., 2017].

2. Hall electric field: Curved magnetic field lines can induce an electric field (E = j x B)
which can accelerate and remove “blobs” of atmospheric particles from Venus.
This process is only effective in regions where the field lines are curved, such as
the polar regions and the magnetotail region mainly due to solar wind field lines

draping around Venus [Dubinin et al., 2013; Futaana et al., 2017].

3. Polar wind [Collinson et al., 2016]: An electric field (E = V - Pe) can also be
generated by electron pressure gradients which can direct the atmospheric charged
particles away. These ambipolar fields result in ion outflow from the magnetic

cusps on Earth hence it is referred to as the polar wind.

4. Detached plasma clouds/atmospheric bubbles [Brace et al., 1982]: As discussed
earlier, ionospheric plasma clouds can be formed as a result of ionospheric bound-
ary wave reaching nonlinear stage. These clouds of plasma are sometimes referred

to atmospheric bubbles.

A summary of the estimated loss rates for different mechanisms are tabulated in Ta-
ble 2.2. Note that these values are estimated using simulation studies summarised in

Lammer et al. [2006], Lammer et al. [2008], and references therein. In addition, it can
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Table 2.2: Average Venusian upper atmosphere escape rates. After [Lammer et al.,
2006; Lammer et al., 2008].

Escape Process Loss rate (s71)

Neutrals particles

Jeans: H 2.5 x 101
Photo-chemical reactions: H* 3.8 x 10%
Sputtering: O 6 x 10%4
Charged particles

Electric field force: HT <7 x10%

Ion pick up: H* 1 x 10%°

Ton pick up: H;‘ <1073

Ton pick up: O™ 1.6 x 10%
Detached plasma clouds? : OF 5 x 10?4 — 7 x 10%6

# The range of limits is obtained from Lammer et al. [2006]; Brace et al. [1982]; Terada et al. [2002];
Amerstorfer et al. [2010].

be observed from Table 2.2 that the detachments of atmospheric bubbles yields the
highest plasma loss rate (if the higher end of the estimated range is considered) among

all the suggested mechanisms.

Similar atmospheric escape mechanisms also take place in other unmagnetised bodies
[Brain et al., 2016]. The importance of each role on different planets is dependent
on a combination of the planetary properties as well as the external conditions. For
instance, compared to Venus which is larger, the thermal and photochemical escapes
play more important roles in the atmospheric removal process for Mars. This is because
lower energy is needed to reach the escape velocity of ~ 5 km s~!, even though the
Venusian atmosphere receives more energy from the solar radiation (simply because of
its close proximity to the Sun). Figure 2.7 summarises the relationship between the
escape velocity and the distance from the Sun (measured in surface temperature) of

some solar system bodies.

Venus Express plasma measurements show that the estimated escape rate for hydrogen
is approximately twice (= 1.9) that of oxygen [Barabash et al., 2007]. This ratio corre-

sponds approximately to the stoichiometric ratio of the number of hydrogen to oxygen
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Figure 2.7: Graphs of escape velocity against the distance from the Sun (measured
in surface temperature) of some planetary bodies. The retained gases are also shown.
The objects are drawn to scale. This figure is utilised under the Creative Commons
Attribution-Share Alike 3.0 Unported license.

atoms of a water molecule (2:1). In another word, present day Venus could still be
losing water molecules from the already low water content atmosphere (20 ppm (parts
per million)) to space. Even with a small plasma loss rate, a prolonged period of all the
discussed plasma removal mechanisms play a fundamental role in removing the ocean

of liquid water that once existed on Venus surface [Way et al., 2016].

2.5 DMotivations and outstanding questions

From the early observations and radar mapping from Earth surface, to spacecraft flybys,
orbiters and landings, past and current missions have allowed us to better understand
Venus. However, there are still a lot of outstanding questions that are yet to be an-
swered. By using the data from Venus Express, this thesis will focus particularly on

the stability and the dynamics of the ionopause in relation to the incoming solar wind
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in order to contribute to the following:

1. Model simulations demonstrated that the ionopause can exhibit a wavelike ap-
pearance, but the observational studies on this subject are very limited. Does the
ionopause always exhibit a wavelike appearance or does its occurrence depend on

certain parameters?

2. What are the dynamics of the ionospheric current sheet? Do its parameters (e.g.

thickness and altitude) vary with internal and external conditions?

3. What is the global distribution of the ionospheric boundary waves? What are

their general characteristics (e.g. sizes, altitudes, propagation direction, etc.)?

4. Model simulations demonstrate that atmospheric bubbles and flux ropes can be
the end products of a boundary wave. Can this relationship be directly evidenced

from observational studies?

5. Based on their characteristics, can the ionospheric flux ropes be categorised de-
pending on their production mechanisms (e.g. mass loading or turbulent bound-

ary wave)?

6. Is the boundary wave excited and generated only by KHI as demonstrated from
the simulation studies? Can boundary waves arise as a result of ionopause alti-
tude fluctuations [Brace et al., 1980] or the reverse in magnetic field orientations

[Luhmann, 1990]7

7. How important is the role boundary wave events play in the atmospheric evolution

at Venus? Could water be removed as a result of ionospheric boundary wave?

All of these questions are addressed and discussed directly in this thesis. The find-
ings contribute to our understanding of the dynamics of the solar wind interaction
with Venus, and unmagnetised bodies in general. Moreover, the results establish a
better perspective on the planetary atmospheric evolutions. The novel contributions

of this thesis are summarised in Chapter 1.2. They will be discussed more in details
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in the “Contribution” sections in each of the following chapters: Chapter 4, 5 and 6

respectively.



Chapter 3

Instrumentations and

methodology

3.1 Introduction

This chapter will present an overview of the instruments onboard VEX which the data
will be utilised for analysis in this thesis. In addition, Minimum Variance Analysis, a
data analysis technique that will be employed in this thesis will also be introduced in

this chapter.

3.2 Venus Express

Venus Express (VEX) is the European Space Agency (ESA)s first European Mission to
Venus. It was launched in November 2005 during solar minimum from the Baikonour
Cosmodrone in Kazakhstan, took a journey of about 5 months and arrived at Venus
in April 2006 [Svedhem et al., 2007; Titov et al., 2006]. VEX was fairly similar to
Mars Express apart from few modifications to account for the independent differences
between Venus and Mars [Svedhem et al., 2009]. VEX spacecraft was in an elliptical
polar orbit with apoapsis distance of 66,000 km for a 24 hour period and latitude of

about 78 °N. Due to the solar gravity perturbations, the periapsis changed around 1 to
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Figure 3.1: An illustrative diagram showing the orbital details of the Venus Express.

2 kilometres per day but it was maintained in a range of 130 to 463 kilometres [T'itov

et al., 2006; Svedhem et al., 2007]. An illustrative diagram is shown in Figure 3.1.

The objectives of the VEX mission are mainly focussed on understanding the Venus

planetary dynamics:

1. Solar wind interaction with the Venusian plasma environment
2. Greenhouse effect on Venus

3. Characteristic cloud system

4. Atmospheric escape mechanisms

5. Venus surface infra-red topography

6. Volcanic and seismic activity on Venus

3.2.1 Magnetometer

The magnetic field was measured by the VEX Fluxgate Magnetometer (MAG) which
consisted of two triaxial fluxgate sensors [Zhang et al., 2006]. When the spacecraft
was nearer to the planet, the magnetometer would be switched on at a rate of 32 Hz
to enable more data to be recorded but was maintained at standard mode of 1 Hz
otherwise. VEX also operated in 128 Hz “Burst” mode for two minutes at periapsis.

The data used in this research has been cleaned for dynamic stray fields [Pope et al.,
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P I. i i .
ASPERA-ELS - ASPERA-IMA

Figure 3.2: An illustrative diagram of Venus Express showing the positions of the
magnetometer, ASPERA-IMA and ASPERA-ELS.

2011] and corrected for offset [Leinweber et al., 2008]. 1 Hz data is used in this thesis

and 32 Hz data will be used where available.

3.2.2 ASPERA-4

The Analyser of Space Plasmas and Energetic Atoms (ASPERA-4) onboard VEX in-
cluded four sensors; electron spectrometer (ELS), ion mass analyser (IMA), neutral
particle imager (NPI) and neutral particle detector (NPD) [Barabash et al., 2007].

Only ELS and IMA data are used in this paper.

The ELS had 16 sectors of 22.5° covering the full 360° cycle. ELS provides electron
energy spectra in several modes, two of which is used in this thesis: an electron spectrum
between 0.9 eV to 15 keV is generated every 4s with an approximate energy resolution
(AE/E) of 7% (the energy resolution is energy and sector dependent) and an electron
spectrum between 9 eV to 250 eV is generated every 1s with an approximate energy of
7%. Both ranges of electron energy cover the electron populations used to characterise
the planetary regions and will be utilised in this thesis. Only data from anodes 5 to 12

of ELS will be used in this work as they provide unobstructed view.

The ion measurements provided by the IMA are in the energy range 0.01-36 keV/q
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Table 3.1: The performance of the ELS and IMA. Extracted from Barabash et al. [2007].

Parameter ELS IMA
Particles to be measure Electrons Tons
Energy, keV per change 0.01-15 0.01-36
Energy resolution, AE/FE 0.07 0.07

Mass Resolution - m/q=1,2,4,8,16,32, >40
Intrinsic field of view 10° x 360° 90° x 360°
Angular resolution, FWHM 10° x 22.5° 4.5° x 22.5°
G-factor /pixel, cm? sr 7x107° 3.5 x 1074
Efficiency, % Incl. in G-factor Incl. in G-factor
Time resolution (full 3D), s 32 196

Mass, Kg 0.3 24

with sampling time of 192 seconds and an energy resolution of AE/E of 0.07. Its mass
resolution covers the HT, Hy, H>", O" and the groups of heavy ion with molecular
mass to charge ratio, 20 < M/q < 80 amu/q. Ion moment data (density, velocity
and temperature) can be derived from the particle counters [Frdnz et al., 2007]. Only
the data from magnetometer, ELS and IMA will be used in this work. A diagram
showing the locations of these three instruments on VEX is displayed in Figure 3.2. A

comparison between ELS and IMA is summarised in Table 3.1.

3.2.3 Remarks

The data have been rotated into the Venus Solar Orbital (VSO) coordinate frame;
with +Xy g0 in the Venus-Sun direction, +Yy g0 perpendicular to +Xy o and in the
direction of the orbital motion of Venus, and +Zy o is orthogonal to complete the

right hand set of axes. Illustration is provided in the lower right corner in Figure 3.1.

Particle and low resolution magnetic field data are available from the data centre at
Centre de Donnes de la Physique des Plasmas (http://amda.cdpp.eu/) and from the
ESA Planetary System Archive (PSA) at https://www.cosmos.esa.int/web/psa/. High
resolution MAG data is available on request from the VEX - MAG PI, TieLong Zhang.
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After conducting a statistical survey of the available data for the entire mission du-
ration, it is found that there is a time drift up to 10 seconds on the ASPERA-4 in-
struments. After raising this issue with the ELS team, they mentioned that the offsets
could be due to the uniform time drift on the ASPERA-4 clock and more information
will be provided as soon as the issue is identified. All the ELS data used in this work

have been manually time-shifted in conjunction to the magnetometer.

In addition, the survey also found that a small number of the IMA ion moment data
are inaccurately calibrated. After discussing with the IMA team, it is due to electronics
noise resulting from low temperatures which was not cleaned by standard processing.
Hence, the noise has been misidentified by the processing procedure as the pickup ions
populations which causes an abnormality in the calibrated data. The data has not
been reprocessed at the time of writing. As a result, all the inaccurate ion data are not

considered in this work.

3.2.4 Comparison to PVO

Figure 3.3 shows a comparison between the VEX and PVO operating periods based
on the sunspots number. In contrast to PVO which was able to sample the Venusian
ionosphere around the subsolar region during the solar maximum period, the high
latitude elliptical polar orbit of VEX provides an opportunity to study the dynamics of
the Venusian ionosphere in the northern polar region of Venus during solar minimum.
This allows the work conducted in this thesis to complement those conducted using

PVO data that covers mainly the solar maximum period.
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Figure 3.3: Operating periods of VEX and PVO based on the sunspots number.
The sunspots number was obtained from the GSFC/SPDF OMNIWeb interface at

https://omniweb.gsfc.nasa.gov.

3.3 Minimum Variance Analysis

The two primary aims of using MV analysis in this work are to find (1) the discontinuity
conditions of boundary crossings (e.g. tangential or rotational) and (2) to estimate the

normal directions of the boundary crossings using MAG data.

The principal objective of the MV analysis technique is “to find, from single-spacecraft
data, an estimator for the direction normal to a one-dimensional or approximately
one-dimensional current layer, wave front, or other transition layer in a plasma.” [Son-
nerup and Scheible, 1998]. It was first employed in Sonnerup and Cahill [1967] to
determine the vector normal to the magnetopause. More specifically, MV analysis will
be utilised to transform the magnetic field measurements from the VSO coordinates
into the boundary normal coordinates. For instance, the minimum variance direction
resulted from MV analysis of a boundary crossing is directed along the minimum change
in magnetic field magnitude, which can be used as an estimator for the normal direction
of a boundary crossing of tangential discontinuity (i.e. Venus ionopause). The inter-
mediate and maximum variance directions will complete a right angle plane tangential

to the normal direction.

The three pairs of eigenvectors V; and eigenvalues \; from the magnetic variance matrix

M (Equation 3.1) are orthogonal and correspond to each other. For example, eigen-
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vector Vi, corresponds to the smallest eigenvalue A,,;,. In addition, the eigenvectors
represent the minimum, intermediate and maximum variance directions respectively.
In this work, the smallest value of eigenvalue \,,;, correspond to the minimum vari-
ance direction Vi, the largest value of eigenvalue A4, correspond to the maximum
variance direction V.4, and eigenvalue A;,; correspond to the intermediate variance

direction Vj,;.

The working procedures to obtain the magnetic variance matrix M over an interval of

MAG data with 1:N vector measurements are summarised as below:

myy = (BiB;) — (B)(B;) (3.2)
N

(BiBj) = (B;fj ) (3.3)
m=1

N
(By=3 = (3.4)

where 1 and j represent the directions X, Y and Z. N is the total number of vector

measurements.

Each of the three pair of eigenvectors V; and eigenvalues A; can then be determined

from the magnetic variance matrix M by solving Equation 3.5.
MV, = \,V; (3.5)

Vinin the minimum variance direction is used as an estimator for the normal direction
of a boundary crossing of tangential discontinuity. The magnetic field components in
the minimum variance direction, B;, = Bin = B X Vjnin. Similarly, The magnetic field
components in the intermediate and maximum variance directions are B;,: = B X Vj;

and By = B X Vg respectively. Boin, Bine and B4, are orthogonal to each other.
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3.3.1 Useful Parameters

There are a few primary parameters which are used to define the nature of the results.

They are described as below:

1. Note that Vi,i,, the normal directions estimated using the MV analysis method

are not always well-defined. Lepping and Behannon [1980] shows that Aint/Amin
is an important statistical indicator of how well defined the normal directions are.
Lower values of it/ Amin imply poorly determined variance qualities. In partic-
ular, the authors showed that variance qualities cannot be accurately determined
for Aint/Amin < ~ 1.8. Earlier works [Sonnerup and Cahill, 1967; Behannon
et al., 1981; Smith, 1973; Lepping and Behannon, 1980] required Njni/Amin of
at least 1.5-2.5. In this thesis, Aint/Amin > 3 is adopted to ensure well-defined

estimated normal directions of boundary crossings.

. The discontinuity jump conditions are important to classify whether a current

layer is a tangential or rotational discontinuity. For example, the Venusian
ionopause can be characterised by a tangential discontinuity [ Wolff et al., 1979]
where the |B,| across the current sheet is zero [Sonnerup and Scheible, 1998]. In
this thesis, we follow the criteria that was first introduced by Smith [1973] and
was later adopted by Neugebauer et al. [1984]; Horbury et al. [2001]; Séding et al.
[2001]; Knetter et al. [2004] to differentiate these two discontinuities based on
the values of |B,|/|B| and |AB|/|B|, where |B,| is the magnetic field component
normal to the discontinuity surface, |B] is the larger field magnitudes on either
side of the discontinuity and |AB| is the change of the field magnitude across the

boundary. The criteria are summarised in Table 3.2.

3.3.2 Statistical Error Estimates

The estimations of the eigenvectors (e.g. Vinin, Vint and Viue.) can result in statistical

uncertainties [Sonnerup and Scheible, 1998]. These statistical errors can be estimated

by the use of standard analytical approach. Such approach has been shown to be com-
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Table 3.2: A table of the criteria to differentiate tangential and rotational discontinu-
ities. Adopted from Knetter et al. [2004].

Discontinuities |B.|/|B| |AB|/|B|

Rotational >0.4 < 0.2
Tangential < 0.4 > 0.2
Either <04 < 0.2
Neither >04 >0.2

parable to the use of computational techniques such as the bootstrap method [Khrabrov

and Sonnerup, 1998].

|Ag; j|, the angular uncertainty of V; for rotation toward or away from V; can be

estimated as below:

Amin. (N + Xj — Amin)
Aoi il = |Agsi| = min j '

where ¢ and j can be min, int, and maz, but ¢ # j. For instance, |A@min,int| would
represent the angular uncertainty between Vi, and Vipe. If Ajpe/Amin of 3 and N =6
are considered, then the resulting |A@minine| = =+ 0.387 rad = £ 22.2°. Note that
this value of uncertainty is obtained by utilising the lower limits of Xjpt/Amin  and
N considered in this thesis. Where in fact, the values of \jpi/Amin and N resulted
from the MV analysis implemented in this thesis (which will be discussed further in
Chapter 4 and Chapter 5) are shown to be higher. This would result in much smaller
hence insignificant uncertainties. Therefore, statistical uncertainties resulted from the

MYV analysis approach will not be considered in this thesis.



Chapter 4

Ionospheric boundary wave:
Detailed single observational

study

4.1 Introduction

Past simulation works summarised in Chapter 2.4 have shown that the Venusian ionopause
can be unstable to macroinstabilities (e.g. KHI Terada et al. [2002]; Biernat et al.
[2007]) and can exist with a wavelike appearance. This wavelike property of the
ionopause has also been frequently depicted in a number of illustrations [Brace et al.,
1987; Luhmann and Kozyra, 1991], and is closely linked to the observations of flux
ropes [Russell and Elphic, 1979] and atmospheric bubbles [Brace et al., 1982]. These
plasma irregularities play important roles in the energy transfer between the solar wind

and the Venusian atmosphere.

VEX’s high latitude and highly elliptical polar orbits provide an ideal opportunity to
study the fluctuations of the ionopause boundary, as the tangential velocity shear flow,
which is the primary seed for the development of the KHI [Chandrasekhar, 1961], is

large in the terminator region [Knudsen et al., 1980]. Despite the significances of the
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ionospheric boundary wave, the observational studies of such events are rather limited
and are mostly conducted with PVO data [Luhmann, 1990; Brace et al., 1980; Brace

et al., 1983].

In this chapter, a detailed analysis of evidence of boundary waves in the vicinity of the
terminator observed on 26 June 2006 is presented. High resolution data of IMA and ELS
of ASPERA-4, as well as the MAG on board of VEX will be utilised to characterise
this event. An approach is implemented to identify potential ionospheric boundary
crossings. Coupled with MV analysis, this approach is able to demonstrate whether
or not these boundary crossings are ‘smooth’. We investigate the evolution of these
boundary waves in the terminator region of the ionopause by examining a sequence of
magnetic oscillations. On 26 June 2006, within the boundary wave, evidence is shown
for the existence of a magnetic flux rope. The observation of boundary waves in this
study is fundamental in explaining the observations of atmospheric bubbles outside the
ionosphere [Brace et al., 1980, 1982]. Finally, their dynamics are discussed and their
properties are shown to be consistent with a previously proposed generation mechanism

which may contribute to Venusian atmospheric evolution.

4.2 VEX pass on 26 June 2006: Pulse-like Photoelectron

Dropout

Figure 4.1 shows the (a) VEX trajectory, (b) the electron energy-time spectrogram of
count rate, (c) ion energy-time spectrogram of count rate and (d) 1Hz magnetic field
magnitude plot. The yellow, red, purple and green coloured parts of the trajectory
plot reflect the different regions VEX was in, i.e. the unshocked solar wind, magne-
tosheath, magnetic barrier and ionosphere regions respectively. They are also reflected
in the coloured bar above (b). The nominal altitudes of bow shock (BS), induced
magnetopause (MP) and ionopause (IP) are represented in blue, red and green dashed
lines respectively [Zhang et al., 2008b,a]. The actual crossings of the bow shock and
ionopause are marked with golden circle and their respective time crossings. Note that

since the location of the bow shock is highly variable, which can be due to the variation
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Figure 4.1: VEX pass from 01:15 UT to 02:35 UT on 26 June 2006. (a) The VEX
trajectory plot in Ry (Venus radii), (b) electron energy-time spectrogram of count rate
obtained from ELS, (c) ion energy-time spectrogram of count rate obtained from IMA
and (d) 1-Hz magnetic field magnitude plots otained from MAG. (e), (f) and (g) are
the energy-mass channel plots of the ion populations in different regions indicated with
the yellow, green and grey coloured arrows in (c). Full figure description can be found
the the body of the main text.
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of the solar EUV, solar wind Mach number and IMF orientation [Zhang et al., 2008b],
the observed altitudes of the bow shock are comparably different than the nominal

locations.

