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Abstract

This thesis concerns spacecraft observations of magnetic field and plasma in Saturn’s near

space environment and compares these observations with those made in and near the Jovian

magnetosphere. Such comparisons are equivalent to ‘turning the experimental dial’ in planetary

magnetospheres and provide a valuable insight into the way different parameters govern the

structure and dynamics of magnetospheres throughout the solar system.

Saturn and its magnetosphere is currently being studied by the Cassini spacecraft which,

arriving at Saturn in the summer of 2004, became the first spacecraft ever to enter orbit around

the planet. As a result there has never been a better time to study the Saturn system and the

vast majority of the data utilized in this thesis were obtained by the Cassini spacecraft and

its onboard instrumentation. Additional data were also obtained from the Pioneer, Voyager,

Ulysses and Galileo spacecraft.

Chapter 1 provides a general overview of space plasma and magnetospheric physics while

Chapter 2 discusses the Saturn system in more detail. Chapter 3 describes the spacecraft and

instrumentation used in this thesis with particular emphasis placed on magnetometer instru-

ments and the Cassini-Huygens spacecraft. Chapter 4 compares the structure of Jupiter’s and

Saturn’s outer magnetospheres and discusses the similarities and differences between the two.

Chapter 5 presents a new empirical model of Saturn’s dayside bow shock and discusses the three

dimensional shape of this surface while, finally, Chapter 6 presents observations of a magnetic

cavity in the Saturnian magnetosphere which, as of writing, has yet to be explained. Chapter

7 summarises and concludes the thesis.

The three independent investigations described above each shed light on a different aspect of

Saturn’s magnetospheric structure and dynamics and contributes to an improved understanding

of magnetospheric physics in general.
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1 An Introduction to Magnetospheric

Physics

“Begin at the beginning and go on till you come to the end”

— The King of Hearts, Alice in Wonderland

This thesis concerns the magnetic field and plasma in Saturn’s near space environment and,

in particular, how this magnetic field and plasma differs from that observed near Jupiter and the

Earth. Section 1.1 of this preliminary chapter reviews the basic physics of interest while Section

1.2 introduces the reader to planetary magnetospheres in general focusing on their formation,

first order structure and large-scale dynamics.

1.1 The Physics of Space Plasmas

A plasma can be described as a volume of gas which, though electrostatically neutral when

considered as a whole, is sufficiently ionized for electromagnetic forces to be important in deter-

mining its overall dynamics. Common examples of plasma include lightening bolts, hot flames,

the interior of fluorescent lamps and the display panel of a plasma television. Because of their

strange properties, which are unlike those of either solids, liquids or gases, plasmas are often

referred to as the ‘fourth state’ of matter.

The temperature required to ionize a gas to the point where it may be called as a plasma

is typically very high (often thousands of kelvin) and, as a result, material in the plasma state

is relatively rare on Earth. On a larger scale however, plasmas make up over 99.9% of the

observable mass of the universe (Puerta and Martn, 1999) and are ubiquitous throughout both

the galaxy and our solar system.

Space plasmas in our solar system are readily accessible by spacecraft and provide important

natural laboratories for the study of plasma under physical conditions that are very difficult

to recreate on Earth. Consequently, space plasma physicists have been able to contribute to

a variety of adjacent fields ranging from nuclear fusion research (Sundkvist et al., 2005) to the

study of astrophysical shocks (Walsh et al., 2010) and extra-solar planets (Vidotto et al., 2011).

Studying the way in which different space plasmas interact with each other also improves our

understanding of the causes, precursors and effects of different types of space weather. Since

an extreme space weather episode may cost the global economy trillions of pounds (National

Research Council , 2008) the practical, scientific and economic benefits of studying space plasmas

are obvious.
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Before we look at space plasmas in detail we must first understand the basic mathematical

equations describing their behaviour. The position and velocity of particles in a plasma depends

on both the strength and direction of the local electromagnetic field. However this electromag-

netic field itself depends on the position and velocity of the individual particles (Bittencourt ,

2004) and, as a result, particle motion is coupled - an idea known as collective behaviour. Since

a realistic space plasma may involve billions of interacting particles, a number of approximate

descriptions are introduced to simplify the mathematics, each involving a different set of as-

sumptions and shedding light on a different aspect of the underlying interaction. In this section

we shall discuss three of these descriptions in turn, beginning with single particle motion.

1.1.1 Single Particle Motion

In the single particle description of a plasma (Kivelson, 1995) the collective behaviour of the

constituent particles is neglected and the particles are instead treated as moving independently

in an externally applied electromagnetic field. If we assume that non-electromagnetic forces

(such as gravity) are negligible then the equation of motion is:

m
dv

dt
= q(E+ u×B) (1.1)

where q, m and u are a particle’s charge, mass and velocity while E and B the externally applied

electric and magnetic fields. If we assume that E = 0 we can solve Equation 1.1 to find that,

in a uniform magnetic field, particles move with a constant velocity parallel to the field whilst

gyrating in a circle in the plane perpendicular to the field. The center of the circle is called the

guiding center and the frequency of gyration (often called the gyrofrequency) is given by:

Ωg = qB/m (1.2)

while the radius of the circle (often called the gyroradius) is given by:

rg =
u⊥
Ωg

=
mu⊥
qB

(1.3)

where u⊥ is the component of u perpendicular to the magnetic field. The different mass and

charge associated with ions and electrons causes ions to gyrate in the opposite direction to

electrons with a lower gyrofrequency and a larger gyroradius. Figure 1.1 illustrates this idea.

The assumptions that the electric field is zero, the magnetic field is uniform and that non-

electromagnetic forces are negligible can often be relaxed to describe a more realistic plasma.

In this more realistic plasma, the guiding center of each particle’s gyration will drift (Kivelson,

1995) with a velocity determined by the charge of the particle in question, the magnitude of

the magnetic field it is exposed to, and the nature of any external forces (such as those caused

by magnetic field gradients) that the particle experiences. When ions and electrons move with

a different velocity the resulting current will generate its own magnetic field.
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Figure 1.1: The circular gyromotion of ions (left) and electrons (right) about a uniform mag-
netic field directed out of the page.

The single particle drift theory described above is valid whenever the gyroperiod (Tg =

2π/Ωg) and gyroradius of the particles in question is small compared to the typical time and

length scales over which the macroscopic plasma properties vary.

1.1.2 Magnetohydrodynamics

Magnetohydrodynamics (MHD) is an alternative description which treats the plasma as an

electrically conducting fluid. As with single particle motion, this approach is only valid when

macroscopic changes in the plasma occur slowly with respect to the gyroradii and gyroperiods

(Tg = 2π/Ωg) of individual particles (Baumjohann and Treumann, 1997a) however, for most

space plasma environments, this condition is readily satisfied. Situations in which it is not

satisfied are discussed in more detail in Section 1.2.

The macroscopic properties of a quasi-neutral, isotropic conducting fluid may be described

using the parameters E,B, j,u, ρm and P representing the electric field, magnetic field, cur-

rent density, velocity, mass density and pressure within an infinitesimal volume element in the

plasma. The time evolution of these parameters is described by the laws of hydrodynamics and

14



the microscopic form of Maxwell’s Equations as discussed by Kivelson (1995):

Gauss’s Law for magnetism: ∇ ·B = 0 (1.4)

Faradays’s Law: ∇×E = −∂B

∂t
(1.5)

Ampére-Maxwell Law: ∇×B = µ0j+
1

c2
∂E

∂t
(1.6)

Continuity equation:
∂n

∂t
+∇ · nu = S − L (1.7)

Equation of motion: ρm
Du

Dt
+mu(S − L) = −∇P + (j×B) +

ρmF

m
(1.8)

Equation of state:
D

Dt

(
Pρm

−γ
)
= 0 (1.9)

Ohm’s Law: E+ (u×B) = ρj+
1

nq
(j×B) + ... (1.10)

me

nq2

[
∂j

∂t
+∇ · (ju)

]
− 1

nq
∇Pe

where L and S are the rates of plasma loss and production within a volume element, n is the

particle number density, m is the particle mass, Pe is the electron pressure, ρ and γ are the

resistivity and adiabatic index and F is an arbitrary force which acts on a volume element.

Note that these equations must hold for all species under consideration.

In deriving the above equations we have implicitly assumed that the ion mass is greater than

the electron mass (mi >> me) and that the entropy of a fluid element is conserved as it moves

through the system. When we compare the left hand side of Equation 1.6 to the second term

on the right hand side (representing the displacement current) we find that:

1
c2
|∂E∂t |

|∇ ×B|
∼ uL

c2τ
≪ 1 (1.11)

such that the displacement current can safely be neglected when magnetohydrodynamics is

applicable. Similar arguments can be used to eliminate the last two terms in Ohm’s Law

(representing the electron inertia and pressure gradient respectively) while the Hall term (∝
j×B) can be neglected whenever the cross-field current is small.

By manipulating Ampére’s Law (Kirk et al., 1994) it is possible to show that the magnetic

j×B force consists of two components:

j×B = −∇⊥

(
B2

2µ0

)
− B2

µ0

Rc

Rc
2 (1.12)

where Rc is the radius of curvature vector of the magnetic field. The first term on the RHS

represents the gradient of a magnetic pressure, PM , perpendicular to the field:

PM =
B2

2µ0
(1.13)
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while the second term represents a magnetic tension, TM , opposing magnetic field curvature:

TM =
B2

µ0

Rc

Rc
2 . (1.14)

The ratio of the plasma pressure, P , to magnetic pressure, PM , is the plasma beta:

β =
P

PM
=

2µ0P

B2
(1.15)

with the value of β quantifying the relative importance of kinetic and electromagnetic phenom-

ena in determining the overall behaviour of the plasma.

1.1.3 Ideal Magnetohydrodynamics

By combining the generalized form of Ohm’s law (Equation 1.10) with Faraday’s Law (Equation

1.5) and Gauss’s Law (Equation 1.4) one arrives at the MHD induction equation describing the

relative motion of the magnetic field and plasma:

∂B

∂t
= ∇× (u×B) + η∇2B (1.16)

where η (= ρ/µ0) is the magnetic diffusivity of the plasma. The first term on the RHS describes

the convection of the magnetic field with the plasma while the second term describes the diffusion

of the magnetic field through the plasma. The ratio of the convective term to the diffusive gives

us the magnetic Reynold’s Number:

Rm =
convective term

diffusive term
= |∇ × (u×B)

η∇2B
| ∼ uL0

η
(1.17)

where L0 is the characteristic length scale over which the plasma varies. For most space plasmas

the Reynold’s Number is very high (Rm > 106) and, as a result, the diffusive term in Equation

1.16 can be ignored. This is known as the ideal MHD approximation. Combining the resulting

equation with Faraday’s Law we find that, for a purely convective plasma:

E = −u×B. (1.18)

Consider the magnetic flux, Φ, passing through a surface, S, in this ideal MHD plasma. If

the surface and magnetic field are both functions of time (as illustrated in Figure 1.2) then the

rate of change of Φ is given by:
dΦ

dt
=

d

dt

∫
S
B · dS (1.19)

from which it can be shown, using Stokes’ theorem (Weber and Arfken, 2004) and a simple
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Figure 1.2: The ‘frozen in flux’ approximation. Figure adapted from Kivelson (1995).

vector relationship (dS = udt× dl) describing how the surface changes, that:

dΦ

dt
=

∫
S

[
∂B

∂t
−∇× (u×B)

]
· dS. (1.20)

When Equation 1.20 is considered in the ideal MHD limit, the term in square brackets is

equal to zero and the magnetic flux threading the surface is constant. This is known as the

frozen in flux approximation and, qualitatively, it means that a given parcel of plasma and the

magnetic field lines passing through it always move together in unison. Plasma frozen on to

one set of magnetic field lines can not then migrate on to another set - a fundamental principle

of ideal magnetohydrodynamics.