On 26 June 2006, the spacecraft was orbiting Venus quasi-along the terminator plane
(Xvso =0, Y-Z yso plane). The angle between the orbital and the terminator plane
is about 6°. The unshocked solar wind (yellow bar) was rather quiet. This is reflected
from the low and broad solar wind electron energy around 20-40 eV in Figure 4.1(b) and
the minimal magnetic field fluctuation around 5 nT in Figure 4.1(d). The inbound bow
shock was crossed at around 01:30 UT (at an altitude of about 4477 km) with a sudden
appearance of high energetic electron populations in the magnetosheath region. This
bow shock crossing is a typical example of a quasi-parallel shock. The shock angle 6p,
is &~ 30°, based on a mean average value obtained using MV analysis (32°) [Sonnerup
and Scheible, 1998; Sonnerup and Cahill, 1968], Coplanarity (34°) [Schwartz, 1998, and
references therein| and model Bow shock (24°) [Zhang et al., 2008b]. There are some
notable oscillations prior to crossing the bow shock at around 01:30 UT on 26 June 2006.
These structures could be attributed to either foreshock magnetic structures (e.g. Short
Large Amplitude Magnetic Structures (SLAMS) [Collinson et al., 2012]) or multiple
shocks crossings. Such magnetic oscillations are quite common for quasi-parallel shocks

like this inbound bow shock crossing on 26 June 2006.

As the spacecraft crossed the bow shock into the magnetosheath (red bar), the incoming
solar wind electrons are heated by the shock, broadening the electron energy distribu-
tion. The broad energy intensity (ranging from ~11 eV to ~70 eV) in this region can
be seen to become narrower towards the lower boundary of the magnetosheath. At
around 01:43 UT, VEX crosses the magnetopause (at an altitude of about 1226 km)
and enters the magnetic barrier (purple bar), which may be described as the ‘transition
layer’ [Coates et al., 2008]. In the magnetic barrier, the electron distribution broadens,
spanning 3 eV to 70 eV which shows a mixture of higher energy sheath-like (~11 eV to
70 eV) and lower energy ionospheric (3 eV to ~11 eV) plasma. The lower boundary of
the magnetic barrier is not particularly obvious here; the electron distribution remains

broad without an obvious peak until 01:46 UT (altitude of 768 km).
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Figure 4.2: (a) The electron energy-time spectrogram of count rate, (b) the ion energy-
time spectrogram of count rate, (c) magnetic field components in Xygo, Yyso and
Zyso directions, and (d) magnitude of the magnetic field from 01:40 to 01:55 UT. The
multiple pulse-like photoelectron dropouts intervals are shaded in yellow. (d) A section
of the electron energy-time spectrogram from 01:46 to 01:54 UT which clearly shows
multiple pulse-like dropouts in the electron count rate.
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Figure 4.2 shows the (a) the electron energy-time spectrogram of count rate, (b) ion
energy-time spectrogram of count rate, (c) components of the magnetic field in VSO
coordinates and (d) magnitude of the 1Hz magnetic field from 01:40 to 01:55 UT that
focuses the inbound magnetic barrier and ionosphere in greater details. Figure 4.2(e)
shows a section of the electron energy-time spectrogram of count rate from 01:46 to

01:54 UT which shows multiple pulse-like dropouts in the electron count rate.

The inbound ionopause was crossed at around 01:46 UT at an altitude of about 768 km.
The ionosphere region (green bar) is identified by the observation of ionospheric pho-
toelectron population which has electron flux intensity peaking ~21-22 eV. This is
also clearly denoted by the grey arrow on the Yy o axis in Figure 4.2(e) which shows
the ionosphere region in greater detail. These photoelectron population are mainly
due to the photo-ionization of oxygen by solar Hell 30.4 nm photons [Coates et al.,
2008]. They typically have a unique signature of flux intensity peaking at 21-24 eV
and at 27 eV [Coates et al., 2008; Cui et al., 2011]. In addition, the mean average
magnetic field magnitude in the ionosphere is ~9.16 nT, making this a good exam-
ple of a VEX pass through an unmagnetised ionosphere (upper limit of unmagnetised
ionosphere is ~15 nT [Angsmann et al., 2011]). There are intervals of pulse-like miss-
ing photoelectron population in the ionosphere region which are shaded in yellow in
Figure 4.2. These will be termed as “photoelectron dropout” events throughout this
work. VEX was in the ionosphere region through the periapsis of 303 km and then
crossed the outbound ionopause at around 01:59 UT (at an altitude of about 845 km).
The outbound planetary pass can be characterised similarly to the inbound pass but
in a reversed order. A mixture of sheath-like and ionospheric plasma populations were
detected in the outbound magnetic barrier. The spacecraft then crossed the magne-
topause at 02:04 UT into the outbound magnetosheath and eventually crossed the bow

shock again at 02:30 UT.

Figure 4.1(e), (f) and (g) show the energy-mass channel plots of the ion populations
in the unshocked solar wind, magnetosheath and ionosphere regions, which are also
indicated with the yellow, green and grey coloured arrows in Figure 4.1(c). The yellow

circled populations are due to noise/HT contamination. The six white coloured lines
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are the mass-position lines which correspond to mass-to-charge ratio m/q of (starting
from the left) 32, 16, 8, 4, 2 and 1 (amu/C). Ions observed around these lines indicate
the presence of OF, Ot, O*T, Het, He™" and H* respectively. In this work, the
ion populations with m/q > 8 are considered the heavy ions. Moreover, the IMA
ion data is also used to characterise the different planetary regions. For instance, the
typical high and narrow He™™" and H' energy with solar wind origins can be reflected
in Figure 4.1(e) which is sampled when VEX was in the unshocked solar wind region
indicated by the yellow arrow in Figure 4.1(c). Similarly, the heated and broaden ion
(H™) energy distribution in the magnetosheath region can be reflected in Figure 4.1(f).
Finally, the cold and low energy heavy O ions and protons (H') originating from the

Venusian atmosphere can be seen in the ionosphere region in Figure 4.1(g).

Throughout this work, the first observation of photoelectrons during an orbit is identi-
fied as the inbound ionopause and the last observation of photoelectron population is
identified as the outbound ionopause. The ionosphere is the region within the inbound

and outbound ionopause.

4.3 Analysis of the boundary wave

From Figure 4.2(d), it is clearly seen that the magnetic field drops almost to 0 nT in
the ionosphere region on a number of occasions, e.g. 01:46, 01:47, 01:48 and 01:51 UT.
The high peaks of these magnetic field fluctuations around 15 to 20 n'T are comparable
to the field magnitude in the magnetic barrier region. Furthermore, these magnetic
field fluctuations also correspond directly to the intervals of pulse-like photoelectron

dropouts. These intervals are clearly shaded in yellow in Figure 4.2.

On the other hand, Figure 4.3 shows the four energy-mass channel plots of the ion
populations in different regions indicated with the yellow, green, grey and red coloured
arrows in Figure 4.2(b). The heavy ions (with m/q similar to and greater than 8) and
the low energy protons originate from the upper atmosphere as well as the ionosphere.
They are identified by black circles. The high energy protons which are from the

shocked solar wind are identified with red circles.
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Figure 4.3: (a)-(d): the energy-mass channel plots of the ion populations in different
regions indicated with the yellow, green, grey and red coloured arrows in Figure 4.2(b).
The ion populations circled by black lines are ionospheric and those circled by red lines
are from the solar wind.

These high energy proton populations (circled in red) are observable during all four
intervals presented. They are expected in Figure 4.3(a) and (b) as VEX-IMA was
sampling the magnetic barrier region. However, these high energy proton populations
are also clearly observed in Figure 4.3(c) and (d) which is not expected in the iono-
sphere. Note that the heavy ion populations observed in Figure 4.3(a) are normally
not expected as well. However, these atmospheric ions could be attributed to the

“atmospheric bubbles” which will be discussed further in later sections.

In the ionosphere, it would be expected that the ionospheric plasma population to be
constantly observed and the solar wind plasma should be absent. So, the occurrence of
the photoelectron dropouts and the observations of proton populations with shocked
solar wind origins in the ionosphere imply that: while VEX was in the ionosphere, there
were periods when VEX detected ion and electron populations as well as magnetic field
magnitude similar to those in the magnetic barrier region. This can be due to a few
possible scenario: 1. VEX travelled into and out of the ionosphere numerous times in a
single VEX pass, 2. VEX crossed into magnetic flux ropes with magnetic barrier origins
and 3. VEX travelled into patches of magnetised and unmagnetised plasma. However,
the decay of the magnetic field in the ionosphere is on a time scale of minutes to several
hours [Luhmann et al., 1984]. As a comparison, the magnetic field fluctuations that
correspond to the photoelectron dropouts are rather instantaneous, on the time scale

of seconds. Hence, the last scenario of VEX travelled through patches of magnetised
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VEX data on 26 Jun 2006
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Figure 4.4: A section of the Venus Express data on the 26 June 2006 which shows seven
consecutive oscillations (dip-to-peak and peak-to-dip) of the magnetic field. The black
plot represents the field magnitude, the purple, yellow and orange represent the field
components in Xy so, Yyso and Zy go directions respectively. Each dip-to-peak-to-dip
is also shaded in lighter and darker shade of colours for ease of identification.

and unmagnetised regions of the ionosphere consecutively can be ruled out.

Crossings of both the flux ropes and ionopause can be characterised by tangential
discontinuity. Hence, the first two scenarios indicate that if VEX was to travel from
the magnetic barrier to the ionosphere region or vice versa, or to travel into and out of a
magnetic flux rope with magnetic barrier origins, boundary of tangential discontinuity
would have been crossed. Multiple crossings of the ionopause/flux rope in a single VEX
pass indicate a boundary wave. Therefore, MV analysis is implemented to find out if
the ionopause was crossed over the intervals when photoelectron dropouts are observed.
In the case that they are ionopause crossings, MV analysis will be utilised to find their

respective normal directions.

Figure 4.4 shows the magnetic field data (in Xy g0, Yyso and Zygo direction) over
a section of these consecutive oscillations region (01:47:15 to 01:48:20 UT) which cor-

respond to the first yellow-shaded region in Figure 4.2. The second yellow-shaded is
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associated with a gap in magnetic field and which will be omitted from the following
analysis. The field magnitude shows three distinct oscillations between sheath and
ionospheric levels, with the magnetic field data oscillating from around 2 nT to 18 nT.
These dip-to-peak and peak-to-dip magnetic field correspond to the pulse-like dropouts
in the electron energy-time spectrogram, visible from Figure 4.2(e). Each of the dip-
to-peak and peak-to-dip are shaded in different colours and are labelled in lower case

Roman numerals for ease of identification in Figure 4.4.

Table 4.1 shows the components of the minimum variance directions in the Xy 50, Yvso
and Zy go directions, intermediate-to-minimum eigenvalues ratio (Aint/Amin ), the ratio
of average magnetic field component along the minimum variance direction (B,,) to the
larger field magnitudes on either side of the discontinuity (|B,|/|B]|), the ratio of the
change of the field magnitude to the field magnitude (|AB|/|B|), the angle between
|Bp| and |B|, 6 p,_p, the number of data points during the intervals analysed as well

as the angle between the spacecraft trajectory and the minimum variance directions,

0 vEX MV

The minimum variance directions of all seven intervals for the periods corresponding to
successive dip-to-peak and peak-to-dip magnetic oscillations are generally well-defined.
In particular, the intermediate-to-minimum eigenvalues (A2/\1) of all the minimum
variance directions are > 4, apart from Region v (01:47:51 to 01:47:55 UT) which the
minimum variance direction is slightly less well-defined with A2/\; of 3.57. This may
be affected by the magnetic field intermediary at 01:47:54 UT (centre of Region v in
Figure 4.4).

It is noticeable from Figure 4.4 that the main changes of the field measurement in this
period are mostly in the Xy go direction. Apart from Regions i and ii, the compo-
nents along Yy so and Zygo are relatively close to zero (~ +3 nT). The mean average
total magnetic field dips in this duration are also close to zero nT (~ 2 nT) which
may indicate VEX was travelling in the ionosphere region where the plasma is al-
most unmagnetised. Additionally, all the |B,|/|B| < 0.25 (mean value of 0.09) and

|AB|/|B| > 0.56 (mean value of 0.7). These are well within the criteria for tangential
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Table 4.1: A summary of the results of the Minimum Variance Analysis on Venus Express data on 26 June 2006 for all the photoelectron
dropout intervals shown in Figure 4.4.

Time (UT) MYV Direction
From To X Y 7 vs,i\v{is _ms\_\_m_ _Dm_\_m_ %m:,m AQGMV Data Point 0 VEX,MV
‘01:47:23"  ‘01:47:28’ 0.331 -0.920 -0.209 68.97 0.06 0.89 86.7 176 163.9

‘01:47:34”  ‘01:47:38’ -0.061 0919 0.390 144.86 0.04 0.67 87.5 118 19.0

‘01:47:51°  ‘01:47:55’ 0.191 -0.047 0.981 3.57 0.25 0.92 76.1 126 90.5
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VEX Orbit on 26-06-2006
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Figure 4.5: Three-dimensional views of minimum variance directions of all the seven
“peak-to-dip” and “dip-to-peak” intervals on 26 June 2006 . The intervals ‘01:47:22
- 01:47:28,01:47:34 - 01:47:38’, ‘01:47:51 - 01:47:55", ‘01:48:08 - 01:48:11°, ‘01:47:28 -
01:47:34°, ‘01:47:40 - 01:47:48" and ‘01:47:59 - 01:48:06" are colour-labelled with respect
to their minimum variance directions. The colour-dotted frames are 2D views of the
trajectory where blue is X-Y yso plane, pink is Y-Z yso plane and green is X-Z v so
plane.

discontinuity mentioned earlier in Chapter 3; |B,|/|B| < 4 and |AB|/|B| > 0.2. The
tendency of the angle between |B,,| and |B| to be 90° (all g, p > 76.1°, mean value of
84.8°) further indicates that this is a tangential discontinuity; a typical characteristic

of the Venusian ionopause [ Wolff et al., 1980].

All the seven minimum variance directions are plotted against the orbit in Figure 4.5;
both the figure and the table are colour-coded. If the dayside ionopause is assumed
to exist as a smooth quasi-spherical boundary separating the atmospheric plasma from

the shocked solar wind, then the boundary normal directions at the locations of the
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Figure 4.6: (a) A possible illustration of the boundary wave observed from 01:47:22 to
01:48:12 UT. The normal directions of the boundaries are represented by the coloured
arrows. The arrows are colour-coded according to Table 4.1. The black lines represent
the instantaneous boundaries which VEX crosses. The grey dotted line completed the
illustrative shapes of the boundaries. The blue straight arrow represents the trajectory
of VEX. (b) A similar illustration of the boundary wave, but also including an isolated
flux rope represented as a red dotted line.

crossings should lie radially outward from the centre of Venus. However, this scenario

is not reflected from the results shown in Figure 4.5.

As the ionopause is crossed mainly around the northern polar region of Venus on
this VEX pass, the minimum variance directions of smooth quasi-spherical boundary
crossings should have dominant components along the Zy go axis. Instead, Figure 4.5
shows that the minimum variance directions of the boundary crossings lie mainly along

the Yy go axis.

4.3.1 Possible appearance of the ionopause

In this section, the data analysis of 26 June 2006 so far has shown that, when VEX
was in the ionosphere, (1) there are intervals of photoelectron dropouts even though
they are expected to be observed continuously throughout the ionosphere, (2) a mix-
ture of ionospheric and solar wind ion populations are observed, (3) consecutive field
oscillations from high field (sheath-like) to low field (ionospheric) are experienced, (4)

ionospheric boundary is crossed multiple times throughout these intervals of photoelec-
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tron dropouts, and (5) the normal directions of the boundary crossings mainly lie along
the Yy 5o axis. These results suggest that on 26 June 2006, the ionopause where VEX
crossed repeatedly from the ionosphere into the magnetic barrier (and vice versa), is
not smooth but exists in a wavelike appearance propagating along the Yy go axis. This

scenario is interpreted in an illustrative diagram in Figure 4.6(a).

0 vEx_mv, the angle between the trajectory of VEX and the minimum variance di-
rections from each of the dip-to-peak and peak-to-dip transition are calculated and
shown in Table 4.1. All seven angles with respect to the VEX trajectory (plotted as
a blue straight horizontal arrow) are shown in Figure 4.6(a). The seven arrows, which
are colour-coded with their respective intervals in Table 4.1, represent the minimum
variance direction of each of the seven boundary crossings. The bold grey dashed lines,
which form a perpendicular plane to the minimum variance directions, represent the
instantaneous boundaries crossed by VEX. An illustrative shape of the potential bound-
ary is traced with the grey dotted line. The observed changes in angles between the
VEX trajectory and the boundary normals indicates the existence of a boundary wave,
e.g. Figure 4.6(a). Even though the angles 0 ypx_pv were taken into consideration
when plotting this figure, the shape and structure should only serve as an illustrative

example.

4.4 Analysis of a flux rope

While most of the magnetic wave trains from the previous section (01:47:22 to 01:48:12 UT
in Figure 4.4) show properties of a two-dimensional planar magnetic structure, the
first dip-to-peak-to-dip from 01:47:23 to 01:47:34 UT (Region i and ii) shows a three-
dimensional magnetic structure that has a close resemblance to those of a flux rope,
i.e. Figure 2.5. Figure 4.7(a) illustrates the passing of VEX through the centre of a
flux rope and Figure 4.7(b) shows how the corresponding magnetic field may change
crossing the flux rope in the minimum, intermediate and maximum variance directional
frames. Regardless of how a flux rope is crossed, the changes of the magnetic field in

the variance frames should be consistent as long as the flux rope is crossed through its
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Figure 4.7: (a) An illustration of a VEX passing through the centre of a flux rope. (b)
Expected changes of the magnetic field components in the minimum, intermediate and
maximum variance coordinates. Green arrow represents the trajectory of VEX. The
red, yellow and purple-coloured dots correspond to different spacecraft locations in a
flux rope.

centre as illustrated in Figure 4.7.

The flux rope on this VEX pass was observed at an altitude of 574 km and SZA of 87°.
The minimum B,,;,, intermediate B;,; and maximum B,,,; variance components of its
magnetic field are shown in Figure 4.8. From Figure 4.8, the magnetic field strength
is observed to be the lowest (~ 1nT) at the boundaries of the magnetic structure (cor-
responds to the begin and the end of the field magnitude plot). The magnetic field
strength increases as the structure is crossed gradually, peaking in the maximum vari-
ance direction (~ 18nT) before it decreases towards the exiting boundary. In addition,
it can be observed in Figure 4.8 that when the magnetic field in the maximum vari-
ance direction B4z, is at its peak strength, the intermediate and minimum variance
components Bj,: and By, reach minimum (= 0 nT). This suggests that VEX crosses
a magnetic structure with weak field strength at the boundaries and strong axial field
in its centre; e.g. a flux rope. Note that unless the spacecraft passes through the exact
centre of the flux rope, there will be a finite azimuthal field component (or By;,) per-

pendicular to its axis. The MV analysis of the flux rope presented here suggests that
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Figure 4.8: The magnetic field (in the minimum, intermediate, and maximum variance
coordinates) of the flux rope observed from 01:47:23 UT to 01:47:34 UT.

VEX crossed very close to the centre of the flux rope. This is reflected from the very
low but non-zero magnitude of B,,;,. The results presented in Figure 4.8 are consistent

to the illustration shown in Figure 4.7.

To find out if these changes of direction are three-dimensional, further analysis is con-
ducted. Figure 2.5 shows the magnetic structure of a flux rope (adapted from [Russell
and Elphic, 1979]). The red, yellow and purple-coloured arrows (labelled B;,, Bgzis
and By,;) that represent the instantaneous magnetic field directions which VEX crosses
at the inbound boundary, central axis and outbound boundary. If the VEX trajectory
is assumed to cross the flux rope as illustrated in Figure 2.5, and if the direction of
the peak magnetic field is assumed in the direction of the axis (Bgzis) of the flux rope,
the angle between the field direction at the inbound crossing of the boundary (B;y)
and the axis (Bgzis) from the analysis is found to be 77°. Similarly, the angle between
the field direction at the outbound crossing of the boundary (Byy:) and axis (Bgyis)
is 54°. The existence of these rotations between Bj;,, Bayis and By, shows the field

rotation is three dimensional as illustrated in Figure 2.5, implying that the structure
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Figure 4.9: Hodogram of the field variation in (a) Baz t0 Bint and (b) Bz t0 Biin
plane from 01:47:23 to 01:47:34 UT.

which VEX traversed through is not just a two-dimensional planar magnetic structure.
All the above observations are consistent with the signature characteristics of a flux

rope.

Furthermore, while the minimum variance component B,;, (orange) is close to 0 nT
throughout the interval, it is visible from Figure 4.8 that the direction of the interme-
diate variance component B;,; (yellow) flips 180° quickly (in just under 2 seconds) as
the maximum variance component By, (purple) reaches its maxima. This observa-
tion is consistent with the typical characteristic of the structure of a flux rope. If B;,
represents Bj, in Figure 2.5, B;,: decreases as VEX passes through the flux rope and
it will reach minima (zero in our case) when VEX passes through/close to the centre of
the flux rope (as the main magnetic field component will be along the axis). Similarly,
as VEX leaves the centre of the flux rope, B;,; increases but in the opposite direction
and eventually reaches B,,; when VEX traversed through the outbound boundary; i.e.

the B;, and B,,; are 180° opposite in direction.

The hodogram of the variance components is shown in Figure 4.9(a) and 4.9(b). The
start of the hodogram plot is marked with a blue circle. The minimum variance direction

of this magnetic structure is very well-defined with eigenvalues ratio of Ao/A; > 169. It
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can be seen that the magnetic field direction rotates by 180° as VEX traverses through
the magnetic structure which is consistent with our observation from Figure 4.8. An-
other key identifier that this magnetic structure is in fact a flux rope and not some
planar magnetic structures, is the “potato chip” shape hodogram [Russell, 1990] as
shown in Figure 4.9(b) that indicates the magnetic structure is axially ‘twisted’. In
contrast to this “potato chip” shape, a vertical line of Bjnqz/Bmin would have indi-

cated that the magnetic structure is “untwisted”; i.e. not a flux rope.

In comparison to Figure 4.6(a), the observation of a flux rope and how it may exist
within the boundary wave is illustrated in Figure 4.6(b). Both of the plots only serve as
an illustration. Due to the limitations of Venus Express instrumentation and without
further analysis, the exact physical structure of the flux rope and the boundary wave

cannot be determined with certainty.

4.5 Discussion

This chapter has presented the results of the observation of boundary waves and a flux

rope on the 26 June 2006 using the VEX magnetic field and plasma measurement data.

4.5.1 Altitude of the ionopause

Even though the plasma data measured from VEX as well as the MV parameters from
the data analysis are consistent with the signatures of the Venusian ionopause, the
altitude at which the boundary wave and flux rope are observed on 26 June 2006, is
much higher than the nominal altitude of the ionopause during solar minimum (572 km
compared to the nominal 250 km [Zhang et al., 2008a]). Furthermore, during solar
minimum, the ionosphere is expected to be magnetised most of the time [Zhang et al.,
2007], a state which often contains large-scale magnetic field structures. Since such field
structures may suppress the formation and the observation of flux ropes, flux ropes are
infrequently observed even though they are observed in more than 70% of the orbits of

PVO (during solar maximum) [Elphic and Russell, 1983].



60 Chapter 4. Ionospheric boundary wave: Detailed single observational study

Although it may not be a common, the terminator ionopause has previously been ob-
served at much higher altitudes (> 700 km) during solar minimum [Zhang et al., 2008a;
Coates et al., 2008; Futaana et al., 2008; Angsmann et al., 2011] and has been observed
as high as 900 km during solar maximum [Zhang et al., 2008a]. The Venus ionosphere
can also sometimes be observed field-free at solar minimum (an unmagnetised iono-
sphere was observed in 39 out of 225 VEX orbits from 24 April to 30 December in 2006
according to [Wei et al., 2010]) and resemble the environment at solar maximum; e.g.
on 26 June 2006 when the magnetic field strength |B| of the ionosphere is &~ 0 nT. The
preliminary survey of VEX in 2006 by [Zhang et al., 2008a] shows that about 5% of the
orbits are unmagnetised, of which are all under extreme solar conditions, e.g. Interplan-
etary Coronal Mass Ejection (ICME) events [Futaana et al., 2008] and IMF alignment
with solar wind flow [Zhang et al., 2009]. Note that the VEX pass on 26 June 2006
presented in this chapter does not fall into either mentioned cases. Further analysis of
the VEX magnetic field data in a period of 4+ 15 days of this date shows a mixture of

magnetised and unmagnetised ionosphere, with a higher occurrence of the former.

Although the periapsis of VEX is consistently around 250-350 km and because the
nominal altitude of the Venusian ionopause is 250 km [Zhang et al., 2008a] during solar
minimum, VEX normally only crosses the ionopause for a very short time (or not at all)
during solar minimum. This could also explain why physical boundary waves are rarely
observed during solar minimum. In addition, significant disturbance of the ionopause
boundary due to the boundary waves may also result in crossings being observed at

higher than expected altitudes.

4.5.2 Kelvin-Helmholtz instability and the scarcity of the observa-

tions

The flux rope and boundary waves are observed close to the terminator (SZA of 86.8°).
The strong velocity shear in the terminator region, is a principal seed excitation for the
development of the KHI [Terada et al., 2002; Amerstorfer et al., 2007; Wolff et al., 1980;
Elphic and Ershkovich, 1984; Pope et al., 2009; Pérez-de Tejada et al., 1977]. As the
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boundary wave grows and develops from the linear to non-linear regime, vortices can
form. These vortices can roll up and eventually break up forming bubbles of ionospheric
plasma. These detached ionospheric bubbles are eventually convected downstream
by the magnetosheath flow. This process is subsequently responsible for atmospheric
plasma loss of Venus [Lammer et al., 2006; Elphic and Ershkovich, 1984; Wolff et al.,
1980; Brace et al., 1982; Russell et al., 1979; Russell and Elphic, 1979; Terada et al.,
2002]. Coincidently on 26 June 2006, ionospheric heavy ion populations are observed
out of the ionosphere in the magnetic barrier region as shown in Figure 4.3(a). These are
likely due to the detached atmospheric bubbles from the boundary wave phenomenon

observed on the same day.

In addition, over the period where the rippling ionopause boundary is observed (01:47:22
to 01:48:12 UT), the approximately perpendicular orientation between the magnetic
field direction in the magnetic barrier region (mainly along Xy so direction) and the
wave normal of the ionopause boundary (which are represented by the minimum vari-
ance directions mainly along Yy g0 direction) favours the excitation of KHI [ Wolff et al.,

1980].

Flux ropes can be produced in the subsolar region by the mass loading process and
may be transported into the nightside through the terminator region. Although the
periapsis of VEX was maintained at around 250 km (nominal ionopause altitude),
the population of flux ropes has been shown to be greatest at lower altitudes (highest
population is around 165 km according to [Russell and Elphic, 1979; Elphic and Russell,
1983]), therefore VEX observations of flux ropes tend to be infrequent. On the other
hand, atmospheric bubbles and flux ropes are both produced in the terminator region
[Brace et al., 1982] and can co-exist in theory. However, by the time the atmospheric
bubbles are fully developed, they have already been transported downstream into the
nightside. This can explain the scarcity of the observations of the atmospheric bubbles
in the dayside. In addition, there are only an estimated 12 plasma clouds in the cloud
zone at any time [Brace et al., 1982]. More in-depth analysis on the production of flux

ropes will be discussed in Chapter 5.
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4.5.3 Shape and sizes

The normal directions of the inbound and outbound boundary crossings of the flux
rope are quasi-parallel which is observable from Table 4.1. Based on this quasi-parallel
orientation, as well as the very low By,;, (observable from Figure 4.8), the flux rope
can be presumed to be crossed by the spacecraft through its centre. Apart from the
interval ‘01:47:51° t0‘01:47:55” where its minimum variance direction is predominantly
along the Zy o axis (which could be due to the magnetic intermediary as mentioned
previously), the v gx arv of the rest of the intervals ~ 0°/180° indicates that VEX was
travelling quasi-perpendicular into the boundary wave and flux rope, i.e. as illustrated

in Figure 4.6.

Based on the above assumptions, as well as a stationary boundary wave and flux rope,
the mean average width of each oscillation and the flux rope are ~ 133 km and ~ 113 km
respectively. This is estimated from the mean average speed of VEX (~9.5 km s™!) and
time spent during the crossing. If the flux rope is assumed to be moving at the local
Alfven speed, +1 km s~ [Elphic and Russell, 1983] or less (relative to VEX trajectory),

then the width of the flux rope would be ~101 or ~125 km.

The observations discussed in this paper suggest the structure has the characteristics
of a flux rope. However, the estimated width is significantly greater than the upper
boundary of their estimated diameter (16 km in the terminator region) suggested by
Russell [1990]. One explanation for this is that the flux rope is newly created as a result
of turbulent boundary and it is then observed just underneath the ionopause after VEX
crosses the centre line of the draping (this is discussed further in Section 4.5.4). Flux
ropes become more twisted as they travel deeper into the ionosphere, resulting in a
decrease in their width. This can be attributed to the Helical Kink Instability [Russell,
1990]. Furthermore, based on the plasma parameters obtained from PVO, Wolff et al.
[1980] shows that the wavelengths of the KHI can range from around 50 km to 150 km.
Since the flux rope is observed very close to the ionopause boundary and the estimated
width of the flux rope of around 113 km is in the range of the KHI wavelength in [ Wolff

et al., 1980], the estimated width is within the possible limit.
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Figure 4.10: (a) Illustration of field draping around Venus in the X-Y yso plane. The
magnetic field lines are represented by the blue arrows. As they are swept towards the
planet, they start to drape around the planet with the field lines extending in the - Xy g0
direction. (b) Illustrates the change in field line draping as a function of altitude for
the area in the purple-coloured square box. The black arrows represent the normals to
the field line directions as they drape around the planet. As the altitude decreases the
directions of the field lines become more anti-parallel along the flanks of the draping.

Since only one flux rope is observed in this particular study, in comparison to [Elphic
and Russell, 1983] which includes statistical variations, our estimation of the width
depends on how the spacecraft encounters the flux rope. For example, different width
calculations will result if VEX traverses through the exact centre of the axis or just
off centre. In addition, flux ropes can diffuse within the ionosphere and exist in an
elongated shape [Wolff et al., 1980]. This could create marginal variations in the

calculation.

Furthermore, the magnetic field lines are draped as illustrated in Figure 4.10. If the
centre line of draping is taken to be the origin of the Yy go axis, the field lines on the
+Yvso and -Yygo will tend to travel in the direction towards the origin as a result
of field draping as seen in Figure 4.10(b). Since the boundary wave phenomenon is
observed in the +Yy 50 location, the observed wave is expected to be propagating in
the -Yy o direction towards the origin. Based on this, the estimated width of each of
the oscillations is ~147 km (considering a relative Alfven speed of +1 km s=! [Elphic

and Russell, 1983]). Due to the practical limitations of VEX, configuration of the
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complete physical structure of the surface wave is not possible.

As discussed in the previous section, to check the consistency of MV analysis results,
each of the magnetic field dip-to-peak and peak-to-dip over the interval (01:47:22 to
01:48:12 UT) was divided into several segments and further analysed using MV analysis.
This has revealed that there are distinct differences between the minimum variance
parameters of some of the segments and the main transition. The results indicated
that while the individual segments of the main transition showed consistent variance
directions, the results from segments around the peaks or dips which correspond to
magnetic barrier and ionosphere respectively (i.e. the start and end of the individual
boundary transitions) are quite different. As seen from Figure 4.4, if the thickness
of the ionopause boundary is represented by the width of the colour-shaded regions,
then the observed different widths suggests that there is a variation in the ionopause

boundary thickness.

The variations of the thickness of ionopause boundary is not illustrated in Figure 4.6.
Furthermore, there is negligible non colour-shaded transition between Region i and ii,
which may imply that VEX was in neither the magnetic barrier nor the ionosphere,
further agreeing with our findings that the first magnetic field oscillation dip-to-peak-

to-dip is an isolated flux rope.

4.5.4 Embedded flux rope in the boundary wave

The results from the data analysis suggest that the flux rope is observed just inside the
ionopause. This leads to a couple of outstanding questions. Firstly, how do the anal-
ysis results of the flux rope differ to the crossings of boundary wave? The hodograms
(Figure 4.9) of the flux rope show a smooth 180° field rotation with finite pitch angles
with respect to the axis; e.g. the angle between Bg.is and By, (77°) as well as Byt
(54°), a characteristic that is unique to flux ropes and commonly not expected from a
boundary wave. In contrast, further analysis conducted on the rest of the wave train
(attached in Appendix A) shows only planar field rotations (i.e. changes in a plane

with negligible pitch angles). However, there is a scenario where the characteristics of
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a boundary wave could resemble a flux rope. Non-draped field lines can be represented
locally as an ellipse with eccentricity of infinity, e.g. Figure 4.10(a). As they progress
towards the planet, the field lines start to drape around the planet. For the case of
field lines around the northern polar region near the centre line of the draping, the ec-
centricity tends towards zero with the field lines extending in - Xy go direction. If VEX
crosses this point, the eccentricity will be small and result in tightly curved field lines,
e.g. Figure 4.10(b). In this case, VEX may observe a non-planar (three-dimensional)
field rotation associated with a boundary wave that can be misinterpreted as a flux
rope at the first glance. Furthermore, only the first dip-to-peak-to-dip (the flux rope)
shows a “potato chip”-shaped hodogram while the rest shows a mixture of randomly
and linearly-shaped hodograms, i.e. not a flux rope. Based on the observations of (i)
smooth 3-dimensional 180° field rotation as shown in hodogram in Figure 4.9(a), (ii)
finite pitch angles between Bg.;s and Bj, as well as By, and (iii) a “potato chip”-
shaped hodogram as shown in Figure 4.9(b), all of which are expected characteristics
of a flux rope. These results then suggest that the first dip-to-peak-to-dip corresponds

to a flux rope that is observed in the vicinity of the ionospheric boundary wave.

Secondly, if flux ropes are normally more frequently observed deeper in the ionosphere,
why is the flux rope observed so close to the boundary wave? To begin with, the IMF
is observed to drape around Venus which is evident from an abrupt change of magnetic
field in the Bx direction at around 01:45:30 UT (evident from Figure 4.2(c)). Through
the draping of field, Bx changes from +Xygo to -Xygo direction. As VEX was
travelling almost along the terminator on this date, if the hemisphere in which before
VEX crossed the field draping is regarded as the dawn-hemisphere and the hemisphere
in which after VEX crossed the field draping is regarded as the dusk-hemisphere, then
the observations of the flux rope as well as the boundary wave were just in the dusk-
hemisphere, which is only about two minutes after the centre of the draping was crossed.
However, the characteristics of the magnetic field in the flux rope are found to be similar
to the magnetic field in the dawn-hemisphere, where in particular the magnetic field in
the Xy g0 direction is positive while the Yy g0 and Zy gp directions are close to zero.

In contrast, the characteristics of the magnetic field for the rest of the wave train are
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similar to the magnetic field in the dusk-hemisphere after crossing the draping (i.e. the
field in Xy go direction is consistently in the negative direction). Since the signatures
of the flux rope are different from the boundary wave in the dusk-hemisphere, the
results suggest that the flux rope may have been produced in the dawn-hemisphere and
transported to the dusk-hemisphere, hence the flux rope is observed to be relatively
close to or embedded in the boundary wave. Based on the similarity in diameter of
both the flux rope and the boundary wave widths, the generation of the flux rope in

the subsolar region by mass loading process is unlikely in this case.

In comparison to the conventional field draping pattern, Masunaga et al. [2011] pre-
sented a complicated interplanetary magnetic field configuration around Venus. This
was for the case of parallel alignment between the incoming magnetic field lines and the
Venus-Sun line and it was associated with the loss of oxygen ions from the atmosphere.
This configuration consisted of multiple reversals of the Bx component. One genera-
tion mechanism they proposed was the KHI. However, they noted a lack of previous
studies showing Kelvin-Helmholtz waves directly at the polar ionopause. In our paper,
even though the interplanetary magnetic field lines arrive at an angle of ~ 30° (at the
limit of the parallel alignment studied in Masunaga et al. [2011]), only one reversal of
the Bx component is observed. This suggests a conventional draping pattern for this

encounter.

4.6 Summary

High resolution data from IMA, ELS and MAG onboard the Venus Express spacecraft
are utilised to observe a rippling Venusian ionopause boundary on 26 June 2006 .
Results of MV analysis shows VEX repeatedly crossed the ionopause boundary, which
suggests the ionopause is in a wave-like state. Further analysis over the duration where
the boundary wave, identified a magnetic flux rope embedded just inside the ionosphere.
The different magnetic field component signature of the flux rope and ionopause shows
that the flux rope was produced in the dawn-hemisphere and transported into the dusk-

hemisphere. Results also suggest that the boundary wave phenomenon is induced by
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the KHI due to the large velocity shear in the terminator plane, where the rippling
ionopause boundary is observed, as well as the perpendicular orientation between the
magnetic field in the magnetic barrier and the wave normal of the boundary. The
production of the flux rope in the subsolar region and subsequent transportation to the
nightside, is ruled out based on the similar diameters and close proximity between the

flux rope and the ionopause boundary waves.

A brief inspection over + 15 days of 26 June 2006 for photoelectron dropout events
results in only a single date on 29 June 2006 that shows intervals of photoelectron
dropout, which may suggest a similar boundary wave perturbation. Based on a single
event reported in this chapter, it is not possible to conclude whether this wavelike
appearance of the ionopause is an inherent characteristic or otherwise. In the next
chapter, a statistical analysis is conducted to measure the global distributions and

properties of the ionospheric boundary wave phenomena.

4.7 Contribution

The majority of the results presented in this chapter are, to date, the only detailed
analysis of an ionospheric boundary wave event using VEX data. They are published

in Journal of Geophysical Research: Space Physics:

Chong, G.S., Pope, S.A., Zhang, T., Collinson, G.A., Walker, S.N. and Balikhin, M.A.,
2017. A study of ionopause perturbation and associated boundary wave formation at

Venus. Journal of Geophysical Research: Space Physics, 122(4), pp.4284-4298.



Chapter 5

Ionospheric boundary stability:

Statistical analysis

5.1 Introduction

Based on a single VEX orbit on 26 June 2006, Chapter 4 presented a detailed analysis
of the observation of the ionospheric boundary existing in a wavelike appearance. The
boundary wave appears to propagate mainly in the Yy go direction in the northern
polar region of Venus where the ionosphere was perturbed. In addition, a magnetic
flux rope has also been identified in the vicinity of the boundary wave. Their close
proximity and similarity in sizes suggest that the observed flux rope is a result of
turbulent boundary wave. Moreover, the strong shear flow in the terminator region
where the boundary wave is observed indicates that the KHI may play a role in the
excitation of the boundary wave. However, unlike the expected shear direction which
should be along the conventional solar wind bulk flow in the - Xy go direction in the
terminator region, the estimated boundary wave propagation direction is mainly along

the Yy go direction.

These observations and indications are only based on a single VEX pass through the
ionosphere. In addition, as summarised in Chapter 2, the observational studies of the

ionospheric boundary wave are rather limited and only short periods of data (one to

68
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two orbits of data) have been utilised. Hence, based on these small sets of data, it is not
possible to deduce if this particular observation of boundary wave on the 26 June 2006
is an isolated event or a common characteristic of the ionopause. More data is needed
to measure the overall distributions of the boundary wave events and understand the

global characteristics of the ionopause.

Hence, it is the aim of this chapter to survey all the available VEX data to assess
the overall stability, as well as the dynamics of the Venusian ionopause. To achieve
this, the ionopause is classified into ‘smooth’ and ‘rippled’ cases using a similar ap-
proach implemented in Chapter 4, that was based on the presence of the ionospheric
photoelectron population and results from the MV analysis. The boundary normal
directions at the locations of the crossings of respective cases are compared and their
global characteristics will be measured. In addition, all the flux ropes are identified
using a similar approach to Chapter 4 that was based on their “potato chip” shape
hodogram. Their global characteristics are also presented in this chapter. Finally, the
implications of this wavelike appearance of the ionopause and its role in the Venusian

atmospheric evolution are discussed.

5.2 Data selection

Based on the previous observation study on boundary waves on 26 June 2006, iono-
spheric boundary waves can generally be characterised as the following. Firstly, oscil-
lations of magnetic field which correspond to the intervals of photoelectron dropouts
indicate the spacecraft was repeatedly travelling between the ionosphere and magnetic
barrier regions. Secondly, MV analysis is implemented over these intervals of photo-
electron dropouts to assess if the ionopause is crossed, i.e. tangential discontinuity.
And finally, boundary normal directions at the locations of the crossings can indicate

if the boundary crossing is smooth or rippled.

The following section presents another case study on 02 Oct 2011 where boundary waves
are also observed. This particular case study exhibits a strong negative correlation

between the fluctuations of the photoelectron counts and the magnetic field oscillations.
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This negative correlation is one of the bases for the identification of boundary wave
events. Another case study on 08 Nov 2011 will also be presented as an example
of continuous observation of photoelectron population in the ionosphere without any
dropout, suggesting a smooth ionospheric boundary. These case studies will highlight
the distinct differences between a smooth and a rippled boundary. The methodology on

the data selection for the statistical survey will be discussed at the end of this section.

Figure 5.1 and 5.2 show the (a) VEX trajectory, (b) electron energy-time spectrogram
of count rate obtained from ELS, (c) the average electron count rate at 22 eV and (d)
the 1 Hz magnetic field magnitude plot of the ionosphere perturbation on 02 Oct 2011
and 08 Nov 2011 respectively. Data in (c) is smoothed using a moving average filter of
7 data points. Descriptions of the figure are similar to those in Figure 4.1. Note that
on 02 Oct 2011, VEX-ELS operated in 1 sec mode (described in Chapter 3.2.2). Since
the electron energy-time spectrogram plots are needed only to identify the ionospheric
photoelectron population (which has unique flux intensity peaks of 21-24 eV and 27 eV),

this mode of smaller energy range is sufficient for this case study.