When the Reynold’s number is small the diffusive term in the MHD induction equation

becomes important (Fitzpatrick , 2008) and the assumptions of ideal magnetohydrodynamics no

longer apply. The magnetic field can then diffuse through the plasma and, in regions associated

with oppositely directed magnetic field lines, undergo a process known as magnetic reconnection.

Magnetic reconnection (Fitzpatrick , 2008) breaks up magnetic field lines and then joins them

back together in a different configuration associated with a lower magnetic energy. The lost

magnetic energy typically reappears as a combination of thermal and kinetic energy and, as

a result, reconnection accelerates the plasma and is also associated with significant plasma

heating.
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Figure 1.3: An image showing the solar corona expanding outwards from the Sun.
NASA/ESA/SOHO.

1.2 Planetary Magnetospheres

The subject of this thesis is the Saturnian Magnetosphere and its surrounding plasma envi-

ronment however, before discussing this subject in more detail, an introduction to planetary

magnetospheres in general is appropriate. We begin by discussing the solar wind.

1.2.1 The Solar Wind

In January 1959 the Russian spacecraft Lunik-1 (later known as Mechta) discovered a hot,

tenuous plasma flowing radially outwards from the Sun (Harvey , 2007) now known as the solar

wind. The solar wind was previously predicted by Biermann (1951) and comes from the Sun’s

hot outer atmosphere (known as the corona) which, due to its high pressure compared with the

interstellar medium, must expand radially outwards. An image of this expansion obtained by

the Solar and Heliospheric Observatory (SOHO) is shown in Figure 1.3.

The high Reynold’s number of the corona (Buchlin, 2007) means that the ideal MHD ap-

proximation is valid in this environment and that the Sun’s internal magnetic field is essentially

frozen into the coronal plasma as it expands out to form the solar wind. The solar wind then

‘stretches’ or ‘drags’ the Sun’s magnetic field out into the solar system where it becomes known

as the interplanetary magnetic field or IMF. Because the solar wind is flowing radially outwards

from the Sun while, at the same time, the Sun itself is slowly rotating, the average shape of

the IMF in the equatorial plane (Figure 1.4) is an Archimedean spiral (Parker , 1958). An

appropriate analogy to this geometry is the shape formed by water droplets spraying out from a
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Figure 1.4: Interplanetary magnetic field (IMF) spiral structure in the solar equatorial plane.
The solar wind flow velocity, VSW , IMF direction, BIMF , and spiral angle, ϕ, are labeled.

Table 1.1: Solar wind and interplanetary magnetic field properties near Saturn according to
Crary et al. (2005) and Jackman et al. (2008).

Parameter Typical Value Reference

Proton Number Density 0.001–1 cm−3 Crary et al. (2005)
Proton (Radial) Velocity 450–600 kms−1 Crary et al. (2005)
Magnetic Field Strength 0.1–3 nT Jackman et al. (2008)
Parker Spiral Angle ∼ 87◦ Jackman et al. (2008)

Ranges correspond to the minimum and maximum values (rounded to the nearest order
of magnitude for the proton number density) according to the quoted papers.

rotating garden sprinkler. Within the equatorial plane the spiral angle, ϕ, is the angle between

the local magnetic field direction and the vector connecting the observer to the Sun.

The solar wind and IMF have been extensively studied in the inner solar system (Balogh

et al., 2007; Poletto and Suess, 2004) but, due to the difficulties involved in getting there,

measurements near Saturn are few and far between. On the basis of these statistically limited

studies (Crary et al., 2005; Jackman et al., 2008) the general properties presented in Table 1.1

have been determined. The mean velocity (relative to the Sun) of order 500 km s−1 is several

times the speed at which a magnetosonic wave can propagate in the solar wind (Baumjohann

and Treumann, 1997a) such that the solar wind outflow is highly supermagnetosonic. This fact

has important implications for the interaction between the solar wind and any obstacles it may

encounter whilst travelling through the solar system, as will be discussed in Section 1.2.3.

1.2.2 Formation of a Planetary Magnetosphere

Of the eight planets in our solar system all but Venus and Mars have global magnetic fields (Zeilik

and Gregory , 1997) and, measured near the surface, these magnetic fields are approximately
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Figure 1.5: The internal magnetic fields of the Earth, Jupiter, Saturn, Uranus and Neptune.

dipolar - the shape that would be expected from a giant bar magnet (or, more realistically, a

current loop) suspended within the planet. These conceptual bar magnets do not need to be

located in the absolute center of the planet and may also be inclined with respect to the axis

of planetary rotation (an idea known as the dipole tilt) as shown in Figure 1.5. In a perfect

vacuum a dipolar magnetic field would exert its influence over infinite distance but, in reality, all

planetary magnetic fields are immersed in the supermagnetosonic solar wind. This interaction

significantly alters the shape of the planetary magnetic field and allows highly dynamic processes

(discussed in more detail in Section 1.2.6) to influence its behaviour.

Due to its high Reynold’s number (Weygand et al., 2007) the solar wind plasma is frozen

into the interplanetary magnetic field and can not mix with the magnetic field of the planet.

This causes the planetary magnetic field to act as an obstacle to the solar wind, forcing the

solar wind plasma and embedded IMF to flow around it before continuing out into the solar

system. The region of space dominated by the planetary magnetic field, around which the solar

wind is deflected, is called the magnetosphere and the outer boundary of the magnetosphere

(often assumed to be infinitesimally thin) is called the magnetopause. This interaction was first

proposed by Chapman and Ferraro (1930) and is illustrated schematically in Figure 1.6.

On the dayside of the planet the solar wind dynamic pressure (= ρmu2) constitutes a force that

tries to compress the magnetosphere into a smaller spatial volume. This compression distorts

the dipolar magnetic field of the planet in such a way that the outwards acting j × B force

increases until it is eventually able to balance the solar wind dynamic pressure and bring the

magnetosphere into equilibrium with its surroundings. Other forces, such as the static pressure

gradient across the magnetopause, also contribute to the force balance but are typically of
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Figure 1.6: The interaction between the solar wind and a planetary magnetic field. Image
adapted from Steele Hill/NASA.

lesser (although not insignificant) importance on the dayside. There is no solar wind on the

nightside of the planet and, as a result, the planetary magnetic field is able to expand out to

great distances in this region to form the extended magnetotail structure shown in Figure 1.6.

The size of a magnetosphere can be parameterized by the sub-solar stand-off distance of the

magnetopause (the distance between the planet and the magnetopause measured along the line

connecting the planet to the Sun) and depends strongly on the upstream solar wind dynamic

pressure at the time of observation (Walker and Russell , 1995).

1.2.3 The Bow Shock

In order for the solar wind to flow around the magnetosphere, information about the magne-

tosphere must be transmitted to the upstream solar wind. This is usually accomplished via

magnetosonic waves (Burgess, 1995) however, in the case of the supermagnetosonic solar wind,

these waves can not travel fast enough to carry information about the obstacle to the upstream

solar wind. Instead, a shock front forms ahead of the magnetosphere (Burgess, 1995) through

which the solar wind is first decelerated to sub-magnetosonic velocities. The kinetic energy

lost as this happens reappears on the other side of the shock as thermal energy, increasing the

temperature of the plasma, while the continuity of mass passing through the shock (what goes

in must come out) ensures that the shocked plasma and magnetic field is compressed as its

normal velocity is reduced. The shock itself is called the bow shock while the region of heated

21



and compressed solar wind plasma between the bow shock and the magnetopause is called the

magnetosheath. These regions are illustrated in Figure 1.6.

The properties of the bow shock are strongly dependent on the orientation of the interplan-

etary magnetic field, as discussed by Burgess (1995). When the normal to the shock surface is

roughly parallel to the direction of the interplanetary magnetic field, particles can bounce off

the shock surface and propagate backwards into the solar wind. Regions of the shock surface

associated with this geometry are called quasi-parallel bow shocks (Baumjohann and Treumann,

1997a) and are often difficult to identify as the shock is often highly dynamic and the transition

between solar wind-like plasma and the magnetosheath-like plasma can happen very slowly.

Regions of the shock surface where the interplanetary magnetic field and the shock normal are

perpendicular to each other are called quasi-perpendicular bow shocks. Here, gyration of the

reflected particles around the interplanetary magnetic field quickly causes them to re-encounter

the shock surface (Baumjohann and Treumann, 1997a) thereby preventing them from propa-

gating very far into the upstream solar wind. This causes quasi-perpendicular bow shocks to

be associated with a much sharper solar wind-magnetosheath transition.

1.2.4 Magnetospheric Force Balance

The size of the magnetosphere is determined by the balance of forces across its outer boundary

(Walker and Russell , 1995) but, for the system to be in a state of global equilibrium, forces

must balance elsewhere in the magnetosphere as well. In this section we shall investigate

magnetospheric force balance in detail.

The plasma density inside the magnetosphere (< 0.01 cm−3 near Saturn’s magnetopause) is

typically much lower than that in the solar wind (∼ 0.01 − 0.1 cm−3 near Saturn’s orbit) but

is never exactly equal to zero (Thomsen et al., 2010; Crary et al., 2005). Some magnetosheath

plasma manages to leak across the magnetopause (via mechanisms to be discussed in Section

1.2.6) while planetary atmospheres, lunar atmospheres, and geologically active bodies (inside

the magnetosphere) can act as additional sources of material (Mauk et al., 2009). In ideal

magnetohydrodynamics, plasma and magnetic field lines move together in unison - but what

form does this motion take?