VEX observations of the bow shock through to the magnetic barrier region on 02 Oct 2011

and 08 Nov 2011 are similar to those on 26 June 2006 presented in Chapter 4.

5.2.1 Rippled Boundary: VEX pass on 02 Oct 2011

Similar to the ionosphere perturbation on 26 June 2006, there are intervals of photo-
electron dropout on 02 Oct 2011. These ten intervals of photoelectron dropouts are
shaded in blue and are clearly reflected from the intervals of sudden decreased electron
counts at 22 eV (signature energy peak of photoelectron population) in Figure 5.1(c).
Furthermore, the magnetic field oscillations also correspond directly to the intervals of
photoelectron dropouts. These dip-to-peak and peak-to-dip magnetic field fluctuations
immediately adjacent to the 9 photoelectron dropout events are shaded in yellow (apart
from one interval labelled “n/a” which is associated with a gap in magnetic field and
which will be omitted from the following analysis). MV analysis is implemented over

these 18 field magnitudes fluctuations to find if they are ionopause crossings. In the
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(a) VEX data on 2011-10-02

I lonospheric Photoelectron I

| L . L P PR R Ll R

Counts/s

" hn AN N

et BB |
:\}W\V\ . N b | RN

Mﬁ W\m ﬂ"\m I M Wn WW JHM A —

0t
05:44 0545 0546 05 47 05: 43 05: 49 05: 50 05:51 05:52\ 0553 0554 0555  05:56

uT (n/a)

|B(nT)

Figure 5.1: An example of an unmagnetised ionosphere perturbation with intervals
of clear “photoelectron dropouts” on 02 Oct 2011. (a) The VEX trajectory plot in
Ry, (b) electron energy-time spectrogram of count rate obtained from ELS, (c) the
average electron count rate at 22 eV (7-point smoothed) and (d) the 1Hz magnetic
field magnitude plot of the ionosphere perturbation from 05:44 UT to 05:56 UT. All
the ten photoelectron dropouts are shaded in blue. There is missing magnetic field
data in the photoelectron dropout interval labelled “n/a”. The yellow shaded regions
correspond to the dip-to-peak and peak-to-dip magnetic field fluctuations immediately
adjacent to the photoelectron dropouts regions.
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(a) VEX data on 2011-11-08
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Figure 5.2: An example of the crossing of an unmagnetised ionosphere with no pho-
toelectron dropout events from 07:15 UT to 07:35 UT on 08 Nov 2011. (a) The VEX
trajectory plot in Ry (b) The electron energy-time spectrogram of count rate obtained
from ELS, (c) the average electron count rate at 22 eV (7-point smoothed) and (d) the
1 Hz magnetic field magnitude plot of the ionosphere perturbation from 07:18 UT to
07:32 UT.
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case that they are boundary crossings, MV analysis is used to find the normal directions

to all the boundaries. The results are tabulated in Table 5.1.

The intermediate-to-minimum eigenvalues (Ajn¢/Amin) of all 18 intervals are > 3.5 which
shows that the minimum variance directions are well defined. All the |B,|/|B| < 0.14
(mean value of 0.06) and |AB|/|B| > 0.63 (mean value of 0.86). These values are
well within the criteria for tangential discontinuity; |B,|/|B| < 4 and |AB|/|B| >
0.2, indicating that this boundary represents a tangential discontinuity. In addition,
all the angles between |B,| and |B|, (6p,,8) > 81.8° (mean value of 86.5°) which is
~ 90° further indicating all the nine intervals of photoelectron dropouts are tangential

discontinuities, a typical characteristic of the Venusian ionopause [ Wolff et al., 1980].

As discussed in Chapter 4, if the dayside ionopause is assumed to exist as a smooth
quasi-spherical boundary separating the atmospheric plasma from the shocked solar
wind, then the boundary normal directions at the locations of the crossings should lie
radially outward from the centre of Venus. The results presented here reflect otherwise.
The average angle between the boundary normal directions and the radial vectors
from the centre of Venus is ~ 63°. This quasi-perpendicular orientation indicates
the ionospheric boundary which VEX crossed is not smooth but possess a wavelike

appearance.

Potential Correlation

The results presented here are consistent to those obtained from the case study on
26 June 2006. However, the intervals of photoelectron dropouts on 02 Oct 2011 are
“visually” clearer; in the sense that the presence of photoelectron population can be
observed to correspond directly to the low-field unmagnetised ionosphere, and the inter-
vals of photoelectron dropouts can be observed to correspond directly to the high-field
magnetic barrier. In fact, the gradual change of the electron counts corresponds nega-
tively to the magnetic field fluctuations. For instance, the gradual decrease (increase)
of the electron count rate corresponds directly to the gradual increase (decrease) of the

magnetic field magnitude. The mean average value of the correlation coefficient be-
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Table 5.1: A summary of the results of the Minimum Variance Analysis on all the photoelectron dropout intervals on 02 Oct 2011 (shown in
Figure 5.1) and the single ionopause crossing on 08 Nov 2011 (shown in Figure 5.2).

Time (UT) MYV Direction
From To X Y Z Xint/ Amin |By|/|B| |AB|/|B]| 0B, B (deg) Data Point
02 Oct 2011
‘05:47:56"  05:48:03’ 0.187 0.979 0.081 23.04 0.00 0.92 89.8 8
‘05:48:15"  ‘05:48:21 0.070  0.574 -0.816 5.07 0.01 0.74 89.3 7
‘05:48:42"  ‘05:48:49’ 0.096 0.956 -0.276 42.67 0.07 0.93 86.0 8
‘05:48:49"  ‘05:48:55’ 0.066  0.986 -0.156 1305.10 0.06 0.89 86.7 7
‘05:49:15"  ‘05:49:22° 0.207 0.882 0.423 18.97 0.01 0.95 89.4 8
‘05:49:35"  ‘05:49:42’ 0.012 -0.607 0.795 10.54 0.01 0.68 89.6 8
‘05:49:47"  ‘05:49:50’ 0.369 0.868 -0.333 8.66 0.05 0.92 87.3 4
‘05:49:53"  ‘05:50:50’ 0.109 0.868 -0.485 92.38 0.14 0.89 82.2 8
‘05:50:04"  ‘05:50:11° 0.142 0.942 0.303 34.09 0.00 0.93 89.8 8
‘05:50:22"  ‘05:50:36° 0.177 0.866 -0.469 4.26 0.09 0.79 85.1 15
‘05:50:37"  “05:50:42’ 0.047  0.738 -0.674 50.77 0.14 0.89 81.8 6
‘05:50:43"  ‘05:50:48’ 0.070 0.989 0.129 10.01 0.10 0.63 84.2 6
‘05:50:55"  “‘05:50:59’ 0.324 0.839 0.438 32.14 0.12 0.86 83.3 )
‘05:51:07"  ‘05:51:11 0.111  0.960 0.258 31.27 0.10 0.76 84.2 5
‘05:52:20"  ‘05:52:25’ 0.083 0.778 -0.622 46.53 0.07 0.87 85.8 6
‘05:52:27"  05:52:34° 0.096 0.551 -0.829 3.50 0.02 0.91 89.0 8
‘05:53:19"  ‘05:53:25’ 0.260 0.472 -0.842 6.07 0.09 0.97 84.9 7
‘05:53:33"  ‘05:53:39’ 0.246  0.623 -0.743 10.46 0.03 0.89 88.1 7
08 Nov 2011

‘07:18:10"  ‘07:18:13° -0.677 -0.119 -0.726 223.13 0.03 0.93 88.4 4
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tween all the nine individual average electron count rate and their respective magnetic
field is -0.72. The correlation coefficients of each of the nine photoelectron dropout
intervals are -0.95 -0.27 -0.92 -0.80 -0.78 -0.56 -0.52 -0.90 and -0.80 respectively. The
strength of this correlation of -0.72 is statistically “strong” ([Evans, 1996]). However,
the correlation coefficient drops to -0.50 if the calculation is done over the entire period

of ionosphere region.

Compared to this ‘clear’ photoelectron dropout events on 02 Oct 2011, the observed
dropouts on 26 June 2006 are rather subtle, hence it is referred to as ‘pulse-like’. Unlike
the ‘strong’ correlation between the average electron counts at photoelectron energy
level and the magnetic field fluctuations on 02 Oct 2011, the calculated correlation
coefficient for the whole period of notable photoelectron dropouts (shaded in yellow
in Figure 4.2) is only -0.23, which statistically implying a “weak” correlation ([Evans,
1996]). This is the main difference between these case studies. One of the reasons was
that ELS on 26 June 2006 was operating in 4 sec mode. Even though the ELS was
covering the full energy scan, the time resolution is four times less than the 1 sec mode
which the ELS operated in on 02 Oct 2011. Had the ELS operated in 1 sec mode, it
would have been clearer to identify the intervals of photoelectron dropouts. In addition
to the lower time resolution of ELS, this weak correlation can also be due to the fact
that the MAG and ELS signals are often noisy. This makes it unreliable to measure
the statistical relationship between the photoelectron counts and the magnetic field
magnitude. Furthermore, strong correlations are only shown if they are measured by
the intervals of photoelectron dropouts, rather than the entire ionosphere region. In
summary, it is not feasible to identify the photoelectron dropout events solely based
on the correlation between the electron counts (at photoelectron energy level) and the

fluctuations in magnetic field magnitude.

5.2.2 Smooth Boundary: VEX pass on 08 Nov 2011

Unlike the previous two case studies, the photoelectron population on 08 Nov 2011 is

observed continuously in the ionosphere without any dropout. The inbound ionopause
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(dayside) is analysed using MV analysis and the results are summarised in Table 5.1.
The ionopause outbound crossing on 08 Nov 2011 was in the nightside hence the bound-
ary crossing is not as well defined. Therefore, the outbound ionopause crossing is not
analysed. The A\jp¢/Amin is 223.1 indicate a very well defined minimum variance di-
rection. |By|/|B| = 0.03, |AB|/|B| = 0.93 and 6p, p = 88.4° reveals that the inter-
val is indeed a tangential discontinuity, suggesting that the crossing is the Venusian
ionopause. Furthermore, the average angle between the boundary normal directions
and the radial vectors from the centre of Venus is only ~ 2°. This quasi-parallel orien-
tation indicates the inbound ionospheric boundary at which VEX crossed is a smooth

quasi-spherical boundary.

5.2.3 Statistical survey

To measure the distributions of these photoelectron dropout events regardless if they
are ‘clear’ or ‘pulse-like’ dropouts, an approach has been taken in this work to visu-
ally survey all the available ELS data from 2006 to 2014. Comparing to the case on
08 Nov 2011 (Figure 5.2) where the photoelectron population is observed continuously,
it is rather straightforward to observe the photoelectron dropout cases as shown previ-
ously in Figure 5.1 and 4.2 respectively. Since identifications based on the correlation
coefficient between the electron counts and magnetic field magnitude is not feasible,
surveying by eye is a preferred approach. However, it will be an interest for future
work to develop a numerical framework to identify these events in a more systematic

fashion.

Results of the conducted statistical survey show that the photoelectron dropout events
on 02 Oct 2011 and 26 June 2006 are not uncommon. After excluding the orbits where
the ELS and/or MAG data are unavailable when VEX was in the ionosphere, as well
as orbits when ionospheric photoelectron populations are not observed at all, around
23% (495 orbits) show at least one or more intervals of photoelectron dropouts out of

the remaining 2141 orbits from Apr 2006 to Nov 2014.

The MV analysis approach is applied to all the dip-to-peak and peak-to-dip field fluctu-
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ations immediately adjacent to the intervals of photoelectron dropout identified across
the full data set. Note that unlike the unmagnetised ionosphere, the field magnitude
in a magnetised ionosphere is similar to that observed in the magnetic barrier region.
Hence, for the orbits when photoelectron dropouts are observed, the dip-to-peak and
peak-to-dip field fluctuations in a magnetised ionosphere cannot be clearly identified.
This results in only 371 unique orbits (from a total of 495 events) selected for further
analysis. In these 371 orbits, 1043 intervals of photoelectron dropouts are observed,
hence 2086 field fluctuations. Since MV analysis is only valid with 3 or more data
points, only 1633 field fluctuations (from a total of 2086) which have 6 or more data
points are selected. Analysis conducted using more data points would result in smaller
data sets, and less data points would result in a higher statistical uncertainty [Sonnerup
and Scheible, 1998]. The resulting distributions of the boundary normal directions are
similar using between 3 and 9 data points. The use of a minimum of 6 data points is

chosen as a compromise between the number of data sets and the statistical uncertainty.

Around 98% (1603 out of 1633 intervals) of all the minimum variance directions have
|Bn|/|B|] < 0.4 and |AB|/|B| > 0.2, indicating a tangential discontinuity. Similarly,
around 95% (1562 out of 1633 intervals) have 6p, p > 75° further indicating that
the analysed intervals are tangential discontinuities. This is again consistent with the
characteristics of the Venusian ionopause [ Wolff et al., 1980]. Furthermore, more than
88% (1446 out of 1633 intervals) have Ajyi/Amin > 3, which shows that the minimum
variance directions are well defined. In total, around 84% (1374 out of 1633 intervals)
of all the minimum variance directions have |B,|/|B| < 0.4, |AB|/|B| > 0.2 and
0p, B > 75° (tangential discontinuity), and have it/ Amin > 3 (well defined directions).
These results imply that the multiple photoelectron dropout events observed during
each of these orbits, are due to VEX traversing the ionospheric boundary multiple
times. For example on 02 Oct 2011, VEX traversed through the ionospheric boundary

9 times on a single trajectory.

In addition to the previous analysis, a total of 251 VEX passes with ionospheric bound-
ary crossings that are similar to the case presented on 08 Nov 2011 (no photoelectron

dropout) are collected. The criteria used to select this data was (1) no observations of
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photoelectron dropout events, (2) only gradual ionospheric crossings without magnetic
intermediary and (3) clear passes from high field magnetic barrier to low field unmag-
netised ionosphere. Results of MV analysis show that the minimum variance directions
are very well defined with more than 96% (242 out of 251) of the directions having
Xint/Amin > 3. The results also suggest that the crossings are ionospheric boundary
with more than 98% (247 out of 251) having fp, p > 75° and around 100% (250 out
of 251) having |B,,|/|B| < 0.4 and |AB|/|B| > 0.2.

5.3 Normal directions of boundary crossings

For the cases where no photoelectron dropout event is observed, all of the normal
directions for the 238 (out of 251) ionopause crossings with Ajnt/Amin > 3 and number
of data points > 6 are binned in a three dimensional polar statistical histogram with
an azimuthal ¢ bin size of 7.5° and elevation « bin size of 3.75° in Figure 5.3(a).
The colourbar at the bottom of the histogram is the number of boundary crossings
in each bin. For ease of comparison, all minimum variance directions with negative
Zyvso components are rotated into the positive Zy go direction and the local positions
of the boundary crossings are shifted to the northern polar point (o = 90°) so that all

directions can be visualised and compared in a single directional hemisphere.

For an ideally smooth quasi-spherical ionospheric boundary, the boundary normal di-
rections at the locations of the crossings should lie radially outward from the centre
of Venus, i.e. quasi-parallel orientation between the red and blue dashed arrows, as
illustrated in Figure 5.3(c). Note that the illustration of the symmetric ionospheric
boundary is visualized on the basis that the nominal altitude of ionopause is not SZA

dependant [Zhang et al., 2008a].

This smooth quasi-spherical property of ionospheric boundary can be reflected from the
results shown in Figure 5.3(a). Observable from Figure 5.3(a), around 91% (217 out
of 238) of the boundary normal directions fall in the elevation range of o > 67.5°. As
the locations of boundary crossings are shifted to the northern polar region, this highly

populated region in the elevation range of a > 67.5° implies quasi-radial boundary nor-
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Figure 5.3: All the normal directions of the ionospheric boundary crossings are binned
in a three dimensional polar statistical histogram for ionospheric boundary crossings
cases with (a) no observation of photoelectron dropout events as well as (b) observations
of photoelectron dropout events with an azimuthal ¢ bin size of 7.5° and elevation « bin
size of 3.75°. (a) and (b) are computed from a total of 238 and 1446 events respectively
with criteria of At/ Amin = 3 and number of data points > 6. The colourbars at the
bottom of the histograms are the number of counts in each bin. Illustrative diagrams
that show the projections of normal directions of ionospheric boundary crossings espe-
cially in the northern polar regions where all of the boundary crossings are observed for
(c) a smooth ionospheric boundary and (d) a rippled ionospheric boundary. The green
line represents the ionospheric boundary. The blue dashed arrows represent vectors
projected radially from the centre of Venus through its local locations. The red arrows
represent normal directions of boundary crossings projected from its local locations
which are denoted by the orange coloured dots.
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mal directions from the centre of Venus. This suggests that the ionospheric boundary

where VEX crossed is smooth and quasi-spherical (i.e. Figure 5.3(c)).

On the other hand, this scenario of smooth Venusian ionospheric boundary is not
reflected for the cases where photoelectron dropout events are observed. All of the
1446 well defined boundary normal directions from the photoelectron dropout inter-
vals are binned in a similar three dimensional polar statistical histogram as shown in
Figure 5.3(b). Observable from Figure 5.3(b), the surface bins are more populated
in the azimuthal range of 60° < ¢ < 120° and 240° < ¢ < 300° as well as in the
elevation range of @ < 45°. In comparison to the smooth boundary case presented in
Figure 5.3(a), only around 23% (333 out of 1446) of the boundary normal directions
fall in the elevation range of a > 67.5°. This shows that instead of propagating ra-
dially outward from the centre of Venus, the majority of the normal directions of the
boundary crossings lie in the Y-Z ygo plane with more dominant components along

the Yy go axis.

In contrast to Figure 5.3(a), the results from Figure 5.3(b) imply that, where the
ionospheric boundary is crossed multiple times, the ionopause crossings from the pho-
toelectron dropout cases do not result from a smooth ionospheric boundary locally, but
an ionospheric boundary that can exist in a wave along the Y-Z ygo plane and in a

direction dominantly along the Yy go axis. This is illustrated in Figure 5.3(d).

Note that, due to the highly elliptical polar orbit of VEX, the ionopause is sampled
only around the northern polar region of Venus. Therefore, the illustrative diagram in

Figure 5.3 is only limited to the northern polar region of Venus.

To analyse if the observations of boundary wave events might be biased on the space-
craft trajectory, Figure 5.4 presents a polar histogram of the VEX trajectories when
rippled ionospheric boundary events are observed. With +Yj 5o axis as the reference
vector, the VEX trajectory is expressed by the angle between the spacecraft orbital
and the terminator plane (Y-Z yso), which the angle ranges from 0° to 180°. The
results show that all the minimum variance directions are obtained from a variety of

VEX trajectories, i.e. the consistent minimum variance directions shown above are not
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Figure 5.4: A polar histogram of a total of 195 VEX trajectories when rippled iono-
spheric boundary events are observed. The VEX trajectory is expressed by the angle
between the orbital and the terminator plane (Y-Z ygo) with +Yyso axis as the ref-
erence vector.

biased towards any particular VEX orbit.

Crossings of the magnetic flux ropes [Russell and Elphic, 1979; Russell, 1990; Wolff
et al., 1980] should be, in theory in an idealised hydromagnetic state, similar to crossings
of the Venusian ionospheric boundary. Both are tangential discontinuity boundaries
[Spreiter et al., 1970; Wolff et al., 1979]. Regardless if the flux ropes are considered
in this polar statistical histogram, the results which show the ionospheric boundary
existing in a wave along the Y-Z ygo plane still hold. Further discussions on flux rope

will be covered in detail later in Section 5.6.

In summary, the analysis of all the ionospheric boundary crossings from 2006 to 2014
reveals that the Venusian ionospheric boundary is not always smooth, but a bound-
ary that often exhibits a wavelike appearance in the northern polar region, where all
of the boundary crossings are observed. Figure 5.5 presents an illustrative diagram
to show how the wavelike characteristic of Venusian ionospheric boundary with the

perturbation of a flux rope can be visualised from the simultaneous observations of
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Figure 5.5: An example of illustrative diagram showing how the ionospheric photoelec-
tron dropout events (top panel) and the changes in magnetic field magnitude (middle
panel) can be related to the possible VEX trajectory through multiple ionospheric
crossings and flux ropes (bottom panel). The red arrows represent normal directions of
boundary crossings projected from its local locations which are denoted by the orange
coloured dots. A and \/2 denote estimated half-width and full width of the ionospheric
boundary wave.

photoelectron dropout events (top panel) and the changes in magnetic field magnitude
(middle panel). This illustration is consistent to the photoelectron dropout case studies

presented earlier.

5.4 ‘Smooth’ ionospheric boundary

The analysis in the previous section has identified a total of 238 ‘smooth’ ionospheric
boundary crossing cases. In this section, this data set is utilised to estimate the iono-
spheric boundary thickness and assess its dynamics in relation to the external pressure

as well as the altitude where it is observed.

The thickness of each boundary crossing is estimated by the product of the VEX velocity
(VvEex) and the time spent crossing the boundary AT, and multiplying by cos(Byez)

where [,z is the angle between the spacecraft velocity vector and the boundary normal
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Figure 5.6: The locations of all the analysed ‘smooth’ boundary crossings are repre-

sented in coloured dots in the X-Y ygso plane. Units are in Ry . The altitudes of the
boundary crossings are indicated by the colour scale on the right.

vector:

Ionopause Thickness = Vypx X AT X cos(Syex) (5.1)

As only boundary crossings of VEX passes with no observation of photoelectron dropout
are selected, this estimation of the thickness is based on the assumption that the
ionopause is smooth and quasi-spherical in the dayside region of Venus. This has

been shown to be the case in Section 5.3, i.e. Figure 5.3(c).

However, due to the nature of VEX’s highly polar orbital plane with periapsis always
in the northern region, the VEX trajectory tend to be ~ 90° to the boundary normal
directions. So the estimated thickness — 0 as cos(Byez) — 0. To eliminate the arbitrary
values that might arise due to SByerz — 90°, only VEX passes with Syer < 75° are
considered. Note that the estimation with VEX passes of Bye; > 75° are still technically
correct but the whole distribution would be shifted towards zero with median value

closer to zero.



84 Chapter 5. Ionospheric boundary stability: Statistical analysis

(a) (b)
Estimated ionopause thickness (km) 1600 Altitude vs Thickness
: : : : ‘ ‘ 5 : : ‘
N =121 o % High Pressure
35+t Mean = 56.77 - 1400 | O Low Pressure ||
Median =47.79
S — @ o
30t 0=38.89
el 0r=354 __1200f © S
Eost
S <1000 ° * ° o
D g o) o &»©
2 S <
r o
S5 £ % « 2 Sa o
8 < 600 | oxdg‘ x% o© o
810 8 5%0.o 0, x 4
400 % oo OO% x
5 ch( WX O x %
O x (o] x
0 200 — &= : : :
0 40 80 120 160 200 240 280 0 50 100 150 200 250
lonopause thickness (km) lonopause Thickness (km)

Figure 5.7: (a) A histogram of the estimated ionopause thickness from a total of 121
crossings. Bin size is 20 km. Range: from 17 km to 2423 km. (b) A scatter plot of the
locations of the boundary crossings against the estimated ionopause thickness. Blue
circles and red crosses denote values obtained from lower and higher range of magnetic
pressure respectively.

A total of 121 boundary crossings are selected with this criteria as well as Aint/Amin
> 3 and number of data points > 6. Figure 5.7 shows (a) a histogram of the estimated
ionopause thickness and (b) a scatter plot of the locations of the boundary crossings
against the estimated ionopause thickness. Blue circles and red crosses in the scatter
plot denote values obtained from lower and higher range of external pressure in the
magnetic barrier respectively. The external pressure is estimated using the magnetic

pressure in the magnetic barrier.

As discussed earlier in Chapter 2.3.1, the ionopause, forms at an altitude where the
total pressure balance (i.e. the thermal (nkgT'), magnetic (B?/2u0) and dynamic (pv?)
pressures) is in equilibrium between the ionosphere and magnetic barrier regions. In
the magnetic barrier, the solar wind dynamic pressure term is converted to primarily
magnetic pressure through depletion of solar wind plasma and the thermal pressure
becomes insignificant [Zwan and Wolf, 1976; Brace and Kliore, 1991; Brace et al.,
1980]. Hence, the total external pressure exerted on the ionosphere is dominated and
can be estimated by the magnetic pressure Pp. It is calculated as:

B2

Pp=——
2410

(5.2)
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where B is the field magnitude and pg is the permeability of free space. The median
value of the pressure distribution of these 121 boundary crossings is 0.354 nPa. The
mean average magnetic pressure is 0.399 4+ 0.0170 nPa with a range from 1.929 pPa
to 1.425 nPa. This average value is expressed in mean + standard error values of the
distributions and this expression is implemented for all succeeding calculations. In this
section, pressure that is lower (higher) than 0.354 nPa is considered the lower (higher)

pressure.

5.4.1 Ionopause thickness

The distribution of the average boundary thickness is a single peak positively skewed
distribution with a median value of 48 km and a mode class of 20-40 km. Mode
class is the most frequent range of values in a distribution. It ranges from 17 km
to 243 km and has a mean average thickness of 57 + 4 km. The lower 0.25 and
higher 0.75 quantiles are 31 km and 70 km respectively. Figure 5.7(b) shows that there
is a three-way relationship between the altitude where the boundary is crossed, the
boundary thickness and the external pressure exerted on the ionopause. For instance,
the boundary at higher altitude (>1000 km) is thinner (scale size of 10-60 km) for
lower external pressure. On the other hand, the boundary is thicker (scale size of 130-
250 km) at lower altitude (<600 km) for higher external pressure. It is also noteworthy
to mention that lower (higher) external pressure usually results in ionopause forming

at higher (lower) altitudes as discussed in Chapter 2.

The results are obtained based on the assumption that the boundary where VEX
crossed is smooth locally. A slight change of the boundary shape locally will result
in fluctuation in the boundary normal directions. This could then lead to variation in
the estimated values of boundary thickness via the cos(fye;) term. Furthermore, the
ionopause is also assumed to be stationary. This assumption should be correct most
of the times considering the large inertia of the ionosphere. The fluctuations of the
ionopause altitude will be discussed in detail in Chapter 6.3. These assumptions could

add uncertainties to the results which may lead to some of the slightly scattered values.
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5.4.2 Comparison to Elphic et al. [1981]

Using the magnetometer, plasma wave detector and Langmuir probe onboard of PVO,
Elphic et al. [1981] presents a thorough analysis on the scale thickness of the Venusian
ionopause during the solar maximum period. The current sheet in their work was
identified based on the negative coincidence between the electron number density and

the magnetic field gradient through the ionopause.

The three-way relationship between the boundary altitude, thickness and the external
pressure shown in Figure 5.7(b) is also reflected in a similar fashion in FElphic et al.
[1981]. The authors found that the current sheet is thinner (scale size of 10-50 km) for
weaker solar wind magnetic field magnitude (thus lower external pressure) at altitude
>300 km. On the other hand, the current sheet is thicker (scale size of 60-90 km) for
stronger external field (thus higher external pressure) at altitude <300 km. The authors
explain that the boundary thickness can be affected by the external pressure due to
the different collisional properties at different altitude. For example, stronger pressure
results in lower ionopause altitude and the effects of ionospheric plasma collisions with
neutral particles become more significant. This can lead to diffusion and subsequently

broadening of the boundary layer.

It is also noteworthy to mention that the estimated ionopause thickness in this work is
roughly 1.5 times more than those estimated in Elphic et al. [1981]. Based on 62 number
of events collected from PVO mission, Elphic et al. [1981] shows that the distribution
of the ionopause boundary thickness is in a rather narrow range, from 20-40 km. Note
that the values estimated in their study are measured based only on the time spent
crossing the boundary. So the values are expected to be smaller (factor of 0.707 based
on the assumption that spacecraft trajectory is ~ 45° to the boundary crossings).
Similarly, based on a selection of 17 ionopause crossings, Elphic et al. [1980] reports
an average current sheet thickness of 48 4+ 24 km, similar to a few ionospheric ion
gyroradii. Although the authors did attribute the thickness variability to the boundary

motions.

This difference in the estimated boundary thickness is likely due to the different solar
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activity periods the data are collected during, as shown in Figure 3.3. The analysis in
Elphic et al. [1981] was conducted during the first few years of PVO operation, when
the external pressure is much stronger during the solar maximum period. The results
presented here are obtained during one of the quietest solar minimum of the century,
where the external pressure is much weaker. For the same reason discussed above,
this weaker external pressure during solar minimum could lead to a relatively thicker
ionospheric boundary layer for the results presented here (compared to those estimated

using PVO data).

5.4.3 Summary

The results presented in this section is the first analysis on the ionospheric boundary
thickness conducted for the entire VEX mission duration, which covers mainly the
solar minimum period. The results are consistent and complement the study by FElphic
et al. [1981] which covers the solar maximum period. In addition, the presence of
ionospheric photoelectron population correspond directly to the higher limit of the
ionopause boundary layer, i.e. the photoelectron populations are present within the

ionospheric current sheet as well as in the ionosphere.

One should also note that, one of the criteria for the data selection for this smooth
boundary case is to only consider a clear VEX pass from high field magnetic barrier to
low field ionosphere without magnetic intermediary. This means that all the boundary
crossings identified here are sampled only during an unmagnetised ionosphere. Mag-
netisation states of the ionosphere are often associated with the variation of the solar
activity and external pressure. However, ionopause crossings cannot be correctly iden-
tified for a magnetised ionosphere. This is because the magnetic field change from the
high field barrier region will be suppressed by the also high field ionosphere, making
the field change unclear and MV analysis cannot be performed. Nevertheless, the data
analysis presented in this section has included the role of the variation in the external
magnetic pressure (thus the role of field magnitude). Hence, it is expected that the

three-way relationship between the boundary altitude, thickness and the external pres-
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sure should also hold for magnetised ionosphere. It will be an interest for future work
to assess the magnetised ionosphere cases in the dynamics of the boundary layer thick-
ness. The estimated boundary thickness, which ranges from 30 km to 70 km (which
correspond to the lower 0.25 and 0.75 quantiles) will be utilised in Chapter 6 to validate

the estimated wavelength of previous simulation studies on Kelvin-Helmholtz waves.

5.5 ‘Rippled’ ionospheric boundary

5.5.1 Locations

Due to the polar orbit of VEX, the ionosphere is only sampled at the northern polar
region, hence the ionospheric boundary wave events are observed in a rather small
range of locations around the northern polar region with elevation > 39°, (90% of the
observations are made > 61°) as shown in Figure 5.8. The mean average altitude is
342 + 3 km. It ranges from around 168 km to 1026 km, with 90% of the passes made
below 475 km. These boundary wave events are observed everywhere in this small

range of locations and do not show any particular preferred location.

5.5.2 Sizes - boundary wave width

With the assumption that the spacecraft crosses into a stationary boundary wave, the
half-width of the boundary wave, \/2 as illustrated in Figure 5.9(c) can be estimated by
the product of the VEX velocity (VEX has velocity ~9.5 km s~! around the periapsis)
and the time spent between two consecutive boundary crossings. The estimation is
made under two criteria: (1) Only two consecutive boundary crossings when a;y,,, the
angle between their respective boundary normal directions, is less than 30° or greater
than 150°, are selected to eliminate the crossings of boundary waves that are still in the
linear growth phase; i.e. only developed waves are selected, (2) only boundary crossings
when [,e:, the angle between the spacecraft velocity vector and the boundary normal
vector is less than 45° are selected to eliminate the boundary crossings of the ‘near-

tips’ of the waves as illustrated in Figure 5.9(c) and to eliminate the boundary which
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Figure 5.8: (a) The locations of the boundary wave are represented in black dots.
They are plotted in a plane where the X-axis is along the Xy go axis and the Y-
axis is expressed in VY2 + Z2. The nominal altitude of ionopause is represented in
green dashed line [Zhang et al., 2008a]. (b) The locations of the boundary wave are
represented in coloured dots in the X-Y ygo plane. Units are in Ry . The altitudes of
the boundary crossings are indicated by the colour scale on the right. (c¢) A histogram
of the altitude of the boundary wave crossings from a total of 1822 events. Bin size is
50 km. Range: from 168 km to 1026 km. The lower 0.25 and higher 0.75 quantiles are
269 km and 387 km respectively.

is crossed at a large angle by the VEX. These criteria yields a total of 89 boundary
wave events. Note that the data of VEX, a single spacecraft mission, could only allow
the estimations of the boundary normal directions but not the shape of the boundary
wave. Hence the ionopause is expressed in a dashed line shaped question mark in the

last schematic diagram in Figure 5.9(c) indicating an undefinable shape.

A histogram of the estimated widths of the boundary wave, A of the 89 events with a
bin size of 50 km is presented in Figure 5.9(a). The distribution of the boundary wave

widths is a single peak positively skewed distribution with a median value of 173 km
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Figure 5.9: (a) A histogram of the estimated ionospheric boundary wave widths, A
from a total of 89 events from 2006 to 2014. Bin size is 50 km. Range: from 87 km
to 550 km. (b) A scatter plot of the altitudes of the observed boundary wave against
its estimated widths, A\. The red line is the mean average value of altitude for each
100 km A bin. (c) Hlustrative diagrams showing the criteria used in estimating the
boundary wave widths. The criteria are ay,, < 30° or > 150° and Bye, < 45°. The red
arrows represent the normal directions of boundary crossings projected from its local
locations which are denoted by the orange coloured dots. The ionospheric boundary is
represented in green lines. B¢, is the angle between the spacecraft velocity vector and
the boundary normal vector. au,, is the angle between the boundary normal directions
from two consecutive crossings.
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and a mode class of 100-150 km. It ranges from 87 km to 550 km and has a mean
average width, A of 212 + 12 km. The lower 0.25 and higher 0.75 quantiles are 135 km
and 255 km respectively. A scatter plot of the altitudes where boundary wave events
are observed against its estimated widths is presented in Figure 5.9(b). Red line is the
mean average value of altitude for each 100 km A bin. Results show that the mean
average wave width is rather consistent at all altitudes and no dependence is reflected.
Note that only a small number of data points for bigger boundary waves are considered
here. Additional analysis conducted with criterion 8y, < 30° yields only 41 events but

results in a similar mean average width, A of 219 4+ 17 km.

Note that if a boundary wave is configured similar to the three phases of the KHI
evolution [Amerstorfer et al., 2010], there are many possible ways that VEX can traverse
through a boundary wave. Hence, with the limitations of the instruments on board of
VEX, which is also a single spacecraft mission, estimations of the exact shape and thus

the size of the observed boundary wave, are not possible.

5.6 Magnetic Flux ropes

As discussed earlier in Section 5.3, boundary crossings of both the magnetic flux ropes
and the Venusian ionospheric boundary are similar, where both are tangential disconti-
nuity boundaries [Spreiter et al., 1970; Wolff et al., 1979]. In this section, all flux ropes

will be singled out from the boundary crossings for further analyses.

The crossings of flux ropes (Figure 2.5) can be identified by the unique changes of
magnetic field signature as previously discussed in Chapter 4.4. Transformation to MV
coordinates would allow the analysis of magnetic field magnitude changes in a plane
perpendicular to the minimum variance direction. Therefore, for a spacecraft to cross
the centre of an ideally circular flux rope as pictured in Figure 5.10(a), the resulted B,
would lie along the VEX trajectory, depicted as the green coloured arrow. Through the
inbound crossing, the axial magnetic field magnitude (into/out of the page along B,z )
increases and eventually peaks at the centre of the flux rope. At the same time, the

azimuthal magnetic field magnitude (along B;,:) reaches minimal at the centre before
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Figure 5.10: Descriptions are similar to Figure 4.7. (a) and (c) show illustrations of
VEX passing through the centre and off-centre of a flux rope. (b) and (d) show the
expected changes of the magnetic field components in the minimum, intermediate and
maximum variance coordinates for both cases. Green arrow represents the trajectory
of VEX. The red, yellow and purple-coloured dots correspond to different spacecraft
locations in a flux rope, i.e. Figure 2.5.
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increasing again in the opposite direction towards the outbound boundary. Similar to
the inbound mechanism but in a revered order, the axial field magnitude decreases and
returns to minimal again at the outbound boundary. These changes in the respective
individual components are clearly illustrated in Figure 5.10(b). Note that the directions
of Bjnt and By, are arbitrary. In this particular example provided, Bi,q. and Bjnt
represents the axial and the azimuthal field component of the flux rope respectively.
This is true for an axially strong flux rope. Although infrequent, there are flux ropes
where the axial field is not as strong as the case presented, for which the maximal change
of field lies azimuthally. And in this case, the azimuthal and axial field components of

the flux ropes are represented along B,,., and Bj;,; respectively.

Hodograms show the field change in the plane of Bjuz/Bint and Basz/Bmin. 1If the
field change in the individual variance directions through a flux rope is represented
using hodograms, then the crossing of a flux rope will result in a “potato chip” shape
hodogram. An example is shown in Figure 5.11(a). This unique “potato chip” shape
hodogram is a key identifier of a crossing of a flux rope [Russell, 1990]. This particular
hodogram presented in Figure 5.11(a) is actually obtained from a flux rope encountered
in the case study on 02 Oct 2011. This flux rope corresponds to a dip-to-peak-to-dip
field change from 05:48:41 UT to 05:48:55 UT. Note the consistent similarity between
the flux rope encountered on 02 Oct 2011 as well as on 26 June 2006 (i.e. Figure 4.9).
For comparison, the hodogram of an “ordinary” ionospheric boundary crossing obtained
just before the flux rope on 02 Oct 2011 is presented in Figure 5.11(b). This boundary
crossing is analysed from 05:47:56 UT to 05:48:09 UT. The starts of both hodograms
are marked with blue circles. Unlike the crossing of a flux rope, the hodograms of
this “ordinary” boundary crossing are rather linear. They do not indicate any three-
dimensional field rotation and “potato chip” shape signature of a flux rope. Also
note that as only the field change in the By,4;/Bint plane is of interest, the change in

direction between Bi,q, and By, will not affect this signature of a flux rope.

Also illustrated in Figure 5.10(c) is a case example of a flux rope crossing that is not
through its exact centre. The changes in field magnitude along the variance directions

for this case example are reflected in Figure 5.10(d). For the same flux rope, off centre
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Figure 5.11: Hodogram of (a) a flux rope from 05:48:41 UT to 05:48:55 UT with
Aint/Amin = 55 and (b) an ionospheric boundary crossing (analysed just before the
encounter of flux rope) from 05:47:56 to 05:48:09 with \ipi/Amin =~ 9 on 02 Oct 2011.
All the normal directions of the boundary crossings are binned in a three dimensional
polar histogram for ionospheric boundary crossings cases of (c¢) only flux ropes and (d)
all photoelectron dropout intervals excluding flux ropes for comparison. (c) and (d) are
computed from a total of 177 and 1269 events respectively. Both histograms are with
an azimuthal ¢ bin size of 7.5° and elevation « bin size of 3.75°.
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crossing results in non zero (but still small) field magnitude along B,,;,. The magnetic
field magnitude along B4 and Bj,: will also be slightly lower if compared to the case
in Figure 5.10(a). Nevertheless, hodograms for either case of flux rope crossing would
still exhibit a “potato chip” shape. Note that VEX is assumed to cross very close to
the centre of the flux rope in the illustration in Figure 5.10(c) and (d), where the Byn

is depicted in the direction quasi-along the VEX trajectory.

Based on this unique “potato chip” shape hodogram as a key identifier, a total of
132 magnetic flux ropes resulting in 264 dip-to-peak and peak-to-dip field changes are

identified in this statistical analysis.

This identification methodology of flux ropes based on their unique “potato chip” shape
hodogram is not necessary definitive. It could lead to misclassification in some cases.
Since only the hodograms which clearly show a field rotation are selected, the likely
case would be that some of the less definitive flux ropes are not included in this section.

The analysis results for the rest of the selected flux ropes should still hold.

5.6.1 Locations

Similar to the locations of the boundary wave events, the flux ropes are observed in a
small range of locations around the northern polar region with elevation > 48°, (90%
of the observations made > 60°) as shown in Figure 5.12. The mean average altitude
is 313 £+ 11 km. It ranges from around 167 km to 860 km, with 90% of the passes
made below 520 km. These flux ropes are observed everywhere in this small range of

locations and do not show any particular preferred location.

5.6.2 Shape

Previously it was illustrated in Figure 5.10 that, for a spacecraft to cross the exact
centre of an ideally circular flux rope, the magnetic field magnitude along B,,;, should
be zero. And for the case where the flux rope is not crossed through its centre, there

should be a finite non zero magnetic field magnitude along By,,. To measure the
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Figure 5.12: (a) The locations of the flux ropes are represented in black dots. They are
plotted in a plane where the X-axis is along the Xy go axis and the Y-axis is expressed
in VY2 + Z2. The nominal altitude of ionopause is represented in green dashed line
[Zhang et al., 2008a]. (b) The locations of the flux ropes are represented in coloured
dots in the X-Y ygso plane. Units are in Ry. The altitudes of the flux ropes are
indicated by the colour scale on the right. (c) A histogram of the altitude of the flux
ropes crossings from a total of 133 events. Bin size is 50 km. Range: from 167 km to
860 km. The lower 0.25 and higher 0.75 quantiles are 225 km and 351 km respectively.

significance of the field magnitude along By,in, the |Bpin|/|B| value of all the flux
ropes are calculated, where |B| is the total magnetic field magnitude over the flux
rope crossing. The mean average value of |Byin|/|B| for all the 133 flux ropes is only
0.12 £ 0.01. This indicates that all of the flux ropes observed were crossed at or very

close to its centre.

If the shapes of these flux ropes are ideally circular as depicted in Figure 5.10, for a
spacecraft to cross its very centre, then the normal directions of the boundary crossings
would be parallel /anti-parallel to the VEX trajectory. However, this is not reflected

from the results. In fact, the mean average angle between the normal directions of the
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boundary crossings and the VEX trajectory is 47° £ 1°. This result indicates that the
observed flux ropes in this study do not appear to be ideally circular as depicted. On
the other hand, the finite values of the angle could also imply that the spacecraft crossed
into the flux ropes with finite axial components, i.e. not perpendicularly. Similar to
the boundary wave events, estimations of the exact shape are not possible based on the

limitations of VEX.