Ion-neutral collisions couple the planetary ionosphere to the atmosphere and allow angular

momentum to be transferred between the atmosphere, the ionosphere and the magnetospheric

plasma. This coupling results in the approximate corotation of magnetospheric plasma and

a centrifugal force which drives the plasma outwards (Vasyliunas, 1983) and, in conjunction

with electromagnetic forces and gravity, towards an equilibrium plane somewhere between the

rotational and magnetic dipole equators. For small dipole tilts these planes are almost coin-

cident and the equatorial equation of motion in the rotating frame, far from the planet and
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Figure 1.7: A magnetodisk field configuration (solid lines) superimposed over a dipole config-
uration (dashed lines) adapted from Bunce et al. (2008). Note how the deviation from a purely
dipolar magnetic field increases with distance from the planet.

perpendicular to the rotation axis, can be approximated under isotropic pressure conditions by:

ρm
Du

Dt
≈ −∇⊥P⊥ +

[
−∇⊥

(
B2

2µ0

)
− B2

µ0

Rc

Rc
2

]
︸ ︷︷ ︸

j×B

+ρmω2r (1.21)

where the final term on the right hand side represents the centrifugal force density (for plasma

moving with an angular velocity ω) and we have substituted Equation 1.12 for the magnetic

j×B force. When the total force acting on the plasma is zero Equation 1.21 simplifies to:

B2

µ0

Rc

Rc
2 ≈ −∇⊥

(
P⊥ +

B2

2µ0

)
+ ρmω2r (1.22)

and describes the first order balance between the magnetic tension, pressure gradient and cen-

trifugal forces. A true steady state is unlikely to exist in a realistic environment however,

provided temporal variations occur relatively slowly compared with the time taken for the sys-

tem to reach equilibrium, Equation 1.22 is likely to be a good first-order approximation.

For a dipolar magnetic field in a perfect vacuum the right hand side of this equation reduces

to the outwards acting magnetic pressure gradient which must then be equal and opposite to

the magnetic tension force. However, when the magnetospheric plasma density and pressure

are not equal to zero and, in addition to this, decrease with increasing distance from the planet,

the magnetic tension force associated with a dipolar magnetic field is no longer equal to the

outwards acting forces. The plasma then moves radially outwards, stretching out the frozen in

magnetic field and decreasing its radius of curvature until the magnetic tension force is once

again equal to the outward acting forces.
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In regions of the magnetosphere where the right hand side of Equation 1.22 is dominated

by the magnetic pressure gradient, such as close to a planet with a strong magnetic field, the

reconfiguration due to plasma forces is small. However further away from the same planet,

where the magnetic field strength is lower and plasma forces are potentially more important,

significant distortion may occur. In the most extreme cases the magnetic field can become so

stretched out that a magnetodisk configuration develops (Kivelson and Southwood , 2005) as

illustrated in Figure 1.7. The dense layer of plasma at the center of the magnetodisk is called

the plasma sheet while the region of maximum magnetic curvature, which is usually coincident

with the plasma sheet, is called the current sheet. The magnetic pressure at the center of the

current is very low and the plasma pressure is very high while, in the region just outside the

current sheet, the opposite statement is applicable. On either side of the current sheet, the

component of the magnetic field which is tangential to the current sheet points in opposite

directions. This lobe field is approximately (though not perfectly) radial and points towards

the planet on one side of the magnetodisk and away from the planet on the other side.

1.2.5 The Vasyliunas Cycle

Consider a rapidly rotating magnetosphere with a significant source of plasma close in to the

planet. For this system to be in a state of global equilibrium a mechanism must exist through

which this plasma is lost at approximately the same rate as it is created otherwise the magne-

tosphere would continue to fill indefinitely. Some plasma may be lost through the Dungey cycle

(Section 1.2.6) however, for large plasma sources, these losses may not be sufficient to maintain

equilibrium. An alternative mass loss mechanism, first proposed by Vasyliunas (1983), is known

as the Vasyliunas cycle.

In the Vasyliunas cycle the planetary magnetic field first accelerates magnetospheric plasma

to approximate corotation (Hill , 1979) whereupon centrifugal forces become important. The

centrifugal distortion is relatively small in the low beta region close to the planet but, despite

this, the centrifugal interchange instability (Southwood and Kivelson, 1989) is able to transport

plasma outwards by swapping one plasma-loaded set of field lines (or flux-tubes) for another

set at greater radial distances laden with a lower density plasma. The outward moving plasma

eventually enters a high beta regime (Kivelson and Southwood , 2005) in which the centrifu-

gal distortion is more important and the magnetic field becomes stretched into a magnetodisk

configuration. The outward transportation and ‘ballooning’ is thought to be restricted on the

dayside of the planet by the dynamic pressure of the solar wind acting on the magnetopause.

However, as plasma rotates toward the nightside of the planet, confinement by the magne-

topause becomes negligible (Section 1.2.2) and plasma-loaded flux-tubes can expand down the

magnetotail without significant restriction.

This expansion cannot continue indefinitely. Eventually the magnetic field will become

so stretched out that reconnection between opposite sides of the magnetodisk will become

favourable and the magnetic field may ‘pinch off’ at some point down the tail (Vasyliunas,
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Figure 1.8: Vasyliunas cycle reconnection adapted from Kivelson and Southwood (2005) show-
ing (a) the initial flux-tube configuration (b) the new configuration arising from radially outward
plasma motion and (c) a plasmoid broken off the outer portion of the flux-tube.

1983). This burst of reconnection will form a closed loop of magnetic field and plasma (called

a plasmoid) which is then free to travel down the magnetotail (Vasyliunas, 1983; Kivelson and

Southwood , 2005) and out into interplanetary space. The ejection of the plasmoid, illustrated

in Figure 1.8, allows the magnetosphere to maintain a state of quasi-equilibrium.

The reconnection process described above will leave behind a set of plasma-depleted flux-

tubes, still connected to the planet, which can then move back around to the dayside mag-

netosphere (via the dawn flank) as the planet continues to rotate. The reduced mass content

of these flux-tubes will allow magnetic tension forces to dipolarize the stretched out field lines

while, at the same time, angular momentum conservation will cause their angular velocity to

increase (Kivelson, 2005). To complete the Vasyliunas cycle, plasma-depleted flux-tubes must

ultimately migrate back in towards the inner magnetosphere (most likely via the centrifugal

interchange instability) where they can become re-loaded with magnetospheric plasma.

1.2.6 The Dungey Cycle

The magnetotail is not the only region of the magnetosphere where reconnection can occur.

The electromagnetic field and plasma properties change very quickly as you pass across the

magnetopause and, once again, the assumptions of ideal magnetohydrodynamics break down.

Dayside reconnection (which is most likely to occur when the planetary and interplanetary

magnetic fields point in opposite directions) allows solar wind plasma to enter the magnetosphere

and results in the open magnetic flux-tubes shown in Figure 1.10. These flux-tubes, which are
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Figure 1.9: The Vasyliunas cycle adapted from Kivelson and Southwood (2005). The equatorial
cut (center) shows flow vectors inside a range of probable magnetopause and bow shock surfaces
(these surfaces are from the models of Joy et al. (2002)) with meridional cuts (periphery) shown
for 3 hour increments of local time. The field is stretched out into a magnetodisk which is
confined by the magnetopause on the dayside however, on the night side of the planet, plasma
can expand without restriction and eventually detaches from the magnetodisk/plasma sheet in
a burst of reconnection. This removes mass from the magnetosphere, maintaining a state of
quasi-equilibrium.
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Figure 1.10: The Dungey cycle. Magnetic reconnection occurs at the magnetopause (1) re-
sulting in the formation of open field lines. These field lines are then convected over the poles
of the planet (2-4) and into the magnetotail (5) by the solar wind. Here the anti-parallel field
lines again undergo reconnection (6) resulting in the formation of a plasmoid (7) and closed
planetary field lines (8) which migrate back round to the magnetopause (9) where the cycle can
then repeat. Figure adapted from Hughes (1995).

connected to the planet at one end but to the interplanetary magnetic field at the other, from

an integral part of the flux-transportation cycle proposed by Dungey (1961).

In the Dungey cycle (Dungey , 1961) the solar wind drags the open magnetic flux-tubes out

over the poles of the planet and into the magnetotail. During this time, energy and momentum

are transferred from the solar wind to the magnetosphere (as the solar wind does work by

bending the magnetic field lines backwards) and much of the flux-tubes plasma content is lost

to the solar wind. Once enough flux has built up in the magnetotail, two open flux-tubes can

reconnect (Dungey , 1961) to produce a closed flux-tube which is now attached to the planet

at both ends as before. The energy which had previously been stored in the magnetic field

both heats and accelerates the magnetotail plasma (Dungey , 1961) and the plasma-depleted

flux-tubes move back to the dayside magnetosphere such that the Dungey cycle can repeat.
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2 Saturn and its Magnetosphere

“The scientific theory I like best is that the rings of Saturn are composed entirely of lost

airline luggage”

— Mark Russell, American Comedian

This chapter contains a review of our current understanding of Saturn and its magnetosphere.

The subject is now too vast to cover everything we know (or think we know) in these few pages

of text and thus we shall focus only on those topics that are of particular interest to the work

presented in this thesis. For a more comprehensive review of the Saturn system the reader is

directed toward the recent texts of Dougherty et al. (2009) and Brown et al. (2009).

2.1 Jewel of the Solar System

Saturn is the second largest planet in our solar system (after Jupiter) and the sixth furthest

from the Sun at a distance of roughly 9.5 AU or 1.4 billion km. It has an equatorial radius of

60,268 km (1 RS) and rotates about its axis, which is inclined to the ecliptic by approximately

26◦, once in roughly 10h45m. Often called the ‘jewel of the solar system’, Saturn is probably

most famous for its spectacular ring system, first observed by Galileo Galilei in 1610 and clearly

visible in Figure 2.1. Like all outer planets, Saturn has a large number of moons (53 named as

of February 2011) with one of these moons, Enceladus, being of particular interest.

Enceladus is a small, icy moon orbiting Saturn at a distance of 3.9 RS once every 33 hours.

Its surface, which has an area comparable to that of the United Kingdom, is generally smooth

(particularly in the south) with the most conspicuous features being a series of long fractures

(Porco et al., 2006) near the moons south pole. Several geysers have recently been identified

erupting from these fractures (Porco et al., 2006) and ejecting a mixture of dust, water and

other molecules (Spahn et al., 2006; Waite et al., 2006) out into space. The dust is composed

of micron-sized grains of water ice and some of the geysers are shown in Figure 2.2.

Although ball-park figures of around 300 kg s−1 (Gombosi et al., 2009) are often quoted in

the literature, the exact rate at which material is released by Enceladus is difficult to measure

and thus highly uncertain. Saur et al. (2008) suggest that it may even vary, by up to an order

of magnitude, over just a few days or weeks. Much of this material escapes the moon’s weak

gravitational field and encircles Saturn to produce the planet’s highly diffuse E-Ring (Jurac

et al., 2001) shown in Figure 2.3. Solar UV radiation and collisions within this torus ionize

some of the neutral particles (Delamere et al., 2007; Bagenal and Delamere, 2011) and results
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Figure 2.1: Composite Cassini image of Saturn and its rings. NASA/JPL/SSI.

Figure 2.2: Composite Cassini image of Enceladus and its geysers. NASA/JPL/SSI.
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Figure 2.3: Icy material from Enceladus (center) encircling Saturn to form the highly tenuous
E-Ring. CICLOPS/JPL/ESA/NASA

in the formation of a proton and water-group based plasma which is accelerated to approximate

corotation (Wilson et al., 2008) by Saturn’s corotational (E = −u×B) electric field.

2.2 The Saturnian Magnetosphere

Prior to the arrival of Pioneer 11 at Saturn in 1979, nothing was known about Saturn’s magnetic

environment and it was not even certain that the planet had its own magnetic field. The discov-

ery of Saturn’s magnetosphere by Pioneer 11 paved the way for a more in-depth investigation

by the two Voyager spacecraft in the early 1980s and, more recently, by the Cassini-Huygens

spacecraft (Matson et al., 2002) which has been orbiting the planet since July 2004.

Saturn’s magnetic field is much stronger than the Earth’s, is roughly dipolar in shape and,

while the dipole center is located 0.036 RS north of Saturn’s center, the dipole tilt is within

errors of zero according to the Burton et al. (2010) internal magnetic field model. The associated

magnetosphere will be discussed in more detail in the following section.

2.2.1 Average Field Structure

The structure of the dayside magnetosphere is highly dependent on the properties of the up-

stream solar wind. When the solar wind dynamic pressure is high and the magnetosphere is
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Figure 2.4: The warped Saturnian magnetodisk under southern summer conditions. From
Arridge et al. (2008b).

compressed, Arridge et al. (2008a) and Bunce et al. (2008) found that the magnetospheric con-

figuration closely matches that of a dipole with very little evidence for significant distortion.

Alternatively, when the magnetosphere is expanded and the magnetopause sub-solar stand-off

distance exceeds 23 RS, the magnetic field stretches out within the equatorial plane and a mag-

netodisk is formed as described in Chapter 1. Thus, although pressure gradient and centrifugal

forces are always present in the Saturnian magnetosphere, Arridge et al. (2008a) conclude that

magnetodisk structure (and even formation) is very sensitive to the confining effect of the solar

wind dynamic pressure acting through the magnetopause.

Another influence of the solar wind can be seen when the vertical (north-south) orientation

of the magnetodisk is considered. During the early years of the 21st century the center of the

magnetodisk current sheet did not lie in Saturn’s equatorial plane, as expected for a planet

with zero dipole tilt, but was instead displaced northward by a few planetary radii (at large

radial distances) as shown by Arridge et al. (2008b). During this time Saturn was in southern

summer and, as can be seen in Figure 2.4, the solar wind was impacting the magnetosphere

from slightly below the equatorial plane and ‘hinging’ the magnetodisk upwards. The most

recent observations by Khurana et al. (2010) suggest that this warping reduced on approach to

equinox as expected.

Corotating magnetospheric plasma is associated with both pressure gradient and centrifugal

forces and it is interesting to consider which of these forces is the most important in determining

the stretched magnetic field structure described above. Sergis et al. (2010) and Kellett et al.

(2010) found that centrifugal forces dominate the force balance close to the planet (with a

significant negative contribution from the pressure anisotropy) while, beyond 12 RS, the two
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Figure 2.5: Magnetic field structure (above) and the radial variation of volume forces (below)
for quiescent (left) and disturbed (right) versions of the Achilleos et al. (2010a) magnetodisk
model. Magnetic field lines are partially labeled with the colatitude (in degrees) of their northern
ionospheric footprint while, in the lower panels, solid lines denote outwards acting forces and
dashed lines denote inwards acting forces.

types of force are more comparable in magnitude with the pressure gradient force becoming

increasingly important at greater radial distances. This result is qualitatively consistent with

the semi-empirical model of Achilleos et al. (2010a), shown in Figure 2.5, as well as the recent

results of Kellett et al. (2011). However, in the later study, the pressure gradient was found

to be somewhat more important close in to the planet (compared with the Sergis et al. (2010)

study) and somewhat less important further out.

One curious phenomenon observed throughout the magnetosphere is a rotational modulation

of unknown origin, first identified in magnetometer data by Espinosa and Dougherty (2000).

The period of this modulation, which is visible in all three components of the magnetic field,

varies slowly with time (Andrews et al., 2008) and is slightly longer in the southern hemisphere

than the northern one (Andrews et al., 2010). At large distances from the planet in the South-

wood and Kivelson (2007) model, the rotational modulation mimics a periodic ‘flapping’ of the

magnetodisk and magnetotail current sheets, similar to that observed in magnetospheres with

a non-zero dipole tilt. Evidence of this magnetospheric modulation is also evident in measure-

ments of Saturnian radio intensity (Galopeau and Lecacheux , 2000) and in the magnetospheric

plasma populations discussed in the following section.

Let us now consider global shape of the magnetospheric cavity within which the above field

structure resides. Kanani et al. (2010) fit an axisymmetric conic section to 191 magnetopause

crossings and, by considering pressure balance across the outer boundary, constructed a dynamic

pressure-dependent model of the surface. The sub-solar stand-off distance of the model mag-
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netopause scaled with solar wind dynamic pressure according to a power law with an exponent

of -0.2, slightly larger than the vacuum dipole value of -0.17, suggesting that magnetospheric

plasma plays an important role in determining the location of the magnetopause.

The underlying assumption in the Kanani et al. (2010) model (that the magnetopause is

axisymmetric and scales with solar wind dynamic pressure according to a power law) is only

valid to first order. By looking at the properties of individual magnetopause crossings, Masters

et al. (2008) found evidence for surface waves on the magnetopause which were attributed to

the Kelvin-Helmholtz instability, while Clarke et al. (2006) identified a corotating ‘bulge’ in

the shape of the magnetopause which is thought to be related to the rotational modulation

mentioned previously. The global shape of the magnetopause was studied by Achilleos et al.

(2007) and the boundary was found to lie closer to the planet above the poles than along the

equatorial terminator. This asymmetry can be explained in terms of the equatorial magnetodisk

and may also be present in the MHD simulations of Fukazawa (2008). The Fukazawa (2008)

asymmetry is, however, quite dependent on the direction of the simulated IMF and its cause

has yet to be identified in the literature.

Achilleos et al. (2008) used a probabilistic method to examine variations in the sub-solar

stand-off distance of the magnetopause and found that, while it typically lies between 18 and 30

RS, two ‘most probable’ locations are found near 22 and 27 RS. The bimodality of this distribu-

tion was attributed to the Vasyliunas cycle which, it was suggested, may result in two different

magnetospheric states (one mass loaded and the other mass depleted) with correspondingly

different magnetopause sub-solar stand-off distances. Fitting a single Gaussian to this bimodal

distribution results in a mean stand-off distance of 24 RS.

2.2.2 Average Plasma Structure

The plasma responsible for the non-dipolar magnetic field structure described above originates,

primarily, near Saturn’s moon Enceladus and has been extensively studied by both Pioneer 11,

Voyager and Cassini. This plasma typically consists of both a low energy thermal component

and a higher energy suprathermal component, as described by Sittler et al. (1983), Sergis et al.

(2010) and Kellett et al. (2010, 2011). Let us focus on the properties of the thermal ion plasma

to begin with.

The first statistical survey of the thermal ion plasma (E< 50 keV ) was carried out by Wilson

et al. (2008) and focused on observations made between 5 and 11 RS in the equatorial plane.

This survey was extended into the magnetotail by McAndrews et al. (2009) while Thomsen

et al. (2010) examined all radial distances and latitudes visited by Cassini prior to April 2009.

The general picture painted by these three studies is that, in the equatorial plane beyond

3 RS, the thermal ion number density increases with radial distance to begin with, reaches a

local maximum near 7 RS, then decreases with radial distance as shown in Figure 2.6. Thomsen

et al. (2010) showed that the composition of this plasma is dominated by water group ions (O+,

OH+, H20
+, H30

+) close to the planet and by hydrogen ions further out although the exact
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ratio of different ion species beyond around 18 RS in the equatorial plane is somewhat uncertain

as the Thomsen et al. (2010) study also included magnetosheath plasma (H+, He+) at large

radial distances. Thomsen et al. (2010) also studied the equatorial ion temperatures, presented

in Figure 2.6, and found that both the water group and hydrogen temperatures increase with

radial distance. In addition to this, while water group ions close to the planet are an order of

magnitude hotter than the corresponding proton population while, beyond roughly 10 RS in

the equatorial plane, different ion populations have approximately the same temperature.

In the dayside equatorial plane Wilson et al. (2008) and Thomsen et al. (2010) demonstrated

that the average bulk flow velocity of the ions is not exactly equal to the rigid corotation velocity

but is, at times, as little as 40% of this value. The corotation lag, shown in Figure 2.7, was

expected on the basis of theoretical work by Hill (1979) and is a result of inefficiencies in the

transfer of angular momentum between Saturn and the magnetospheric plasma. Observations

of the frozen in magnetic field bending out of the meridional plane and behind corotation

(Bertucci et al., 2009) is a direct consequence of this inefficiency. In the dayside magnetosphere

Wilson et al. (2008) described a highly variable radial flow component which was, on average,

directed away from the planet while McAndrews et al. (2009) and Thomsen et al. (2010) saw

anti-sunwards flows beyond around 20 RS in the magnetotail. Such variable flows which, on

average, move plasma radially outward and away from the planet are qualitatively consistent

with the Vasyliunas cycle discussed in Chapter 1.

Thermal electron properties have been studied by Sittler et al. (1983), Young et al. (2005)

and Schippers et al. (2008) and, from a statistical perspective, also by Persoon et al. (2005)

and Arridge et al. (2009). These studies show that the electron density generally increases with

radial distance close to the planet, reaches a maximum near 4–6 RS in the equatorial plane,

then decreases with radial distance further out. The similarity between this density profile and

the one described previously for the ion population is, of course, entirely expected if we assume

that the ions are predominately singly charged (Mauk et al., 2009) and that the quasi-neutrality

condition is satisfied. The electron temperature generally increases with radial distance from the

planet and, according to Sittler et al. (2006), is strongly correlated with the proton temperature,

at least in the region relatively close in to the planet. By analysing the phase space density of

these electrons as a function of radial distance, Rymer et al. (2007) found evidence that they

are generated inside a distributed region of the inner magnetosphere inside 11 RS.

On examining the suprathermal component of the ion (E>3 keV ) plasma, Sergis et al. (2007)

found that water group ions and protons contribute equally to the plasma pressure under most

conditions but that the water group pressure becomes more important as the total plasma

pressure increases. With regards to this total pressure, Sergis et al. (2007) found that the

total pressure increases with radial distance close to the planet, maximizes near 9 RS in the

equatorial plane, then decreases with radial distance further out. The latitudinal variation was

studied by Sergis et al. (2009) and describes a plasma sheet which is thinner on the nightside of

the planet than on the dayside. Schippers et al. (2008) studied Saturn’s suprathermal electron
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Figure 2.6: Radial variation of equatorial ion density (left) and temperature (right) from
Thomsen et al. (2010). The slight increase in density at large radial distances (particularly
evident in the hydrogen and helium populations) is most likely due to the inclusion of dense
magnetosheath plasma in the profile.

population (E>100 eV ) and found that both the density and temperature of these electrons

increased with radial distance to 9 RS before decreasing slowly beyond this. When considering

these results it must, however, be kept in mind that only a single spacecraft pass was studied

by Schippers et al. (2008) and that studies of the ion population by Sergis et al. (2007, 2009,

2010) have looked at average properties and statistical variations (based on a large number

of spacecraft passes) only. Studies of suprathermal ion variability on a pass-by-pass basis are

currently in their infancy although Mauk et al. (2005) has shown that such studies are likely to

be important. By analysing the phase space density of the suprathermal electrons as a function

of radial distance, Rymer et al. (2007) found evidence that they generated in the outer regions

of the magnetosphere and then transported inward.