5.6.3 Orientation

Similar to Figure 5.3(b), all the well defined minimum variance directions of only the
flux rope crossings (a total of 177 that are well defined and have data points > 6 and the
photoelectron dropout events excluding flux ropes, are binned in a three dimensional
polar histogram with an azimuthal ¢ bin size of 7.5° and elevation « bin size of 3.75° in
Figure 5.11(c) and Figure 5.11(d) respectively. Compared to the non flux rope cases in
Figure 5.11(d), the boundary normal directions of the flux ropes in Figure 5.11(c) are
slightly more randomly orientated. However, the majority of them can still be observed

to lie along the Yy g0 axis.

Next the flux ropes axial orientations (e.g. yellow coloured arrow Bg,;s in Figure 2.5)
are assessed. Figure 5.10 illustrates how the radial, azimuthal and axial magnetic field
components can be represented using B,in, Bint and By, from MV analysis. And the
Biaz of a flux rope crossing can be used to approximate its axial orientation. Note that
this approximation is only accurate if the spacecraft passes through/near the centre of
the flux rope, which has been shown to be the case based on the low |Byy|/|B| for all
the flux rope crossings. To assess the flux ropes axial orientations correctly, only the
Binae when the value of |Bp,in|/|B| < 0.1 are selected. This criterion yields a total of
74 Binae of the flux ropes (referred to as the “axial vector” from here on) for further
analysis. In addition, individual magnetic field components along the Xy g0, Yy so and
Zyso axes are also collected when the overall field magnitude of a flux rope crossing
reaches its maxima (indicating reaching the centre of a flux rope). These individual

magnetic field components are found to be consistent with the B, direction which
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Figure 5.13: (a) A histogram of the & pos, Aziar from a total of 74 flux ropes. Bin
size is 10°. Range: from 43° to 89°. « pos, Azial is defined as the angle between the
flux rope axial vector and the radial vector of the centre of Venus. (b) A scatter plot
of the altitudes of the flux ropes against the « pos, Agiai- The green line is the mean
average value of a pgs, Azia for each 50 km bin. Blue circles and red crosses denote
quasi-parallel and quasi-perpendicular orientations between the flux rope axial vector
and the XVSO axis.

further implies that the estimated axial vectors are well defined and accurate.

To examine if these axial vectors are quasi-horizontal or quasi-vertical with respect to
the Venusian surface, all the o pos, Agiar , angle between the axial vectors and their
respective radial vectors from the centre of Venus are calculated. A histogram of the
QO Pos, Azial 15 presented in Figure 5.13(a). The mean average value of & pos, Agial iS
77 4+ 1°, which suggest that the majority of the flux rope axial orientations are highly
quasi-horizontal to the Venusian surface. In fact, only 1 out of 74 flux ropes has
QO Pos, Azial < 45° at 43° and 90% of the & pos, aziat > 63°. A scatter plot of the
altitudes of the flux ropes against the & pos, Aziqr is presented in Figure 5.13(b). It
can be observed that the flux rope axial vectors are ‘highly’ quasi-horizontal to the
Venusian surface for altitude >350 km. On the other hand, the flux rope axial vectors
for altitude <350 km are slightly randomly oriented but still within the quasi-horizontal

orientation regime.

These results reflect a similar trend to those reported in Chen et al. [2017] and Elphic
and Russell [1983]. Note that the flux ropes in both work are analysed using VEX

and PVO data respectively but are selected only based on the bipolar magnetic field



5.6. Magnetic Flux ropes 99

signature (e.g. “potato chip” shape hodogram), while the flux ropes in this work
are selected based on both the photoelectron dropout and the bipolar magnetic field
signature events. Analysis in both studies show that the majority of the flux ropes
around the terminator region have quasi-horizontal axial orientation at higher altitudes
and randomly oriented at lower altitudes. However, one should note that in both
studies, flux ropes with quasi-vertical orientation (a pes, Azial = 0°) were also present
at higher altitudes, while ~99% (73 out of 74) of the identified flux ropes in this
study have quasi-horizontal orientations o pos, Aziar > 45°. Only one flux rope has

& Pos, Azial < 45° at 43°.

Furthermore, all the o xqzis, Azial, angle between the axial vectors and the Xy go axis
are calculated. The axial vectors are considered to be quasi-parallel to the Xy go axis if
QO Xazis, Azial < 45° and to be quasi-perpendicular to the Xy go axisif & xapis, Awiar > 45°.
These two classifications are further characterised in the scatter plot in Figure 5.13(b):
the blue circles and red crosses denote quasi-parallel and quasi-perpendicular orienta-
tions between the flux rope axial vector and the Xy go axis. Results show that the
mean average value of & xqzis, Azial 18 31 £ 2° indicating the majority of the flux rope
axial vectors are quasi-parallel to the Xy so axis. In fact, around 81% of the axial

vectors (60 out of 74) have o xqzis, Azial < 45°.

5.6.4 Size - Diameter

The diameter of a flux rope is estimated by the product of the VEX velocity and the
time spent between the inbound and outbound flux rope crossings. This is similar
to the estimation of boundary wave widths in previous Section 5.5 but without the
consideration of the two criteria: au,, < 30° or > 150° and Bye, < 45°. This is
because, as elaborated earlier, these criteria are only used to eliminate the crossings
of boundary waves that are still in linear growth phase and the boundary crossings of
the ‘near-tips’ of the waves. However, for a flux rope crossing, both of these scenario
are already shown to have been met: selection of flux ropes are based on (1) the

three dimensional “potato chip” shape hodogram and (2) low mean average value of
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Figure 5.14: (a) A histogram of the estimated flux rope diameters from a total of 64
events from 2006 to 2014. Bin size is 25 km. Range: from 48.4 km to 294.7 km. (b) A
scatter plot of the altitudes of the observed flux ropes against its estimated diameters,
A. Red line is the mean average value of altitude for each 25 km A bin.

| Bmin|/|B| =~ 0.12 £ 0.01. Hence the criteria based on the a;,, and By, components

are not implemented here.

The estimated diameters of a total of 64 (out of 133) flux ropes which have Ajnt/Amin > 3
and number of data points > 6 are presented in a histogram in Figure 5.14(a) with a
bin size of 25 km. The distribution of the flux rope diameters is also a single peak posi-
tively skewed distribution with a median value of 83 km and a mode class of 50-75 km.
It ranges from 48 km to 295 km and has a mean average diameter of 90 + 6 km. The
lower 0.25 and higher 0.75 quantiles are 59 km and 102 km respectively. Additional
analysis conducted with criterion By, < 45° yields a total of 25 flux ropes and a mean
average diameter of of 79 £ 6 km. The low value of |Bp,y|/|B| and the consistency
shown in the estimated diameters regardless if the criterion on (., is applied, implies
that the majority of the flux ropes are crossed close to the centre and they do not
appear to be ideally circular as depicted in Figure 5.5, consistent with the results in

Section 5.6.2.

A scatter plot of the altitudes where the flux ropes are encountered, against their esti-
mated diameters is presented in Figure 5.14(b). The red line is the mean average value
of altitude for each 50 km A bin. Similar to the cases of boundary waves. The results

show that the mean average flux rope diameter is rather consistent at all altitudes and
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no dependence is reflected.

Note that the flux rope diameters are estimated on the assumption that the spacecraft
(VEX has velocity ~9.5 km s~! around the periapsis) crosses into stationary flux ropes.
This assumption could add uncertainties to the results which may lead to some of the

slightly scattered values of larger flux rope diameters (e.g. > 200 km).

5.6.5 Production of flux ropes

The consistency shown between the results in Section 5.5 and this section suggests
that these surveyed flux ropes are likely created as a result of turbulent boundary
wave. An illustration adapted from Wolff et al. [1980] is depicted in Figure 5.15. The
ionopause is a current sheet layer separating the ionospheric and shocked solar wind
plasma. As shown in Section 5.5, the ionospheric boundary can at times exist in a
wavelike appearance. As the boundary wave grows, the stability of the ionopause is
continuously being distorted. When it reaches the turbulent state, boundary wave can
break off and detach from the main wave. These broken wave, which are the compressed
shocked solar wind magnetic field lines now bounded by the ionospheric current sheet

in the ionosphere, are the flux ropes.

This mechanism is reflected by a number of results presented in this section. First of all,
the flux ropes and boundary wave events are observed in a similar range of locations.
The lower 0.25 and higher 0.75 quantiles for both flux ropes and boundary wave events
are ~250 km and ~350 km respectively. Secondly, the estimated flux rope diameters
(lower 0.25 and higher 0.75 quantiles of 59 km and 102 km) are roughly /2, half of the
estimated boundary wave widths (lower 0.25 and higher 0.75 quantiles of 135 km and
255 km). In addition, the normal directions of the boundary crossings for both flux
ropes and boundary waves are similar; i.e. the majority of them lie along the Y-Z v so
plane and predominantly along the Yy go axis. These consistencies shown between the
flux ropes and boundary wave events indicates that the observed flux ropes are ‘newly’

created at the ionopause before sinking deeper into the ionosphere.

However, note that the flux rope diameters and the boundary wave widths are estimated
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Magnetic Barrier

//IMFImes

lonopause

Figure 5.15: Illustration of how flux rope could be created as a result of turbulent
boundary wave. The red arrows represent normal directions of boundary crossings
projected from its local locations which are denoted by the orange coloured dots. A
denotes the boundary wave width. IMF lines are pointing out of the paper in this
illustration. Adapted from Wolff et al. [1980]. j denotes the ionospheric current.
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regardless of the impact angles (angle between the flux rope/boundary wave axis and the
spacecraft trajectory). Therefore, to account for the additional distance the spacecraft
travelled due to these impact angles, the estimated diameter and width presented here
are expected to be smaller in the same magnitude. In other words, the estimated flux
rope diameters will still be roughly half-wavelength of the boundary wave width and

the theory illustrated in Figure 5.15 will still hold.

On the other hand, all the flux ropes are observed on the basis of the absence of
photoelectron populations. This rules out the possible flux rope generation mechanism
by mass loading. As summarised in Chapter 2, the mechanism presented in [Russell,
1990; Wei et al., 2010] remarks the sinking of flux tubes into the ionosphere is based on
the balance between the downward curvature force and upward buoyancy force (due to
the different densities between the flux tubes and the ionosphere). When the buoyancy
force is stronger than the curvature force, the flux tubes will float on the ionospheric
current sheet. These flux tube can become heavier as a result of photoionisation process
with the neutrals, eventually overcoming the buoyancy force and subsequently sink into
the ionosphere. Hence, the flux ropes created from this case scenario will have bundles
of flux tubes with electron populations similar to those of photoelectron. However, this
is not the case reflected here, as photoelectron populations are absent in all the flux

ropes analysed in this work.

It is also noteworthy to mention that the flux ropes created by the turbulent boundary
wave are also subjected to photoionisation process as they sink into the ionosphere.
This implies that, regardless of the production mechanism by either turbulent boundary
wave or mass loading, the flux ropes observed in lower altitudes will have the signatures
of photoelectron populations. Hence the absence of photoelectron population further
suggests that all the flux ropes studied here are newly created by the turbulent boundary
wave. The downward force of these newly created flux ropes can be smaller than the
buoyancy force when they are first created by the turbulent boundary. So before these
flux ropes can overcome the buoyancy force via photoionisation process, the possibility
of flux ropes floating toward and reconnecting with the ionospheric boundary should

not be ruled out. In addition, the mass loading mechanism is more favourable at the
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subsolar region where the velocity shear is the lowest, compared to the terminator
region where the flux tubes will have been carried downstream by the incoming solar
wind before they can get photoionised and sink into the ionosphere. On a similar note,
this strong tangential shear flow in the terminator region may give rise to KHI which
can lead to the formation of boundary wave. The generation mechanisms of boundary

wave (thus flux ropes) will be discussed further in details in the Chapter 6.

The results in Section 5.6.3 found that the majority of the flux ropes are quasi-horizontal
to the Venusian surface; highly horizontal for altitude >350 km and slightly randomly
oriented for altitude <350 km but still within the quasi-horizontal orientation regime.
A trend that is consistent to Elphic and Russell [1983] and Chen et al. [2017]. Chen
et al. [2017] addresses that such orientation preference may indicate different flux rope
formation mechanisms, but neither discussed their possible origins. If these flux ropes
are created as a result of turbulent boundary wave as suggested in Figure 5.15, then
for a boundary wave to ripple along the Yy go axis, the resulting flux ropes would have
axial vectors quasi-parallel to the Xy go axis, a scenario which is reflected from the
results of & xqzis, Aziar < 45°. Due to the high latitude polar orbital nature of VEX,
the flux ropes are only sampled in the northern polar region, hence it is not possible
to compare to those in the subsolar region which are more frequently observed over
the PVO mission. It is however, noteworthy to remark that Elphic and Russell [1983],
which reports the flux rope in the terminator region are almost exclusively horizontal
compared to those observed in the subsolar region which are randomly orientated.
Hence, these observed flux ropes which are quasi-horizontal to the Venusian surface
especially in the terminator region, are likely the newly created flux ropes originated
from the turbulent boundary wave in the terminator region, rather than the subsolar
region which the velocity shear would be low. They subsequently sink, twist and lose

their horizontal axial vectors as they travel towards the atmosphere.

As the flux ropes sink deeper into the ionosphere, the velocity shear provided by both
the turbulent boundary wave and the ionospheric plasma could provide the flux ropes
its helical structure [Russell and Elphic, 1979]. These flux ropes will twist and compress

as they travel deeper into the ionosphere, resulting in a decrease in their diameters,
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which can be attributed to the Helical Kink Instability [Russell, 1990]. The presence
of velocity shear can also explain the rather irregular flux rope shapes (contrary to
an ideal circular shape) observed in this work. Regardless of their overall irregular
shapes, the flux rope helical structures and strong axial field are identifiable from their
bipolar field magnitude signature. Note that the estimated flux rope diameters (mean
average diameter of 90 £+ 6 km) are significantly higher than the upper boundary of
those reported in Elphic and Russell [1983] using PVO data (15-16 km in the terminator
region) and Chen et al. [2017] using VEX data (~ 25 km in the terminator region). One
explanation for this is that the flux ropes selected in this study are ‘newly’ created,
implying bigger diameters compared to those which have travelled deeper into the

ionosphere and become more twisted.

5.6.6 Implications

Based on the higher number of flux ropes found at lower altitudes, Russell and Elphic
[1979] suggests that these flux ropes may enter into, slow down and ‘pile up’ in the
denser ionosphere. The authors also propose a magnetic diffusion process on the time
scale of many hours, which will allow them to be transported from the dayside to
nightside and from high altitude to low altitude. As they twist and develop into three
dimensional structures, they can interact with other flux ropes which have also become
kink unstable to form more complex structures [Russell, 1990]. This can explain the
rather randomly orientated flux ropes at lower altitude reported in Elphic and Russell
[1983]. These flux ropes may dissipate their respective magnetic flux through charge
exchange and recombination with the surrounding ionosphere, which is becoming more
resistive as the altitude decreases [Russell, 1990]. Furthermore, Russell and Elphic
[1979] has also proposed a possible source of flux ropes to originate from the lower
ionosphere and subsequently float upwards to the ionopause due to the dominating
buoyancy. Though this mechanism might be more dominant at Mars where the flux
ropes could be formed via the interaction with its remnant magnetic field [Acuna et al.,

1998).
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Creation of flux ropes described by this suggested mechanism of turbulent boundary
wave, particularly with an axial vector along the Xy g0, axis imply that the two ends of
the flux ropes will be anchored just outside the ionopause, with one end in the dayside
and one end in the night side. This model could provide an alternative explanation to
the frequent observations of ionospheric holes, a common nightside feature at Venus
[Brace et al., 1982; Marubashi et al., 1985]. Their characteristics include the depletion
of plasma temperature, density and a strong axial magnetic field magnitude. These
characteristics are also consistent to the interior structure of a newly created flux rope.
One problem with this proposed mechanism is that the helical structure has not been
reported and the radial dimensions of the ionospheric holes could extend to a few

hundred kilometres.

The characteristics of all the studied flux ropes, which are selected based on the ab-
sence of photoelectron population and their bipolar magnetic field signature, suggest
that they are created as a result of ionospheric boundary waves reaching their turbu-
lent state. Atmospheric bubbles, on the other hand, are also expected to form in a
similar fashion. Continuous scattering and the subsequent convection of atmospheric
bubbles downstream and away from Venus over a prolonged period of time plays an
important role in atmospheric loss from Venus. However, the convection of the at-
mospheric plasma out of the ionosphere and subsequently downstream with the main
solar wind bulk flow can change their magnetisation state as well as their characteristic
plasma energy signature. In addition, the magnetic barrier region, where atmospheric
bubbles populate before they are convected downstream, is highly dynamic. These
complications may result in the atmospheric bubbles not being accurately identified in

this work.

5.7 Summary

Data from the IMA, ELS and MAG onboard the Venus Express spacecraft are utilised to
conduct a statistical survey of the ionospheric boundary wave events from 2006 to 2014.

Results reveal that the ionopause of Venus does not always appear to be smooth, but
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often exhibits a wavelike appearance. In addition to this, results from the minimum
variance analysis of all the photoelectron dropout events further reveal that, in the
northern polar region of Venus, the ionospheric boundary wave is propagating along
the dawn-dusk (Yygo) direction with its amplitude growing along the Zyso direction.
Comparisons between the rippled and smooth boundary wave events allow detailed
analysis of the ionopause dynamics during solar minimum. The results show that the
ionopause thickness has a clear dependence on altitude and external pressure. These
are consistent with and complement the works by FElphic et al. [1981] which utilised

PVO data that operated during solar maximum period.

Similar to the boundary wave events, magnetic flux ropes are also identified based on
the absence of photoelectron populations in addition to their signature “potato chip”
shape hodogram. A statistical analysis on these magnetic flux ropes reveals a close
similarity in the sizes, observed locations and normal directions of boundary crossings
to those of boundary waves. This suggests that the flux ropes are ‘newly’ created as a
result of turbulent boundary waves before sinking deeper into the ionosphere. This then
rules out the production mechanism by the mass loading process in the subsolar region
and subsequent transportation to the nightside. This is then followed by a discussion
on the role of boundary wave in the Venusian atmospheric removal process with the

formations of the flux ropes as well as the atmospheric bubbles.

The ionopause in the terminator region, where all these boundary wave events are
observed, is unstable to KHI as a result of the expected strong tangential solar wind
flow over the ionopause [Wolff et al., 1980; Terada et al., 2002]. This shear flow is
expected to lie along the Xy go direction, i.e. the solar wind bulk flow direction.
However, results in this chapter show that in the northern polar region of Venus, the
boundary waves propagate mainly along the Yy go direction which is inconsistent to
the expected shear flow direction. The next chapter will assess the different boundary

wave generation mechanisms, in particular their propagation directions.
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5.8 Contribution

This chapter has three principal novel contributions.

Firstly, using the entire VEX mission duration which mainly covers the solar minimum
period, this chapter presents the first observational statistical analysis of the ionospheric
boundary wave phenomena at Venus, and measures their global distributions and char-
acteristics. The results have been accepted for publication in Journal of Geophysical

Research: Space Physics:

Chong, G. S., S. A. Pope, S. N. Walker, R. A. Frahm, T. L, Zhang, and Y. Futaana
(2018), A statistical study of ionospheric boundary wave formation at Venus. Journal

of Geophysical Research - Space Physics. doi:10.1029/2018JA025644.

Secondly, this chapter also present the first statistical study of the ionopause dynamics
over the solar minimum period using VEX data. The results complement the works by

FElphic et al. [1981].

Finally, there have been a handful of studies on the ionospheric flux ropes at Venus.
These studies mainly identified the flux ropes based on their unique bipolar magnetic
field signatures as well as their “potato chip” shape hodograms, regardless of their
origins; whether they are formed by mass loading [Russell et al., 1982] or turbulent
ionospheric boundary waves [Wolff et al., 1980]. This chapter presents for the first
time, a statistical study on the magnetic flux ropes which are created as a result of
only boundary wave events. This study provides an explanation of a strong preference
in the magnetic flux rope orientations with respect to their observed altitudes, which
have been reported by a number of previous works [Chen et al., 2017; Russell, 1990;
Elphic and Russell, 1983]. These results will be drafted and will be submitted to the

Journal of Geophysical Research: Space Physics.



Chapter 6

Boundary wave generation

mechanisms

6.1 Introduction

In Chapter 5, a statistical survey of the ionopause reveals that the ionospheric boundary
is often observed to exhibit a wavelike appearance. In particular, it is observed in
around 23% of all the available VEX orbits. However, this statistic is expected to be
higher as the the observation of a boundary wave event can be rather subjective, in the
sense that it cannot be demonstrated for certain whether the ionopause always exhibits
a wavelike appearance, and if the observation is dependent exclusively on the chances
of spacecraft crossing them. It has also been discussed how a boundary wave can lead
to the formation of magnetic flux ropes and atmospheric bubbles which may play a
vital role in the atmospheric evolution at Venus. In the case that the ionopause is
always in a waveform, then its role in the atmospheric evolution at Venus will become
more significant and should not be overlooked. So it is an objective in this chapter
to address the potential ionospheric boundary wave generation mechanisms, that in
particular lead to a boundary wave to propagate mainly along the Y-Z yso plane and

predominantly in a direction along the Yy gp axis.

The three main generation mechanisms that will be analysed in this chapter are the
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(1) KHI, (2) fluctuations of ionopause altitude as well as (3) reverse in magnetic field

orientations.