2.2.3 Combining The Dungey and Vasyliunas Cycles

In the previous two sections we discussed the average magnetic field and plasma configuration

of the Saturnian magnetosphere. The significant source of plasma observed near Enceladus, the

decrease in plasma density with radial distance beyond this source, the approximate corotation
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Figure 2.7: The radial variation of equatorial azimuthal velocity from Thomsen et al. (2010).
The heavy solid line is from the Wilson et al. (2008) model while the heavy dashed line is a fit
to the same set of observations but using the moment calculating technique of Thomsen et al.
(2010).

and gradual outflow of magnetospheric plasma in the equatorial plane (Thomsen et al., 2010;

Wilson et al., 2008) and the large anti-sunward flows observed in the magnetotail (McAndrews

et al., 2009) are all consistent with the operation of the Vasyliunas cycle. Similar evidence

exists for the operation of the Dungey cycle at Saturn, mainly in the behaviour of the planet’s

magnetotail (Jackman et al., 2010; McAndrews et al., 2009) and aurora (Kurth et al., 2009)

and in the observation of magnetopause reconnection by Huddleston et al. (1997) and, more

recently, by McAndrews et al. (2008).

How do the global flows driven by the Dungey and Vasyliunas cycles interact with each

other? And which has the largest influence on the overall dynamics of the magnetosphere? The

unified flow model proposed by Cowley et al. (2004) is shown in Figure 2.8. In this model the

strong radial outflow and rapid rotation associated with the Vasyliunas cycle forces the Dungey

cycle magnetotail reconnection X-line towards the dawn flank of the magnetopause. The hot,
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Figure 2.8: Combined Dungey and Vasyliunas flows in the equatorial plane adapted from
Cowley et al. (2004) by Gombosi et al. (2009). The red region is dominated by the corotation
of plasma and the Vasyliunas cycle while the blue region is dominated by the Dungey cycle.

tenuous plasma resulting from reconnection along this X-line (associated with newly closed

magnetospheric flux-tubes) then forms a distinct, sunwards flowing layer just inside the dawn

magnetopause called the Dungey cycle return flow. A second layer of hot, tenuous, sunwards

flowing plasma, this time associated with reconnection along the Vasyliunas cycle X-line, is

sandwiched between the Dungey cycle return flow and the dense plasma of the magnetodisk

plasma sheet. While the expectation is that both return flows will be associated with an

enhanced azimuthal velocity and reduced plasma stresses, relative to the plasma sheet, Badman

and Cowley (2007) point out that the two flows may have very different compositions. Plasma

in the Vasyliunas cycle return flow is expected to be much closer to the magnetospheric (water

group dominated) composition than the Dungey cycle return flow.

Kivelson and Southwood (2005) envisage the release of a Vasyliunas cycle plasmoid simultane-

ously closing some of the open field lines in the magnetotail. The Dungey and Vasyliunas cycles
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would then share a common X-line in the magnetotail and two compositionally distinct return

flows would no longer be expected. Definite compositional boundaries could also be destroyed

if the cross field diffusion of plasma is important. It has also been proposed that, in contrast

with the idea of large but infrequent plasmoids in the magnetotail, mass loss at Saturn may

instead be dominated by frequent small scale reconnection episodes and diffusion (Zieger et al.,

2010; Bagenal and Delamere, 2011).

In a rapidly rotating magnetosphere such as that of Jupiter or Saturn, McComas and Bage-

nal (2007) suggest that the open flux-tubes produced by dayside reconnection are not closed in

the magnetotail, as is the case in the terrestrial magnetosphere, but along the dawn and dusk

flanks of the magnetopause instead. This model has been strongly criticized in the literature by

Cowley et al. (2008) but the true nature of the interaction between the Dungey and Vasyliunas

cycles, particularly in the magnetotail, remains uncertain. None of the proposed interactions

necessarily imply a steady state situation and, in reality, both the rate and location of magne-

totail reconnection is likely to be variable, responding to variations in both the ambient solar

wind (Jackman et al., 2010) and the level of outgassing activity associated with Enceladus.

Although the detailed physics of the interaction is uncertain, the relative importance of the

Dungey and Vasyliunas cycles can be estimated in a number of different ways. The simple

methodology of Brice and Ioannidis (1970) was extended to Saturn by Mauk et al. (2009) and

involves comparing the planetary corotation velocity to the Dungey cycle convection velocity

in different regions of the magnetosphere. The analysis suggests that corotation is of greater

dynamical importance at Saturn however, since it does not factor in the actual amount of plasma

or magnetic flux being processed by the system, it does not compare the two flux transportation

cycles directly. This type of analysis was first attempted by Badman and Cowley (2007) and

the results suggest that the Vasyliunas cycle is, on average, the more important flux transporter

at Jupiter (a planet to be discussed in Section 2.3.1) and perhaps also at Saturn. The Dungey

cycle is still important though, particularly during periods of enhanced solar wind dynamic

pressure, making the problem of disentangling the two flux transportation cycles complicated.

Fundamentally, the relative importance of each flux transportation cycle is strongly depen-

dent on the particular region and aspect of the magnetosphere under consideration (convection

velocities, auroral morphology, inner magnetosphere, outer magnetosphere, deep magnetotail...)

and arbitrarily claiming that one is more important probably over simplifies the problem.

2.2.4 The Saturnian Bow Shock

The first spacecraft to cross Saturn’s bow shock was Pioneer 11 in 1979 and the resulting data

were analyzed by Smith et al. (1980). Additional crossings of the bow shock were later made

by the Voyager and Cassini spacecraft and, by surveying the Cassini data, Achilleos et al.

(2006) found that the dayside bow shock (in the region studied by Cassini) generally has a

quasi-perpendicular geometry and an instantaneous velocity of order 10–100 kms−1.

The motion of the bow shock surface is primarily a response to changes in the size of the
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magnetospheric cavity and the resulting motion of the magnetopause. This, in turn, is primarily

a response to changes in the dynamic pressure of the upstream solar wind (Kanani et al., 2010)

although variations in the total pressure inside the magnetosphere are also an important factor in

determining the equilibrium distance of the magnetopause. The rotational periodicity identified

by Espinosa and Dougherty (2000) is known to affect the location of the magnetopause (Clarke

et al., 2006, 2010a) and a 1–2 RS oscillation in the position of the bow shock, attributed to this

magnetopause motion, has recently been identified in spacecraft data by Clarke et al. (2010b).

In Section 2.2.1 it was suggested that the magnetopause is typically found further from the

planet along the equatorial terminator than above the poles but, as of writing, an equivalent

polar flattening of Saturn’s bow shock (which may then be expected on the basis of these

magnetopause observations) has not been observationally confirmed.

By examining the spatial distribution of bow shock crossings made by an exploring spacecraft

it is possible to construct an empirical model of the bow shock’s surface and motion. This was

first attempted for Saturn by Slavin et al. (1985) using Pioneer 11 and Voyager observations with

Masters et al. (2008) later updating this model to include the first couple of years of available

Cassini data. Hendricks et al. (2005) used a different approach to model the bow shock surface,

choosing instead to construct a theoretical bow shock around the empirical magnetopause model

of Maurice and Engle (1995). These models will be discussed in more detail in Chapter 5.

2.3 A Comparison with Other Planets

How does Saturn and its magnetosphere compare with the other magnetized planets in our solar

system? To help answer this question, Figure 2.9 shows a scaled schematic of the four planetary

magnetospheres which have been explored by at least one orbital spacecraft as of summer 2011:

Mercury, the Earth, Jupiter and Saturn.

Of these four planetary magnetospheres the smallest and least explored is Mercury’s. This

tiny magnetic cavity is barely large enough to contain the planet creating it with preliminary

studies by Slavin et al. (2010) suggesting that its dynamics are completely dominated by its

interaction with the solar wind. The terrestrial magnetosphere is 20 times larger than the

Mercurial (Hermean) one but, despite this, is still 20 times smaller than the Saturnian magne-

tospheric cavity. As with Mercury, the solar wind dominates the dynamics of this system as

neither magnetosphere has a source of internal plasma comparable in magnitude to that found

in the Jovian and Saturnian systems (Gombosi et al., 2009; Cheng et al., 1987) or a very rapid

rotation rate.

2.3.1 The Jovian Magnetosphere

Jupiter is a rapidly rotating planet with an equatorial radius of 71,492 km (1 RJ) and a strong

internal magnetic field. The planet’s magnetosphere is only 4 times larger than Saturn’s (Gom-

bosi et al., 2009) and, with a period of roughly 9h55m, Jupiter rotates at roughly the same
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Figure 2.9: A scaled schematic of the Mercurial, Terrestrial, Saturnian and Jovian magneto-
spheres - the four magnetospheres to have been explored by at least one orbital spacecraft as
of the time of writing. Image courtesy of Dr. Catriona Jackman.

angular velocity as well. One could argue, however, that the most important similarity between

these distant planetary systems lies not between the planets themselves but, rather, between

Saturn’s moon Enceladus and Jupiter’s moon Io.

Io orbits Jupiter at a distance of roughly 5.9 RJ and with a period of roughly 30 hours.

During the Voyager 1 flyby of Jupiter in 1979, Morabito et al. (1979) reported a large volcanic

plume rising over 200 km above the surface of the moon. Subsequent studies have shown that

Io is the most geologically active body in the solar system and Figure 2.10 shows a recent image

of this activity, taken by the New Horizons spacecraft while en route to pluto. Much of the

volcanic ejecta later becomes ionized (Saur et al., 2004) and is subsequently thought to drive

a strong Vasyliunas cycle circulation pattern in the Jovian magnetosphere. Indeed it is initial

observations of the Jovian system by the two Pioneer and Voyager spacecraft in the later half

of the 20th century that first inspired Vasyliunas (1983) to propose this circulation pattern in

the first place. In a similar vein, much of the discussion in Section 2.2.3 about how the Dungey

and Vasyliunas cycles interact with each other at Saturn is an extrapolation of ideas originally

developed in the context of the Jovian magnetosphere.

Pressure gradient and centrifugal forces result in a well developed magnetodisk at Jupiter
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Figure 2.10: New Horizons image of Io showing an eruption from the Tvashtar Paterae region
near the north pole of the moon. NASA

(Smith et al., 1974) and variations in these forces (possibly as a result of the Vasyliunas cycle)

have been invoked to explain a bimodal distribution in the position of the Jovian magnetopause

(Joy et al., 2002). Similarly, the presence of an equatorial magnetodisk causes the magnetopause

to bulge outwards in the equatorial plane (Huddleston et al., 1998) with simulations (Ogino

et al., 1998; Walker et al., 2005; Fukazawa et al., 2006) suggesting that this effect is asymmetric

with local time. The nature and size of the asymmetry is probably dependent on the direction

of the interplanetary magnetic field and the solar wind dynamic pressure (Walker et al., 2005;

Fukazawa et al., 2006) thus making an observational identification of the asymmetry difficult.