6.2 Kelvin-Helmholtz Instability

A number of simulation studies (e.g. Terada et al. [2002]; Biernat et al. [2007]) have
shown that the ionopause is unstable to KHI, a macroinstability that is principally
generated by the strong shear flow [Chandrasekhar, 1961]. So it is an aim to investigate

the role of KHI further in this section.

6.2.1 Velocity shear profile

The velocity shear flow across the ionopause when boundary waves are observed,
|Uiono — Unrp| is estimated in this section. Ujpno and Uy are the average proton
velocity in the ionosphere and magnetic barrier regions respectively. Due to the long
IMA sampling time of 192s, to ensure there are at least two data points, only U,y from
orbits that VEX spent longer than 192s (and at least 2 data points) in the ionosphere
are considered and Uy, is estimated by taking an average proton velocity 5 minutes
(and at least 2 data points) before crossing the dayside ionopause. VEX normally spent
around 1 to 5 minutes in the dayside magnetic barrier which varies with trajectories of

the spacecraft.

A histogram of the measured velocity shear of 158 events with a bin size of 25 km s~ is

presented in Figure 6.1(a). The distribution of the estimated velocity shear is a single
peak positively skewed distribution with a median value of 87 km s~! and a mode class
of 25-75 km. The |Ujono — Upsp| ranges from 5 km s~ to 341 km s~ ! and has a mean

average velocity of 104 + 6 km s 1.

Since the time spent by VEX in the magnetic barrier region is often short, much less
than the long 192s sampling time of the IMA, the estimation of Uy, by averaging the
proton velocity 5 minutes before crossing the inbound ionopause, will often include the

plasma populations in the sheath region. These have a much larger magnitude along
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Figure 6.1: Histograms of the estimated velocity shear across the ionospheric bound-
ary for (a) orbits when boundary waves are observed and (b) all orbits regardless if
boundary wave is observed. Note that the velocity shear in (a) is overplotted in (b).
(a) and (b) are computed from a total of 158 and 510 events respectively. Bin size is
25 km s~1. Range for (a): from 5 km s~! to 341 km s~!. Range for (b): from 5 km s~*
to 444 km s~ .

the Xy g0 axis due to the main solar wind bulk flow. Therefore, the Uy, presented here
is an overestimate and shows bias along the Xy go axis. The magnitude of the ‘actual’
Uy is expected to be lower. In addition, the estimation Us,,, would also include the
plasma velocity in the magnetic barrier region as a result of the boundary wave events.

Hence, the velocity shear profile presented here should be examined with caution.

Further analysis has been conducted to estimate the velocity shear of all orbits regard-
less of whether boundary waves are observed. Figure 6.1(b) shows the histogram of the
measured velocity shear of 510 events with a bin size of 25 km s~!. The distribution of
the estimated velocity shear is also a single peak positively skewed distribution with a
median value of 102 km s~ and a mode class of 50-75 km. The |Uiono — Unrp| ranges
from 5 km s~! to 444 km s~! and has a mean average velocity of 102 & 4 km s~!. The
histogram in Figure 6.1(a) is overplotted in Figure 6.1(b) for comparison. The results
show that the ionospheric boundary does not always exhibit a wavelike appearance
when the velocity shear is large (i.e. |Uiono — Unrp| > 150 km s1). This can be due
to: (1) stabilising terms (e.g. gravity [Elphic and Ershkovich, 1984]) which are more
significant and dominate; (2) resolution of VEX data is too low to observe the short

boundary wavelength resulting from the large velocity shear; and (3) the ionospheric
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Figure 6.2: (d) A histogram of the magnetic field cone angle in the magnetic barrier
region from a total of 2216 events. Bin size is 15°. Cone angle is defined as cos™*(B,/B).

boundary may exist in a wave but it is not traversed by VEX.

6.2.2 Orientation of magnetic field

Analysis reveals that the magnetic field orientation in the magnetic barrier region is
quasi-perpendicular to the Y-Z ygo plane, which is a favourable condition for the
excitation of KHI along the Yy so direction. This orientation is evidenced from the
bimodal shaped distribution of the magnetic field cone angles in the magnetic barrier
region presented in Figure 6.2, where the majority of the cone angles are < 45° and
> 135°, i.e. quasi-parallel to the Xy go axis. Note that cone angle is defined as
cos~(B,/B). The distributions of the histogram are very consistent for all VEX passes
regardless of whether boundary wave events are observed. This consistent quasi-parallel
orientation of magnetic field lines to the Xy go axis is due to the draping pattern of
the magnetic field lines in the northern polar region of Venus. This is discussed further

in the following sections.
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6.2.3 Comparison to previous studies

The results of the estimated ionospheric boundary wave widths and the velocity shear
flow across the ionospheric boundary are consistent with the study of KHI wave on
Venus. For instance, Wolff et al. [1980] shows that with a ‘gyroviscosity’ coefficient, vy,
of 250 km? s~ !, a velocity shear of 100 km s~! results in a wavelength of ~ 31 km while
velocity shear of 10 km s~! results in a wavelength of ~ 305 km. For a typical 30 km
thin ionopause, Elphic and Ershkovich [1984] shows that velocity shear of 100 km s+
and 200 km s™! results in wave growth times of 81s and 32s respectively. Considering
a density jump (ionosphere to the sheath region) with a ratio of 10, the local MHD
simulation by Amerstorfer et al. [2010] with the lower (30 km) and upper (70 km)
limits of ionopause boundary thickness, gives a dominant KHI wavelength with a lower
range limit of ~181 km and a higher range limit of ~423 km. Note that the density
ratio between the ionosphere and the magnetic barrier cannot be accurately estimated
from the VEX data as the spacecraft resolution is insufficient for such estimation.
Similarly in Ong and Roderick [1972], for the most dominant mode of KHI, 30 km and
70 km of ionopause boundary thickness gives a dominant KHI wavelength of ~224 km
and ~524 km respectively. The consistency shown between the estimated values in
this statistical analysis and the simulation results, suggests that KHI may act as an
excitation seed in inducing the ionospheric boundary wave that is observed in the

northern polar region of Venus.

Note that the lower (30 km) and upper (70 km) limits of ionopause boundary thickness
used here are obtained from the lower 0.25 and higher 0.75 quantiles of the estimated

boundary thickness in Section 5.4.

6.2.4 Wave propagation along Yy so: Draping pattern of magnetic field

To assess if there is a preference in plasma velocity direction, the contribution of the
mean average plasma velocity components along the Xy so, Yy so and Zygo axes of the
inbound solar wind (Us, ), magnetic barrier (Upysp) and ionosphere (Ujopn,) are calculated

and tabulated in Table 6.1. The contributions of plasma velocity components along
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Table 6.1: A summary of the contributions of plasma velocity components along the
Xvso, Yyso and Zygo axes which are expressed in a percentage ratio of the individ-
ual components (medians of their individual distributions) with respect to the overall
magnitudes of the inbound solar wind (Us, ), magnetic barrier (Uyp) and ionosphere
(Uiono). The Usgy, Unp and Uspp, are averaged from a total of 658, 341 and 465 plasma
velocity vectors respectively.

Median (km s~!) Contributions (%)
Regions Xvso Yvso Zvso Xvso Yvso Zvso
Solar Wind 313.93 84.85 47.38 91.26  6.67 2.08
Magnetic Barrier 72.51  28.59 30.35 75.15 11.69 13.16
Tonosphere 15.44  26.88 24.88 15.10 45.73 39.17

the Xvso, Yvso and Zygo axes are measured by taking the ratio of the individual
components with respect to their overall magnitudes. The contributions are expressed
in percentage and the median values of their respective distributions are utilised for

this calculations.

Similar to the section above, only U;yno from orbits for which VEX spent longer than
192s in the ionosphere are considered, while U, and Uy, are estimated by taking an
average of proton velocity 30 minutes before crossing the inbound bow shock and 5
minutes before crossing the inbound ionopause respectively. To eliminate the possi-
ble orbital dependence of plasma velocity, only quasi-terminator VEX trajectories are
considered, i.e. when the orbital plane is < 30° to the terminator plane. It is also note-
worthy to mention that the results (shown below) are consistent regardless of whether

Usw and Uy, are estimated from only quasi-terminator or all VEX trajectories.

As shown in Table 6.1, the average solar wind plasma velocity outside of the bow shock
is dominantly along the Xy go axis, while the components along the Yy 5o and Zyso
axes are minimal, as expected from the main solar wind bulk flow. However, through
the bow shock and into the ionosphere, the contributions of the velocity component
along the Xy go axis can be observed to decrease drastically, while the contributions
of the velocity components along the Yy so and Zygo axes become more significant.
In the ionosphere, the plasma velocity is actually dominated by the components along

the Yy g0 axis (with a contribution of ~ 46%) followed by Zyso (=~ 39%) and Xy so
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Figure 6.3: The distribution of MV, MV,, and MV, which are the components of the
normalized boundary normal directions along the Xy so, Yy so and Zyso projected
from their locations in the X-Y ygo plane. Each bin size is 0.075 R, and they range
from -1 R, to 1 R,. Regions outlined with the black-coloured dashed line are the
regions where the azimuthal angle of the locations, ¢rocation < |45°| which is just in
front of X = 0.

(= 15%) axes.

The domination of the plasma velocity along the Yy go axis in the ionosphere region
further suggests that a velocity shear profile across the ionospheric boundary could be
set up and consequently exciting the boundary wave by KHI. However, the follow up

question is: what is the possible driving mechanism of the plasma along the Yy g0 axis?

Dependence of the boundary normals with respect to their locations

Next the dependence of the normal directions of the boundary crossings with respect
to their locations is studied. The MV,, MV,, and MV, which are the components
of the normalised boundary normal directions along the Xy so, Yyso and Zygo axes
relative to the observation location of their associated boundary crossings in the X-
Yyvso plane are shown in Figure 6.3. The measurement for each normal direction is
binned in 0.075 x 0.075 R, bins ranging from -1 R, to 1 R,. Only bins with two or

more measurements are shown.

The results presented in Figure 6.3 shows a clear dependence of the boundary normal

directions on their respective locations, especially when the azimuthal angle of the
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locations, ¢rocation < |45°|. These regions are outlined with the black-coloured dashed
line which is just in front of X = 0. For instance, observable from Figure 6.3(a),
the MV, components in the region ¢rocation < |45°| are much larger compared to the
region @rocation > |45°|. This is visible by the stronger red-coloured patches in the
region outlined with the black-coloured dashed line. In contrast, from Figure 6.3(b),
the MV, components in the same region are much smaller, visible from the weaker
blue-coloured patches. While MV, components are rather randomly distributed. Even
though the majority of the boundary normal directions are dominantly along the Yy g0
axis, the above results suggest that, at the location ¢rocation < [45°|, the boundary

normal directions have slightly larger components along the Xy 5o axis.

6.2.5 Draping of magnetic field lines

In Figure 6.4(a), taking the normal directions of the boundary crossings (represented
as purple arrows) across an altitude range from 360 km to 370 km as an example, the
boundaries (represented as red-dotted lines which are perpendicular to the normal di-
rections) show an alignment that is comparable to a typical pattern of draped magnetic
field lines (represented as blue lines) around Venus. These curved patterns are also valid
at other altitude ranges (illustrations not shown here). The results from Figure 6.4(a)
are consistent to Figure 6.3. The expected overall draping configuration of magnetic

field lines across the cross section of altitude is illustrated in Figure 6.4(b)-(c).

Upstream of the bow shock, the IMF may appear in a range of orientations. The IMF
moves towards Venus in the direction of the main solar wind bulk flow (— Xy s0). As the
magnetic field lines drape around Venus, their orientations can be visualised to change
from quasi-straight lines (upstream of bow shock) to highly curved lines (outside of
the ionopause in the polar regions of Venus) as illustrated in Figure 6.4(b) and (c).
Typically, upstream of the bow shock, the solar wind has a higher plasma (3 (defined as
the ratio of thermal to magnetic pressure). In this case, the thermal pressure dominates
and the magnetic field lines are carried by the plasma flow. The plasma still gyrates

around the field lines but has an overall velocity component mainly in the direction of



6.2. Kelvin-Helmholtz Instability 117

(a) 360km < Altitude < 370km
<
a
3
Z
m 4
o)
~ o
£ C| =
— ® | Solar wind
<
<

(b)

Altitude

BB
NN

+(ve) X VSO
o \+(ve) Yvso

(c) -

Centrelmeof{drapmg ; \ \j

Figure 6.4: (a) An illustration of how all the perpendicular directions of boundary
normal directions (from the altitude band 360 km < altitude < 370 km) could be
related to field draping. The red dotted lines are the perpendicular directions to the
boundary normal directions, the blue lines represent the expected draping pattern and
the purple arrows are the minimum variance directions. Note the intended slight solar
wind aberration due to the orbital motion of Venus. (b)-(c) Illustrates how the draping
patterns of magnetic field lines may change as a function of altitude and along Xy so
direction (adapted from [Chong et al., 2017]) The black arrows represent the normals to
the field line directions as they drape around the planet. The orange arrow shows the
downstream convection direction of draped field lines. Green arrows represent how the
magnetic field lines might be tightly draped towards the centre line of draping (which
is along the Yy g0 axis).
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Figure 6.5: Illustration of how field draping might lead to ionospheric boundary wave
and the production of flux rope and atmospheric bubble. Illustration is not drawn to
scale.

solar wind bulk velocity in the — Xy go direction (represented by the orange arrow in
Figure 6.4(c)). In contrast, through the magnetosheath the IMF lines start to pile up
and drape around Venus more ‘orderly and regularly’, with the field lines eventually
extending mainly in the direction of the solar wind bulk flow regardless of the IMF
orientation [McComas et al., 1986; Masunaga et al., 2011; Tanaka, 1993]). At the same
time, the plasma is slowly heated and slows towards the ionopause, where the thermal
pressure is gradually converted into magnetic pressure. This consequently results in a
lower 8 where the magnetic pressure dominates and the plasma is now “frozen into”
the magnetic field lines. As a result, just outside of the Venusian ionopause around the
polar regions, as illustrated by the green arrows in Figure 6.4(c), the now much lower
B plasma is ‘forced’ to move towards the centre line of draping (which is along the
Yy so axis) due to the movement of magnetic field lines (which is along the Yy go axis).

This could subsequently set up a velocity shear along the Yy go axis. In addition, as
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the density jump is along the Zy go axis in the northern polar region, the combination
together with the velocity shear along the Yy go axis and the quasi-parallel orientation
of magnetic field lines to the Xy go axis, should favour the growth of KHI induced
ionospheric boundary waves along the Y-Z yso plane and with a propagation direction

along the Yy g0 axis.

This proposed mechanism is consistent with the results presented in this work and is
illustrated in Figure 6.5. Note that the flux rope and the atmospheric bubble are only
depicted simply to illustrate their possible presence. Their actual shapes are not known

and the depicted circular shapes are for illustration purposes only.

Independence on the IMF orientation

For completeness, the dependence of the boundary wave events on the orientations of
the IMF has also been assessed. To eliminate the effects when the IMF might have
changed between the inbound and outbound bow shock, IMF data is only considered
when the angle between the inbound and outbound IMF orientations are < 15°. The
IMF clock! and cone? angles for all the VEX orbits, as well as the orbits when boundary
wave events are observed are shown in polar histograms in Figure 6.6(a)-(d). Binsize

is 30°.

The majority of the incoming IMF can be observed to have orientations mainly quasi-
along the Yy go axis and quasi-perpendicular to the Xy go axis. On the other hand,
the IMF clock angles when boundary waves are observed (i.e. Figure 6.6(c)) are not
as orderly orientated but are considerably similar to Figure 6.6(a). The distribution
of IMF cone angles in Figure 6.6(d) is very similar to Figure 6.6(b). These results
indicate that the occurrence of a boundary wave does not show any dependence on the
IMF orientation. This lack of dependence on the IMF orientation is consistent to the
suggested mechanism where, regardless of the IMF orientation, the magnetic field lines

pile up more orderly and regularly in the magnetic barrier.

!Clock angle is defined as tan™!(By/B.).
2Cone angle is defined as cos™ (B, /B)
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Figure 6.6: IMF (a) clock angle and (b) cone angle based on a total of 1091 orbits. IMF
(c) clock angle and (d) cone angle based on a total of 201 orbits when boundary wave

events are observed. Cone angle is defined as cos™!(B,/B). Clock angle is defined as
tan~1(B,/B.).

6.3 Fluctuations of ionopause altitude

By using PVO data, Brace et al. [1980] noticed that the observations of ionospheric
boundary wave are always accompanied by fluctuations of ionopause altitude. Hence
the occurrence of a boundary wave could be due to the variability in ionopause altitude
and could subsequently lead to the detachments of atmospheric bubbles. So it is an

interest in this section to investigate this scenario further.

The survey of VEX data from 2006 to 2014 has identified a total 2162 ionosphere
perturbations based on the observations of the ionospheric photoelectron population.

Each of these 2162 perturbations corresponds to an inbound and an outbound ionopause
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Figure 6.7: (a) Positions of the ionopause from 2006-2014. Red and green coloured
dots represent dayside and nightside crossings respectively. They are plotted in a plane
where the X-axis is along the Xy go axis and the Y-axis is expressed in VY2 + Z2.
Histogram of the altitude of the (b) dayside and (c) nightside ionopause crossings.
Range for (b): from 180.1 km to 2302.2 km. Range for (c): from 154.4 km to 3748.4 km.
Both have bin size of 50 km. 2 dayside and 15 nightside ionopause crossings altitude
greater than 2000 km not included on the histogram.
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crossing. Here, the two ionopause crossings resulting from each of these VEX passes are
further classified into dayside and nightside crossings, based on the regions where they
are observed. For VEX passes which have orbital planes quasi-parallel to the terminator
plane, the dayside (nightside) ionopause crossing is regarded as the crossing where its
magnetic field magnitude in the magnetic barrier is higher (lower). The locations of
these ionopause crossings are plotted in Figure 6.7(a), where the red and green coloured
dots represent dayside and nightside crossings respectively. Histograms of the dayside

and nightside ionopause crossings are presented in Figure 6.7(b) and (c) respectively.

These results complement the work by Angsmann et al. [2011] which covers the analysis
of VEX data from 2006 to 2010 but their work did not consider the classifications of
dayside and nightside crossings. The results presented in Figure 6.7 show that the
ionopause altitude fluctuates considerably over the course of the VEX mission. The
lowest and highest altitude of the combined dayside and nightside ionopause crossings
are 154 km and 3748 km respectively. The dayside altitudes can also be observed
to be more confined compared to the nightside where the altitudes are more spread
out. This can also be reflected by the lower variance of 183 km and higher variance of
321 km for the respective dayside and nightside cases. This difference in the variance
values can be attributed to the more complex pressure balance in the nightside where
the manifestation of solar wind pressure to magnetic pressure is less straightforward

compared to the dayside.

The fluctuations of ionopause altitude are measured by the difference between the
altitudes of two consecutive orbits, i.e. subtraction of the altitude by the value of the
orbit before. For example, positive (negative) values imply higher (lower) altitude in
the previous orbit. As there are orbits where the ionosphere is not perturbed or the ELS
data is unavailable, only 1929 VEX passes with consecutive ionosphere perturbations
are selected for further analysis. The changes of inbound and outbound ionopause
altitudes for cases when boundary wave events are not observed and are observed, are
presented in histograms in Figure 6.8(a)-(d). The red and yellow lines represent the

lower 0.25 and higher 0.75 quantiles respectively.
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Figure 6.8: Histograms of the inbound ionopause altitude changes when boundary wave
events (a) are not observed and (b) are observed. (c)-(d) are same as (a)-(b) but for
outbound ionopause crossings. Bin size is 50 km for all histograms. Altitude changes
are measured by the difference between the altitudes of two consecutive orbits. The red
and yellow lines represent the lower 0.25 and higher 0.75 quantiles respectively. The
number of altitude changes which are not included in these histograms are noted on
the lower left and right corners of respective histograms.
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lonospheric boundary wave

Figure 6.9: Possible scenarios where the ionospheric boundary waves cannot be observed
by the spacecraft. (a) Boundary wave may exist in a wave but it is not traversed by
VEX. (b) Boundary wave with short wavelength (in comparison to the resolution of
VEX).

Both the lower 0.25 and higher 0.75 quantiles of the altitude changes for the cases when
boundary wave events are observed (Figure 6.8(b) and (d)), are significantly lower than
the cases when boundary wave events are not observed (Figure 6.8(a) and (c)). In fact,
the median values of the altitude changes for both inbound and outbound crossings
cases when boundary wave is not observed are ~ 0 km. On the other hand, the median
values are -39 km and -47 km for the cases when boundary wave events are observed.
Although it should not be taken as a strong indication, the distinct difference in the
lower 0.25 quantiles for cases whether boundary waves are observed, suggests that the
fluctuation of ionopause altitude may be a factor for the occurrence of boundary wave.
Furthermore, the results also indicate that the occurrence of boundary wave is more
(less) likely when the ionopause altitude is higher (lower) compared to the altitude of

orbits from previous days.