One might expect the asymmetries seen and predicted in the shape of the Jovian magnetopause

to manifest themselves in the shape of the bow shock as well however no conclusive evidence

of such asymmetries has been published at the time of writing. Present models of the outer

41



boundaries are, however, sufficiently developed to suggest that the Jovian magnetosphere is more

sensitive to variations in the solar wind dynamic pressure than the Saturnian magnetosphere,

and significantly more responsive to such changes than the terrestrial magnetosphere.
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3 Spacecraft and Instrumentation

“The Earth is the cradle of humanity, but mankind cannot stay in the cradle forever.”

— Konstantin Tsiolkovsky, Russian Scientist

The work presented in this thesis relies upon data returned to Earth by a variety of interplan-

etary spacecraft. This chapter provides a summary of these spacecraft (Pioneer 10, Pioneer 11,

Voyager 1, Voyager 2, Ulysses, Galileo, and Cassini-Huygens) and the particular instruments

used in the development of this thesis (magnetometers, plasma spectrometers and electromag-

netic wave receivers) beginning with the most extensively utilized spacecraft: Cassini-Huygens.

3.1 The Cassini-Huygens Spacecraft

The construction and operation of the Cassini-Huygens spacecraft (Matson et al., 2002) was

a joint undertaking by the American, European and Italian space agencies. Cassini-Huygens

consisted of the Cassini orbiter, designed to study the Saturn system in unprecedented detail,

and the Huygens descent probe which was designed to land on the surface of Titan, Saturn’s

largest moon.

The Huygens descent probe was carried to Saturn onboard the Cassini orbiter and the two

separated from each other on Christmas day 2004, a few months after orbital insertion. The

lander reached the surface of Titan on 14 January 2005 while the Cassini orbiter, hereafter

referred to as Cassini, remained in orbit around Saturn and has now completed over 150 orbits of

the planet. Cassini will continue to make important observations of the planet, its rings, moons

and magnetosphere until September 2017 when, after 13 years of near-continuous exploration,

the mission will be terminated by altering the orbit of the spacecraft such that it burns up in

Saturn’s atmosphere.

Cassini is powered by three radioisotope thermoelectric generators and uses a combination

of reaction wheels and thrusters to control its orientation in space. It carries a suite of 12 in

situ and remote sensing instruments (four of which are described in detail below) and is shown

schematically in Figure 3.1.

3.1.1 Dual Technique Magnetometer (MAG)

The Dual Technique Magnetometer is described in detail by Dougherty et al. (2004) and consists

of a fluxgate magnetometer (FGM) and a vector/scalar helium magnetometer (V/SHM) located

half way along and at the end of Cassini’s 11 m magnetometer boom (labeled in Figure 3.1)
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Figure 3.1: A schematic representation of the Cassini-Huygens spacecraft. NASA/JPL.

respectively. Placing the sensors on a boom serves to distance them from the electromagnetic

field created by the spacecraft’s internal electronics and thus aids with instrument calibration.

Meanwhile, the use of two independent sensors makes the aforementioned spacecraft field easier

to characterize (and hence remove) whilst simultaneously offering a basic level of redundancy

should one of the two magnetometers cease functioning.

The fluxgate magnetometer (Acuña, 2002; Dougherty et al., 2004) consists of three orthog-

onal single-axis ring core sensors each consisting of a drive winding wrapped around a high

permeability ring core. This whole assembly is then enclosed within a secondary sense winding

as shown in Figure 3.2. To measure the ambient magnetic field a square wave alternating cur-

rent is passed through the drive winding at 15.625 kHz, bringing the ring core into magnetic

saturation twice per cycle. As this happens the changing magnetic field in the ring core induces

a secondary voltage in the sense winding which can then be recorded by the instrument elec-

tronics. For simplicity it is useful to think of the ring core as two separate half cores, shown

in blue and green in Figure 3.2. For a given drive current, each half core will go through the

same hysteresis cycle (i.e. magnetized - unmagnetized - inversely magnetized - unmagnetized

- magnetized etc.) but the two cores will always be 180 degrees out of phase with each other.
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Figure 3.2: A single-axis ring core fluxgate magnetometer (FGM). The drive winding is shown
in black while the sense winding is shown in red. Imperial College London.

Thus, if external magnetic fields can be neglected, the sense voltage induced by one half of the

ring core will exactly cancel out the sense voltage induced by the other half and the net voltage

recorded by the instrument (assuming the instrument does not have any offsets) will be zero.

Now consider an external magnetic field directed perpendicular to the axis of the sense wind-

ing. The magnetic field in one half of the ring core will be reinforced by the external magnetic

field and, as a result, this half of the ring core will reach magnetic saturation sooner than the

other half. In the second half of the current cycle, the situation will be reversed. This asym-

metry results in a net voltage being recorded by the instrument which is proportional to the

magnitude and sense of the external magnetic field along the relevant sensor axis. By feeding

this voltage back into the sense winding, the external magnetic field can be cancelled out and

the linearity of the instrument improved. By combining measurements from all three sensors

the Cassini fluxgate magnetometer can measure the magnitude (±44,000 nT ) and direction of

the external magnetic field up to 32 times per second.

The vector/scalar helium magnetometer (Dougherty et al., 2004; Acuña, 2002) operates using

a different set of physical principles and can be run in either a vector (VHM) or scalar (SHM)

mode depending on requirements. In the vector mode, circularly polarized infrared radiation

with a wavelength of 1083 nm is passed through an absorption cell containing metastable helium

and measured on the other side by a silicon infrared detector. The probability of this radiation

being absorbed by the helium is proportional to the magnitude of the ambient magnetic field as

well as the angle between this magnetic field and the optical axis of the incident radiation. The

whole V/SHM assembly is enclosed within a Helmholtz cage (Smith et al., 1975a) which applies
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a uniform magnetic field to the sensor of precisely known magnitude and direction. By slowly

rotating this magnetic field in three dimensional space and measuring the resulting change in

infrared absorption, the magnitude and direction of the underlying background magnetic field

can be determined. The current in the Helmholtz cage is then altered in such a way as to cancel

out the external magnetic field, thus allowing the sensor to measure the magnitude (±256 nT )

and direction of the external magnetic field up to twice a second.

3.1.2 Cassini Plasma Spectrometer (CAPS)

The Cassini Plasma Spectrometer (CAPS) measures the composition and three dimensional

energy distribution of low energy charged particles in the spacecraft’s immediate plasma envi-

ronment. It consists of three individual sensors, each described in detail by Young et al. (2004):

the electron spectrometer (ELS), ion mass spectrometer (IMS) and ion beam spectrometer (IBS)

are all shown schematically in Figure 3.3.

The electron spectrometer (Linder et al., 1998) is a top hat electrostatic analyzer consisting

of two concentric hemispherical plates with a variable potential difference between them. Elec-

trons enter the instrument via a baffle near the apex of the two hemispheres and are deflected

towards an annular micro-channel plate (MCP) detector by the applied potential difference.

Only electrons of a very specific energy-to-charge ratio actually hit the MCP detector; the rest

either overshoot (low energy) or undershoot (high energy) their target and are subsequently ab-

sorbed by the two hemispherical plates constituting the electrostatic analyzer. By varying the

potential difference across the plates and the direction in which the sensor is pointing, electron

intensities can be determined as a function of both particle energy and direction.

The ELS instrument has a 5.2◦×160◦ field of view and, by splitting this field of view between

8 different anodes arranged in a fan configuration, a 5.2◦ × 20◦ angular resolution. This field

of view is improved by actuating the sensor in such a way that it covers nearly 2π sr of sky

in just over 3 minutes. A steradian, sr, is the SI unit of solid angle and is equal to the angle

subtended by a right circular cone with a base area which is equal to the square of its radius.

There are therefore 4π sr around a point. Over the course of roughly 2 seconds, the sensor

scans a 64-level logarithmic energy spectrum between 0.6 eV q−1 and 28.8 keV q−1 with a full-

width-half-maximum energy-per-charge resolution (∆E/E) of 0.17. By making assumptions

(Lewis et al., 2008) with regards to the three dimensional distribution of these electrons it is

usually possible to ‘fill in’ the missing 2π sr and thus calculate the density and temperature of

the ambient electron population.

The ion mass spectrometer (Young et al., 2004) shown in Figure 3.3 is conceptually similar

to the electron sensor except that toroidal plates are used instead of hemispherical ones and, to

detect positively charged ions instead of negatively charged electrons, the potential difference

between these plates is reversed. Ions which manage to exit the toroidal plates (i.e. ions

which reach the region where the MCP detector can be found in the ELS instrument) are

accelerated towards an ultra thin carbon foil which marks the entrance to the time of flight
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Figure 3.3: The Cassini Plasma Spectrometer (CAPS) with the ELS (top right), IMS (lower
right) and IBS (lower left) labeled. From Young et al. (2004).

(TOF) detection chamber (Young et al., 2004) at the bottom of the figure. The TOF chamber

measures the energy-to-mass ratio of the incoming ions however this portion of the instrument

is not utilized in this thesis and thus shall not be described in detail.

The IMS instrument has an 8.3◦×160◦ field of view and, by splitting this field of view between

8 different anodes arranged in a fan configuration, an 8.3◦ × 20◦ angular resolution. As with

the electron spectrometer, this field of view is improved by actuating the sensor in such a way

that it covers nearly 2π sr of sky in just over 3 minutes. Over the course of roughly 4 seconds,

the sensor scans a 64-level logarithmic energy spectrum between 1 eV q−1 and 50.3 keV q−1

with a full-width-half-maximum energy-per-charge resolution (∆E/E) of 0.17. The ion mass

spectrometer is also able to determine the ion mass-per-charge ratio in the range 1–400 amu q−1

with a full-width-half-maximum resolution (∆M/M) of 8–60 depending on the instrument’s
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mode of operation. When the instrument field of view is looking toward an incoming ion flow

of sufficiently high density, it is usually possible (Wilson et al., 2008; Thomsen et al., 2010) to

calculate the bulk flow velocity, density, temperature, and temperature anisotropy (given the

magnetic field direction) of different plasma species.

The third component of the CAPS suite is the ion beam spectrometer (Young et al., 2004)

however, since data from this instrument is not utilized in this thesis, we shall not discuss its

design or operation in detail here.

3.1.3 Magnetospheric Imaging Instrument (MIMI)

While the CAPS suite is optimized for the detection of low energy (E<50 keV ) ions and elec-

trons, the Magnetospheric Imaging Instrument (MIMI) is instead optimized for the detection of

higher energy (E>3 keV ) particles. It consists of three individual sensors, each described in de-

tail by Krimigis et al. (2004): the low energy magnetospheric measurement system (LEMMS),

the charge-energy-mass spectrometer (CHEMS) and the ion and neutral camera (INCA) are all

labeled in Figure 3.1.