It is noteworthy to mention that boundary wave events are also observed for small
altitude changes, i.e. < |50 km|. Inversely, boundary wave events are not always
observed for large altitude changes, i.e. > |150 km|. However, similar to Section 6.2.1,
the observation of the ionospheric boundary exhibiting a wavelike appearance can be
subjective, in the sense that the ionospheric boundary may exist in a wave but it is

not traversed by VEX, and the resolution of VEX data may be too low to observe a
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Figure 6.10: An illustration of how boundary wave could be formed as a result of
fluctuations in ionopause altitude. Due to the highly elliptical polar orbit of VEX, only
the ionopause in the northern polar region of Venus is perturbed by the spacecraft.
Hence the ionopause not sampled by the VEX is illustrated with dotted line. Illustration
is not drawn to scale.

boundary wave with short wavelength, as illustrated in Figure 6.9. On the other hand,
significant disturbance of the ionopause boundary due to the waves may also result in
crossings being observed at higher than expected altitudes. This scenario can also serve
as an explanation to the slight bias shown from the occurrence of the boundary wave
on the altitude fluctuations. Hence, the results presented above should be compared

with cautions.

A possible scenario of boundary wave formation based on these results is illustrated
in Figure 6.10. As previously discussed, the variability in solar wind pressure could
lead to changes in ionopause altitude. If the solar wind is assumed to impact on Venus
in the -Xygo direction regardless of the solar wind aberration (due to the orbital
motion of Venus), then a decrease in solar wind pressure will lead to an increase of
ionopause altitude temporally. This temporal change of ionopause altitude may lead
to the distortion of the ionopause and subsequently the formation of boundary wave in
a similar fashion as depicted in Figure 6.10. This proposed model that considers the
ionopause altitude fluctuation factor is highly speculative but does fit, quite effectively
with the results presented in this section. However, it is unclear why the occurrence of
the boundary wave is less likely when the ionopause altitude is lower than the altitude

on the previous day.

As far as it could provide an interesting explanation that the altitude fluctuation may



126 Chapter 6. Boundary wave generation mechanisms

act as an initial seed excitation for the formation of boundary wave, this model can not
address its particular propagation direction, which is mainly along the Yy g0 axis (as

presented in Chapter 5.5). So Figure 6.10 should only serve as an illustration.

6.4 Reverse in magnetic field orientation

Based on the significant field behaviour change of the observed flux ropes within 15°
of the terminator, using PVO data, the work of Luhmann [1990] suggested a series of
“terminator waves” that has an east-to-west field oscillation along the terminator. The
author suggested that the observations of the dayside ionospheric flux ropes can be
resulted from these terminator waves. A schematic illustration of this terminator wave
which is represented as a wavy ionospheric current sheet, is presented in Figure 6.11
(adapted from Luhmann [1990]). A reverse in the orientation of the penetrated mag-
netic field can result in layers of various magnetic field orientation. Any disturbances
to the current sheet can subsequently lead to a wavelike appearance. The author then
suggested that the field lines merging could result in the detachment and the dissipation

of ionospheric flux tubes, as well as the production of ionospheric flux ropes.

It is an interest in the section to investigate if a reverse in magnetic field orientation
might play a role in the occurrence of boundary waves. To do this, all the average
magnetic field magnitude in both the inbound and outbound magnetic barrier are

analysed. Unlike the nightside ionopause crossings which can be identified by the last
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Figure 6.11: Schematic illustration how “wavy” ionopause could be formed as a result
of reverse magnetic field orientation. Note that illustration not drawn to scale.
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Figure 6.12: (a)-(d) Histograms of AAngle with bin size of 10°. (a)-(b) Histograms
(green) of AAngle of both the inbound and outbound magnetic barrier for the cases
when boundary waves are observed. (a)-(b) are overplotted in (c¢)-(d). (c)-(d) His-
tograms (green) of AAngle of both the inbound and outbound magnetic barrier re-
gardless if boundary waves are observed.

observation of photoelectron population, the magnetic field in the magnetic barrier in
the nightside region is often less well defined, so it will not be considered for the analysis

in this section.

The ‘reverse’ of the magnetic field orientation is measured by the angle between the
magnetic field magnitudes in the magnetic barrier of consecutive orbits (referred to as
‘AAngle’ from here on). AAngle ranges from 0° to 180°, where 0°, 90° and 180° imply
parallel, perpendicular and anti-parallel orientations between the consecutive magnetic
field magnitudes respectively. Histograms of AAngle with bin size of 10° are presented
in Figure 6.12(a)-(d). The green coloured histograms in Figure 6.12(a)-(b) represent
the distributions of AAngle for the cases when boundary waves are observed. They
are overplotted in Figure 6.12(c)-(d) where the red coloured histograms represent the

AAngle distribution for all orbits regardless if boundary waves are observed.
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The results show that the AAngle distribution in Figure 6.12(a)-(b) are somewhat
evenly distributed across all angles with a slightly higher distribution in AAngle < 60°.
In other words, boundary waves can be observed in all range of AAngle and show
no obvious dependence on any particular AAngle. In addition, the comparison of
the overplotted distributions in Figure 6.12(c)-(d) further reveals that the AAngle
distributions regardless of whether boundary waves are observed, are fairly consistent.
However, it is noteworthy to point out that the obvious peaks of < 10° in Figure 6.12(c)-
(d) indicate that the magnetic field orientations in the magnetic barrier of consecutive
orbits in general do not vary frequently. Considering how infrequent the changes of
magnetic field orientations in all orbits, the absence of such an obvious peak at < 10°
of the AAngle distribution in Figure 6.12(a)-(b) imply that the boundary waves are less
frequently observed for a smaller value of AAngle. The results indicate that reversed
magnetic field orientations may play a potential, but non-fundamental role in exciting

a boundary wave.

On a side note, the infrequent changes of magnetic field orientations also suggests an
‘orderly and regularly’ piling up of magnetic field lines in the magnetic barrier region,
which further agrees with the draping pattern of the magnetic field lines discussed in
Section 6.2.5. VEX had a long orbital period of 24 hours which makes it challenging to
assess this suggested model by Luhmann [1990]. The authors also acknowledged that

this model is highly speculative.

6.5 Summary

This chapter has discussed three potential boundary wave generation mechanisms.
They are the KHI, ionopause altitude fluctuation and reversed magnetic field orienta-
tions. Analyses of all three mechanisms suggest that they may play roles in boundary
wave excitation but the indication strengths of respective mechanisms vary. It is not
possible to compare their importances qualitatively as the role of each of these three
proposed mechanisms is analysed with different approaches. However, it is noteworthy

to mention that the fluctuations of ionopause altitude itself cannot explain why the ma-
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jority of the normal directions of the boundary wave crossings have components mainly
along the Yy go axis. Furthermore, neither the fluctuations of ionopause altitude nor
the reverse in magnetic field orientation as boundary wave generation mechanisms could
provide a tangible explanation on the growth of the boundary wave amplitude mainly
along the Zygo directions, to an extent of reaching turbulent state and breaking off

from the main wave.

On the other hand, the consistency shown between the results and those from simulation
studies on KHI indicate that the ionospheric boundary waves develop due to the KHI.
In addition to this, the strong dependence of the boundary normals with respect to
their observed locations suggests that the draping pattern of magnetic field lines play a
principal role in enhancing the plasma flow along the Yy g0 axis and subsequently sets
up a velocity shear that favours the excitation and the growth of ionospheric boundary
waves. Moreover, the flute instability may also arise as a parasitic mode to the growth of
KHI wave where the curvature of the rippled ionopause concave toward the ionosphere
[Elphic and Ershkovich, 1984]. Therefore, its role in the growth of the boundary wave
should not be ruled out completely. However, it is also noteworthy to mention that the
work in Elphic and Ershkovich [1984] concluded that the flute mode does not grow as

rapidly compared to KHI and KHI remains the dominant instability on the ionopause.

6.6 Contribution

The discussions with regard to the role of magnetic field draping pattern in exciting and
generating the ionospheric boundary wave to propagate mainly along the Yy so axis

have been accepted for publication in Journal of Geophysical Research: Space Physics:

Chong, G. S., S. A. Pope, S. N. Walker, R. A. Frahm, T. L, Zhang, and Y. Futaana
(2018), A statistical study of ionospheric boundary wave formation at Venus. Journal

of Geophysical Research - Space Physics. doi:10.1029/2018JA025644.



Chapter 7

Conclusions

7.1 Summary

The objective of this thesis was to investigate the dynamics of the Venusian planetary
space environment in relation to the incoming solar wind. The investigation centred
on the stability of the ionopause and its role in the atmospheric evolution of Venus.
In Chapter 2, a review of the solar wind interaction with magnetised (e.g. Earth) and
unmagnetised (e.g. Venus) planets was presented. Following this, the dynamic response
of the Venusian ionopause was highlighted and the role of the ionospheric boundary
wave in the atmospheric plasma removal mechanism was discussed. In Chapter 3, the
instrumentations onboard of VEX utilised in this thesis were introduced in detail and
its suitability in investigating the boundary wave events was also elaborated. The MV
analysis technique which was implemented to assess the discontinuity conditions and

the normal directions of boundary crossings was described.

In Chapter 4, a detailed analysis of ionospheric boundary wave perturbation on 26 June 2006
was presented. An approach was implemented to identify these boundary wave cross-
ings. The approach was based on the observations of photoelectron dropout events
while VEX was in the ionosphere, of which the corresponding magnetic field magni-
tudes were similar to those in the magnetic barrier. MV analysis revealed that these

intervals were ionopause crossings. Further analysis on these boundary crossings shows

130
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that the ionopause on this date was not smooth, but exhibited a wavelike appearance
which VEX traversed across. A flux rope was also identified in the vicinity of the
boundary wave. The consistency shown from their sizes and observed locations sug-
gested that this flux rope was created as a result of the boundary wave reaching the
turbulent stage. Results also indicated that this boundary wave was generated by KHI

as it was observed in the terminator region where the tangential shear flow is strong.

Chapter 5 presented a statistical analysis of all the identified boundary wave events
based on a similar approach in Chapter 4 to measure their overall distributions. Results
showed that this wavelike appearance of the ionopause is not rare but can be observed
in around 23% of all the available VEX orbits across the whole mission. Similar to
the event presented in Chapter 4, results showed that the majority of the identified
boundary waves are consistently observed to be a propagating along the dawn-dusk

(Yyso) direction with amplitude growing along the Zyso direction.

In addition, ‘smooth’ ionospheric boundary cases were also identified. Their respective
boundary normal directions at the locations of the crossings were shown to lie radi-
ally outward from the centre of Venus, indicating a smooth quasi-spherical boundary.
Analysis on these crossings allowed the dynamics of the ionospheric current sheet to
be investigated. Results showed that the ionopause has an average boundary thickness
of 57 = 4 km, a value which is higher than those estimated in Elphic et al. [1981]
and FElphic et al. [1980]. Further analysis also showed that the boundary is thicker for
weaker pressure and at higher altitudes. On the other hand, the boundary is thinner

for stronger pressure at lower altitudes.

In addition to its signature “potato chip” shape hodogram, flux ropes were also identi-
fied based on the absence of a photoelectron population. These flux ropes were observed
to be quasi-horizontal (to the surface of Venus) and have axial orientations which lie
along the Xy go direction. Their shapes also appeared to be irregular. The consis-
tency in the sizes, locations and orientations shown between the identified flux ropes
and boundary wave events suggest that these flux ropes are created as a result of the

boundary wave reaching the turbulent stage.
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In Chapter 6, three potential boundary wave generation mechanisms were discussed, i.e.
the KHI, ionopause altitude fluctuation [Brace et al., 1980] and reversed magnetic field
orientations [Luhmann, 1990]. Analyses suggest all three mechanisms may play roles
in boundary wave excitation, but only KHI could explain the excitation of a boundary
wave that can subsequently propagate mainly along the dawn-dusk (Yyso) direction
with amplitude growing along the Zy go direction. The estimated velocity shear across
the ionopause and the boundary wavelength are similar to those from simulation studies
on KHI, a result which indicated that the development of ionospheric boundary waves
was due to the KHI. Furthermore, the strong dependence shown from the boundary
normals on their respective observed locations suggests that the draping pattern of
magnetic field lines play a principal role in enhancing the plasma flow along the Yy g0
axis. This could subsequently set up a velocity shear that may favour the excitation of

ionospheric boundary waves.

7.2 Key findings and limitations

Chapter 4 presented a detailed analysis of evidence of ionospheric boundary waves at
Venus by utilising data from VEX. An approach was implemented to identify poten-
tial boundary crossings resulting from ionospheric boundary waves. Coupled with MV
analysis, this approach was able to demonstrate whether or not the boundary crossings
are ‘smooth’. By implementing this approach over the entire duration of VEX mis-
sion, Chapter 5 presented the first statistical evidence of the observational existence of
the ionospheric boundary wave phenomena at Venus. The results indicated that this
wavelike appearance of the boundary is a common characteristic of the ionopause. It
can be observed everywhere in the rather constrained northern polar region of Venus
where the ionosphere was mostly sampled due to the VEX high latitude polar orbit.
For the same reason, it is unclear whether or not the ionopause in other regions (e.g.
subsolar, equatorial, southern polar and nightside regions) could exhibit a wavelike
appearance. However, it is noteworthy to mention that the observations of a bound-

ary wave event can be rather subjective, in the sense that it cannot be demonstrated
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for certain whether the ionopause always exhibits a wavelike appearance, and if the

observation is dependent exclusively on the chances of spacecraft crossing them.

The results in Chapter 5 reveal that the boundary wave characteristics are very similar
to those reported in Chapter 4: an ionospheric boundary wave that propagates mainly
along the Yy go direction with its amplitude growing along the Zy go direction in the
northern polar region of Venus. Further analysis indicated that the boundary wave
was likely to be excited by KHI. These are the first statistical results that report such
unexpected behaviour of the KHI-induced boundary wave, and are inconsistent to the
conventional understanding. For instance, the velocity shear profile that could give
rise to KHI in the terminator region has always been expected to be attributed to
the strong tangential solar wind bulk flow along the Xy go direction, and not along
the Yy 5o direction as revealed by the statistical analysis. Further analysis conducted
in Chapter 6 indicated that the draping pattern of magnetic field lines could play a
principal role in enhancing the plasma flow along the Yy go direction and subsequently
sets up a velocity shear that favours the excitation of ionospheric boundary waves along

this direction.

Chapter 6 also revealed that proposed boundary wave generation mechanisms, such
as the ionopause altitude fluctuation [Brace et al., 1980] and reversed magnetic field
orientations [Luhmann, 1990] may play a potential, but non-fundamental role of in the
occurrence of boundary wave events. However, the results do not rule out the possibility
of the potential coupling between the role of field draping and the involvements of all
three proposed mechanisms in inducing the boundary wave to propagate along the

Yvso axis.

Chapter 5 also presented the first statistical observational study on the ionopause dy-
namics based on VEX data during the solar minimum period. This complements the
investigation conducted by FElphic et al. [1981] in which data from the PVO mission
over the solar maximum period was utilised. Results showed that the boundary thick-
ness varies with the external pressure: the plasma collisional properties that cause the

broadening/narrowing of a boundary is a function of the ionopause altitude dictated
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mainly by the external pressure. This characteristic dynamic is consistent to that de-
scribed in Elphic et al. [1981]. However, the results showed that the estimated ionopause
thickness in this work is roughly 1.5 times more than that estimated in FElphic et al.
[1981]. This is because the analysis in both works were conducted over two different
solar activities, i.e. quieter solar activity leads to weaker thermal pressure that results
in lower ionopause altitude where plasma becomes more collisional. The ionopause
thickness is an important quantitative value as the estimation of the wavelength of
the KHI induced boundary wave depends inversely on the ionopause thickness (hence
the solar activity). On a side note, one of the criteria for the selection of boundary
crossings in this study is based on clear magnetic transformation from the magnetic
barrier into an unmagnetised ionosphere. Hence, the results presented here might show
bias towards the ionospheric conditions that are similar to solar maximum, where the

ionosphere is often unmagnetised.

The second half of Chapter 5 presented the first study on the ionospheric flux ropes that
were identified based on their origins, i.e. as a result of turbulent boundary wave. The
outcomes of this statistical study were twofold. Firstly, a number of studies (e.g. Wolff
et al. [1980], Thomas and Winske [1991], and Lu et al. [2015] etc.) have demonstrated
that magnetic irregularities such as the atmospheric bubbles and flux ropes can be
created as a result of turbulent boundary waves. Unlike past studies that focused
on the production of such structures on an individual basis, the results presented in
Chapter 5 provides observational evidence that the production of flux ropes can be

linked directly to the turbulent boundary wave.

Secondly, past studies [Elphic and Russell, 1983; Russell, 1990; Chen et al., 2017] on
the Venusian ionospheric flux ropes revealed that their orientations are quasi-horizontal
(to the Venus surface) at higher altitudes, a puzzling characteristic that has not been
well investigated. This is addressed by this thesis. For instance, on the basis that
they resulted from a turbulent boundary wave, analysis of these identified flux ropes
in this thesis showed that they have orientations that are not only quasi-horizontal to
the Venus surface, but are also quasi-parallel to the Xy go direction. These preferable

orientations of flux ropes are consistent to the past studies and this can be well explained
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by their production mechanism: a turbulent boundary wave that propagates mainly
along the dawn-dusk (Yy o) direction would result in the production of flux ropes with

orientations quasi-parallel to the Xy go direction.

Atmospheric bubbles are also expected to form in a similar fashion to the production
of flux ropes. However, the convection of the atmospheric plasma out of the ionosphere
and subsequently downstream with the main solar wind bulk flow, can change its mag-
netisation state as well as its characteristic energy signature. In addition, the magnetic
barrier region, where atmospheric bubbles populate before they are convected down-
stream, is highly dynamic. These complications may result in the atmospheric bubbles
not being accurately identified in this thesis. On a different note though, on the as-
sumption that their sizes are comparable to those of flux ropes (=90 km), a prolonged
period of continuous plasma loss into space as a result of detached atmospheric bubbles,

would have had a significant impact on the atmospheric evolution on Venus.

7.3 Future Work

Due to the high latitude polar orbital period of VEX, only the ionosphere in the north-
ern polar region of Venus was sampled. Hence, future work should consider revisiting
and reassessing the data from PVO which often sampled the ionosphere around the
subsolar region. Coupled with possible future missions that may sample the equatorial
and nightside ionosphere regions, a global distribution of the the boundary wave phe-
nomena can be measured to better understand the dynamics of the ionopause. On the
other hand, boundary waves events have always been expected to exist only around
the terminator region where the shear flow is the strongest. But if they can also be
generated in regions that are unlikely to be unstable to wave excitation (e.g. regions
of smaller SZA), then the role they play in removing the atmospheric contents from

Venus would have been very significant and should not be overlooked.

The observational study conducted in this thesis shows that the draping pattern of
magnetic field lines may play a role in setting up a velocity shear that favours the

excitation of ionospheric boundary waves by KHI. Future model simulations of the
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KHI at the Venus ionopause should consider whether or not the the involvement of
field draping can lead to this unexpected behaviour of boundary waves. Future global
simulation works should consider the boundary wave propagation direction, that is
along the Yy g0 axis, to reveal the potential shapes of the possible magnetic irregularities
(such as the atmospheric bubbles and the flux ropes) as a result of its evolution into

the turbulent state.

In this thesis, only flux ropes which are created as a result of turbulent boundary wave
events are selected for investigation. It would be of interest to identify the flux ropes
that are created only via the mass loading mechanism, so that a direct comparison
between these two mechanisms can be conducted, to assess their significance on an

individual mechanism basis.

In addition, due to their complex plasma and magnetic characteristics resulting from
being convected downstream with the solar wind bulk flow, atmospheric bubbles were
not identified in this work. Hence, it would be an interest for future work to develop
a qualitative approach to identify these atmospheric bubbles, perhaps by utilising the
different instruments onboard of VEX. Therefore, their contributions to the Venusian
atmospheric evolution can be measured more systematically and the numerical values of

the plasma loss due to detached atmospheric bubbles can be more accurately quantified.

Mars, the only other unmagnetised terrestrial planet, is also subjected to plasma loss
as a result of detached atmospheric bubbles. However, due to its smaller mass, the
thermal escape mechanism plays a more crucial role [ Lammer et al., 2006] as the escape
velocity is much lower at Mars, i.e. only ~ 5 km s~! (refer to Chapter 2.4.3). However,
it will be an interest for future study to investigate whether or not the characteristics
of the Martian ionospheric boundary wave are also comparable to those observed on
Venus, and subsequently reassess their significance. The high resolution data from
Mars Atmosphere and Volatile Evolution Mission (MAVEN), one of the current Mars
orbiters, would provide an ideal opportunity to conduct the boundary wave events on

Mars.
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Appendix A

Hodograms of the magnetic field

fluctuations on 26 June 2006

The results in this appendix complement the results in Chapter 4.

Figure A.1, A.2, A.3, A.4 and A.5 show the hodograms of the field variation in (a) Bz

to Bint and (b) Bpae t0 Bpin plane over the duration stated in the figure captions

respectively.
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Figure A.1: Hodogram of the field variation in (a) Bz t0 Bint and (b) Bpaz 10 Bin
plane from 01:47:34 to 01:47:38 UT.
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154 Appendix A. Hodograms of the magnetic field fluctuations on 26 June 2006
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Figure A.2: Caption is same as Figure A.1 but from 01:47:40 to 01:47:48 UT.
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Figure A.3: Caption is same as Figure A.1 but from 01:47:51 to 01:47:55 UT.
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max

Figure A.4: Caption is same as Figure A.1 but from 01:47:59 to 01:48:06 UT.

max

Figure A.5: Caption is same as Figure A.1 but from 01:48:08 to 01:48:11 UT.
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