The charge-energy-mass spectrometer (Krimigis et al., 2004) is similar in design to the CAPS

IMS and uses an electrostatic analyzer followed by a 10 cm long TOF chamber to measure the

energy-per-charge and mass-per-charge ratio of ions entering the detector. The TOF chamber

is of a slightly different design to the one used by the CAPS IMS instrument and allows the

individual energy, mass and charge of ions to be determined in addition to their respective

ratios. The CHEMS sensor has a 4.0◦ × 159◦ field of view and, by splitting this field of view

between 3 telescopes, a 4.0◦ × 53◦ angular resolution. The sensor scans a 16-level logarithmic

energy spectrum between 3 and 220 keV q−1 over the course of 90 seconds with a full-width-

half-maximum energy-per-charge resolution (∆E/E) of 0.03. The CHEMS sensor is also able

to determine ion mass in the mass-per-charge ratio range 1–80 amu q−1 and can be used to

calculate the pressure of energetic ions (Sergis et al., 2007) in the Saturnian magnetosphere.

The low energy magnetospheric measurement system (Krimigis et al., 2004) is sensitive to

ions and electrons in the energy ranges of 30 keV − 160MeV and 15 keV − 5MeV respectively.

High and low energy particles enter through different ends of the detector and are deflected by

a large permanent magnet on to one of 11 different MCP detectors depending on their energy

and charge. By studying how energy is deposited within these detectors, further subdivisions

of particle energy and mass are possible.

The final component of the MIMI suite is the ion and neutral camera (Krimigis et al., 2004).

Although this instrument is capable of measuring the energy distribution and composition of

energetic ions, the task at which it truly excels is the spatial imaging of energetic neutral atoms.

Since these neutral atoms travel in straight lines (in the absence of a strong gravitational field)

the ion and neutral camera does this in exactly the same way as a commercial digital camera

might ‘image’ photons in the visual region of the electromagnetic spectrum. However, as INCA

data is not used in this thesis, the instrument will not be discussed here in detail.
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3.1.4 Radio and Plasma Wave Science (RPWS)

The radio and plasma wave science (RPWS) instrument (Gurnett et al., 2004) measures wave

activity in the ambient electric (1Hz − 16MHz) and magnetic (1Hz − 12 kHz) fields around

the spacecraft. Waves in the electric field are measured by three 10 m electric field antennas, the

potential difference between them being proportional to the ambient electric field around the

spacecraft. By feeding these potentials through one of 5 receivers, a frequency-time spectrogram

can be produced with a temporal and frequency resolution dependent on the receiver in use and

thus the frequency range under consideration. The RPWS instrument suite also contains a

triaxial search-coil magnetometer to measure waves in the magnetic field and a Langmuir probe

for measuring the density and temperature of the ambient plasma population. However only

data from the electric field antennas are utilized in this thesis.

3.2 Pioneer 10 and 11

The near-identical Pioneer 10 and 11 spacecraft (Fimmel et al., 1977) were part of an early solar

system exploration program. Pioneer 10 was the first man-made object to cross the asteroid

belt and reached Jupiter in December 1973 before heading out of the solar system. Pioneer 11

reached Jupiter almost exactly a year later, in December 1974, and became the first spacecraft

to pass by Saturn five years later in September 1979. It too is now leaving the solar system.

Pioneer 10 and 11 were designed to spin, with a period of roughly 14 seconds, about an

axis parallel to the axis of the high-gain communications antenna in order to stabilize their

orientation in space. This method of stabilization allowed for easy calibration of the onboard

magnetometer and also meant that, averaged over 14 seconds, the Pioneer plasma instruments

and particle detectors had an extremely large field of view. The twin spacecraft were powered by

four radioisotope thermoelectric generators and each carried a suite of 11 scientific instruments

including a magnetometer, energetic charged particle detector, imaging photopolarimeter and

plasma spectrometer.

The magnetometer (Smith et al., 1975a) is the only Pioneer instrument whose data are used

in this thesis and was of the same general design as the vector helium magnetometer (VHM)

described by Dougherty et al. (2004) for Cassini. Located at the end of a 5 m boom, the

instrument was capable of measuring the magnitude (±137,000 nT ) and direction of the external

magnetic field up to 5 times per second.

3.3 Voyager 1 and 2

The two Voyager spacecraft (Morrison, 1982) studied the outer solar system between 1979

and 1989 and are now exploring the outer heliosphere as they journey into interstellar space.

Voyager 1 passed Jupiter and Saturn in 1979 and 1980 respectively and is now the most distant

man-made object from the Earth, heading out into the galaxy at a speed of 3.6 AU per year.
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Voyager 2 visited Jupiter and Saturn in 1979 and 1981 but then continued on to visit Uranus

and Neptune in 1986 and 1989 before joining its twin in the far reaches of the solar system.

The Voyager spacecraft are powered by three radioisotope thermoelectric generators and, like

Cassini, use a combination of reaction wheels and thrusters to stabilize their spatial orientation.

Eleven scientific instruments were carried onboard each spacecraft however only the Voyager

magnetometer data (Behannon et al., 1977) are utilized in this thesis.

The Voyager magnetometer (Behannon et al., 1977) consists of four independent triaxial ring

core fluxgate magnetometers (FGM) located at different positions along the spacecraft’s 14 m

magnetometer boom and its associated support truss. Taken together, the Voyager magnetome-

ters can measure the strength (±2,000,000 nT ) and direction of the external magnetic field up

to 16 times per second.

3.4 Ulysses

The Ulysses spacecraft (Wenzel et al., 1992) was designed to study the high latitude inter-

planetary magnetic field (IMF) and solar wind. In order to do this the spacecraft had to be

placed into a polar orbit around the Sun, a feat accomplished via a gravitational encounter

with Jupiter in February 1992. Although Ulysses was not designed for planetary exploration,

the opportunity presented by this encounter was used to collect a unique set of observations in

the Jovian pre-noon (equatorial) and dusk (high latitude) magnetosphere which have yet to be

repeated.

The Ulysses spacecraft was powered by a single radioisotope thermoelectric generator while

attitude stabilization was accomplished by spinning the spacecraft with a period of roughly 12

seconds. The spacecraft carried a suite of 9 scientific instruments including a magnetometer,

plasma analyzer, cosmic ray detector and energetic particle detector. However, only the mag-

netometer and the plasma analyzer suite, called the Solar Wind Observations Over the Poles

of the Sun (SWOOPS) experiment, are utilized in this thesis.

The Ulysses magnetometer (Balogh, 1988) was very similar to that onboard the Cassini

spacecraft. It consisted of a triaxial ring-core fluxgate magnetometer (FGM) and a vector

helium magnetometer (VHM) located part way along and at the end of the spacecraft’s 5 m long

magnetometer boom. The Ulysses magnetometer suite could measure the strength (±65,000

nT ) and direction of the external magnetic field up to twice a second.

The Solar Wind Observations Over the Poles of the Sun (SWOOPS) suite (Bame et al.,

1992) consisted of two electrostatic analyzers used to measure the low-energy ion and electron

distributions around the Ulysses spacecraft. Only data from the electron analyzer is utilized in

this thesis, this instrument returning a 20-level logarithmic energy spectrum in the energy-to-

charge ratio range of 1.6 to 862 eV q−1. The spatial and temporal resolution of the instrument

depended on the mode in which the instrument was operating but, during the Jupiter encounter

of interest to this thesis, the instrument was returning one 4π sr spectra, with a spatial resolution
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of 11.25◦ in the spin plane, every 6 minutes. Phillips et al. (1993) used these spectra to calculate

the density, temperature and velocity of the ambient electron population.

3.5 Galileo

The Galileo spacecraft (Johnson et al., 1992) was the first spacecraft designed to orbit one of the

outer planets and, in so doing, heralded a new age of planetary exploration. Designed and built

by NASA and arriving at Jupiter in December 1995, Galileo completed 34 equatorial orbits of

the planet before its mission was finally terminated in 2003.

The Galileo spacecraft was powered by two radioisotope thermoelectric generators while at-

titude stabilization was accomplished by spinning the spacecraft with a period of roughly 20

seconds. However, unlike the similarly spinning Pioneer and Ulysses spacecraft, Galileo carried

sophisticated cameras and spectrometers which required a stable platform in order to operate

correctly. This necessitated the addition of a ‘de-spun’ section to the design on which these

instruments could be mounted.

The magnetometer (Kivelson et al., 1992) is the only Galileo instrument whose data are

utilized in this thesis. It consisted of two triaxial ring-core fluxgate magnetometers (FGM)

located roughly mid way along and at the end of an 11 m magnetometer boom, together

capable of measuring the magnitude (±16,000 nT ) and direction of the external magnetic field

30 times per second.

3.6 Summary

This chapter has briefly described the seven spacecraft utilized in this thesis as well as the

particular instruments onboard these spacecraft whose data were used. The following three

chapters describe three self-contained research projects carried out using the data returned

by these spacecraft, beginning in Chapter 4 with a comparison of the outer magnetospheric

structure of Jupiter and Saturn. Chapter 5 discusses the average shape and motion of Saturn’s

bow shock while Chapter 6 presents observations of an unusual magnetic cavity seen in Saturn’s

equatorial dayside magnetosphere at a radial distance of 12 RS.
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4 Outer Magnetospheric Structure: Jupiter

and Saturn Compared

“An experiment disproving a prediction is a discovery.”

— Enrico Fermi, Physicist

In this chapter we shall compare the outer magnetospheres of Jupiter and Saturn using data

from seven different spacecraft and discuss the similarities and differences between these systems

in terms of the parameter regimes which are pertinent to each planet. This chapter is based on

work published in the Journal of Geophysical Research (Went et al., 2011a).

4.1 Introduction

The Dungey (Dungey , 1961) and Vasyliunas (Vasyliunas, 1983) cycles were introduced in Chap-

ter 1 while the mutual interaction between them was discussed in Chapter 2. The exact nature

of this interaction is not yet understood however a hot, sunwards flowing plasma-depleted return

flow just inside the morning-side magnetopause is predicted by all the current theories at both

Jupiter and Saturn. This return flow is thought to exist outside the high density magnetodisk

plasma sheet (Cowley et al., 2003; Kivelson and Southwood , 2005) and should be associated

with reduced centrifugal forces and a more dipolar magnetic field configuration.

Smith et al. (1976) divide the Jovian magnetosphere (Figure 4.1) into the three spatial regions.

The inner magnetosphere (R . 10–20 RJ) is dominated by Jupiter’s strong internal dipole with

a smoothly varying southward-directed magnetic field close to the equator. At greater distances

(R & 10–20 RJ) the increasing significance of pressure gradient and centrifugal forces leads to a

radially stretched magnetodisk where the ballooning instability (Kivelson and Southwood , 2005)

dominates the magnetic field geometry. Finally, between the magnetodisk and magnetopause

is a more dipolar region of disturbed magnetic field described by Kivelson (1976) as a layer of

magnetic turbulence. This outer region, colloquially referred to as the cushion region, has been

interpreted by Cowley et al. (2003) and Kivelson and Southwood (2005) as the layer of plasma-

depleted flux-tubes (constituting the Dungey and Vasyliunas cycle return flows) discussed in

Chapter 2.

In this chapter we will review the properties of the cushion region at Jupiter and, for the

first time, estimate its average width at the sub-solar point. We will then compare this field

structure with the Saturnian outer magnetosphere and find that, contrary to initial expectations,
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Figure 4.1: A cut through of the Jovian magnetosphere from Smith et al. (1976). The noon
meridian is shown with the Sun to the left and the inner (blue), middle (yellow) and outer
(green) magnetospheres labeled.

no cushion region is associated with this system. The implications of this difference will then

be discussed from a theoretical perspective and potential explanations will be explored.

4.2 The Jovian Outer Magnetosphere

A pass through the Jovian magnetosphere was made by the Ulysses spacecraft (Wenzel et al.,

1992) along the low latitude (< 15◦) pre-noon meridian shown in Figure 4.2. Panel 1 of Figure

4.3 shows the magnetic field magnitude and its three orthogonal components in the spherical

planet-centered RTP coordinate system defined in Figure 4.4. To illustrate the qualitative

structure of the observed magnetic field we consider changes in two parameters derived from

the magnetic field data. The first of these, shown in panel 2, is the absolute ratio of the two

poloidal field components (BR, Bθ) to the magnitude of the magnetic field and the second, shown

in panel 3, is the angle, θINT , between the observed magnetic field, BOBS , and the magnetic

field associated with the Jovian internal dipole, BINT , according to the internal magnetic field

model of Randall (1998). Figure 4.3 shows distances of 20–90 RJ with the magnetopause located

at 88 RJ and has increasing radial distance (decreasing UT time for an inbound pass) plotted

on the x-axis.

Dipolar field lines close to the magnetic equator are southward directed with |Bθ| > |BR|
while radially stretched, non-dipolar field lines are associated with |BR| > |Bθ|. Away from the

equator the changing direction of dipolar magnetic field lines invalidates this interpretation and
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Figure 4.2: in situ exploration of Jovian (above) and Saturnian (below) magnetospheres with
spacecraft trajectories projected on to the equatorial (left) and instantaneous meridional (right)
planes. The inner and outer dashed lines represent the nominal locations of the magnetopause
and bow shock respectively. Pioneer-10 (dark blue), Pioneer-11 (orange), Voyager-1 (pink),
Voyager-2 (black), Ulysses (red), Galileo (light blue), Cassini (grey), Cassini revolution 20
inbound (dashed-purple).
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Figure 4.3: Ulysses observations in the Jovian magnetosphere. (1) magnetic field components
(BR red, Bθ blue/white, Bϕ green) and magnitude (black) (2) normalised poloidal field com-
ponents (|Bθ|/|B| blue/white, |BR|/|B| red) (3) angle θINT defined in text. Horizontal dashed
lines denote the critical angles of 50◦ and 180–50=130◦ (4) 30 min normalised magnetic field
RMS fluctuation (5) SWOOPS thermal electron density (blue/white) and temperature (red).
Vertical dashed lines denote local minima in absolute magnetic latitude, |λM |, which beyond 50
RJ corresponds to λM = 0◦. The inner magnetosphere (blue) magnetodisk (yellow), transition
region (white), cushion region (green), boundary layers (cyan), magnetopause crossings (red)
and the magnetosheath (grey) are shaded. The radial distance, planetocentric latitude and local
time (in decimal hours) of the spacecraft are shown along the x-axis.
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Figure 4.4: Definition of the RTP coordinate system. BR is the component of the magnetic
field pointing along the radial vector from the planet to the point of observation. Bϕ points
in the direction Omega × BR where Ω is the angular momentum vector of the planet and is
positive in the sense of corotation. Bθ completes the orthogonal set and, near the rotational
equator, points approximately southward. The two poloidal field components (BR, Bθ) lie in
the plane of the figure.

the angular parameter θINT must be used to characterize the magnetic field instead. A critical

angle (θINT = 50◦) is defined above which the magnetic field will be considered significantly

non-dipolar and if, in addition to this, |BR| > |Bθ|, we describe the resulting field configuration

as a radially stretched magnetodisk. The critical angle was determined by eye (after looking at

many equatorial passes through the magnetodisk) and the two parameters must always be used

together because neither a predominately radial magnetic field nor a significantly non-dipolar

magnetic field necessarily imply the presence of a magnetodisk.

On examining Figure 4.3 the three magnetospheric regions discussed in the introduction to

this chapter are immediately apparent. The quasi-dipolar inner magnetosphere, shaded blue,

exists close to the planet where θINT < 50◦. Between distances of 30–70 RJ Ulysses explores

a radially stretched region, shaded yellow, where |BR| > |Bθ| and θINT approaches 90◦. This

is the Jovian middle magnetosphere or magnetodisk described in previous sections. Periodic

crossings of the magnetodisk current sheet, identified by a decrease in magnetic field strength

and a reversal in the radial component of the field, occur whenever the flapping magnetic

equator passes over the spacecraft. At very large distances (R > 83 RJ) the magnetic field

direction rotates slowly and Ulysses explores a third magnetospheric region which is once again

dipolar. This is the outer magnetosphere or cushion region, shaded green, separated from the

magnetodisk by a roughly 14 RJ transition region of intermediate properties, shaded white. In

the transition region the magnetic field is quite disturbed and rotates through roughly 90◦ as

the two poloidal field components rival for predominance.
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Figure 4.5: Magnetic field observations from Haynes et al. (1994) showing a magnetic null in
the Jovian magnetosphere with the interpretation proposed by Southwood and Kivelson (2001).

Point-by-point correlations between the magnetic field and plasma density, shown in panel 5,

were studied in detail by Southwood et al. (1993). The electron density in the cushion region is

extremely low (ne < 0.01 cm−3) but, using the magnetodisk crossing made at roughly 60 RJ as

a reference, the central plasma sheet density at the edge of the magnetodisk (ne ≈ 0.06 cm−3) is

a factor of 6 higher. Although it is tempting to attribute this density increase to the transition

between the cushion region and magnetodisk, Southwood et al. (1993) see evidence for a highly

distorted magnetodisk inside the transition region as well. It thus appears unlikely that the 60

RJ crossing represents the true outer edge of the magnetodisk and, given the decreasing density

profile derived by Gurnett et al. (1981), a smaller density contrast between the magnetodisk and

cushion seems likely. A low density cushion region is consistent with theoretical expectations

for the Dungey and Vasyliunas cycle return flows regardless of exactly what happens to the

associated flux-tubes in the magnetotail.

Transient decreases in magnetic field strength were reported in the transition region by Haynes

et al. (1994) and, upon a subsequent reexamination of Pioneer and Voyager data, also by Leamon

et al. (1995). These ‘magnetic nulls’ differ from magnetodisk current sheet crossings because

they occur in a region of predominately southward magnetic field and are often associated with

a weak reversal in Bθ. Haynes et al. (1994) and Southwood and Kivelson (2001) interpret these

nulls as dense blobs of plasma which have broken off the edge of the magnetodisk and are now

moving freely through the overlaying quasi-dipolar magnetic field. The idea is illustrated in

Figure 4.5 and is consistent with the cushion and transition region density variations reported

by Southwood et al. (1993).

57



The plasma velocity during the Ulysses encounter was studied by Phillips et al. (1993), Staines

et al. (1993) and Staines et al. (1996). It was found to be weakly anti-corotational in the

cushion region, variable in the transition region and sub-corotational in the central magnetodisk

plasma sheet. Given the theoretical interpretation of the cushion region as a layer of Dungey

and Vasyliunas cycle return flows (Cowley et al., 2003; Kivelson and Southwood , 2005) an

anti-corotating cushion region is highly unexpected. Such flows also contrast strongly with

Pioneer 11 (McDonald et al., 1979) and Voyager observations (Carbary et al., 1981; Kane et al.,

1995) which suggest, conversely, that sub-corotational velocities persist right up to the dayside

magnetopause. Anti-corotational plasma in the outer pre-noon magnetosphere may be the result

of a magnetospheric compression pushing plasma in towards the planet (Cowley et al., 1996) or

viscous momentum transfer across the magnetopause (Delamere and Bagenal , 2010).

Kivelson and Southwood (2005) looked at several Galileo passes through the outer magneto-

sphere and found that the cushion region is more likely to be encountered in the post-dawn sector

of the magnetosphere than in the afternoon. This dawn-dusk asymmetry may result from cush-

ion region flux-tubes being eroded by dayside reconnection (Cowley et al., 2003) or assimilated

back into the magnetodisk plasma sheet (Kivelson and Southwood , 2005) as they rotate from

dawn to dusk. An alternative possibility is that the thicker plasma sheet encountered on the

dusk side (Kivelson and Southwood , 2005) reduces the contrast between centrifugally stressed

and plasma-depleted flux-tubes. In reality, all three processes probably act together to make

cushion region flux-tubes less evident in the post-noon and dusk sectors of the magnetosphere.

The latitudinal extent of the cushion region is currently uncertain. However, near noon, it

was observed by Pioneer 11 more than 30◦ north of the rotational equator and up to 40◦ north

of the magnetic dipole equator (Smith et al., 1975b).

4.3 Predictions For Saturn

To compare the Jovian cushion region with observations made at Saturn the average width of

the cushion region must first be determined. Unfortunately, the expansion and contraction of

the Jovian magnetosphere (usually an equilibrating response to changes in solar wind dynamic

pressure) is thought to result in magnetopause and, by extension, cushion region motion, relative

to the planet, at velocities comparable to or greater than those of an exploring spacecraft

(Sonnerup et al., 1981; Cowley and Bunce, 2003). This causes the cushion region to sweep back

and forth over that spacecraft at the same time as the spacecraft itself moves relative to Jupiter,

thus making the true ‘inertial’ width of the cushion region impossible to determine.

Despite the problems described above, the average width of the cushion region can be esti-

mated, to first order, by treating multiple spacecraft observations statistically. Six spacecraft

have explored the Jovian magnetosphere to date, excluding Cassini which only grazed the dusk

magnetopause (Kurth et al., 2002) and New Horizons (Fountain et al., 2008) which did not

carry a magnetometer, and the spatial location at which each spacecraft left the cushion re-

58



gion (entering either the transition region or, in its absence, the magnetodisk) was identified

and recorded. This determination represents the instantaneous location of the cushion region’s

inner boundary and does not require knowledge of the speed at which the boundary itself is

moving. However, due to the gradual and often disturbed nature of the transition between

adjacent magnetospheric regions, the uncertainty in its location (estimated by eye) is often of

the order a few RJ in terms of radial distance.

Once identified, each transition point is projected to the sub-solar point using the Joy et al.

(2002) magnetopause model. This projection must be considered a first order approximation

only because, while the true shape of the cushion region’s inner boundary is currently uncertain,

the dawn-dusk asymmetry discussed in Section 4.2 makes it highly unlikely to follow the shape

of the magnetopause exactly. The average value of these projections then represents a first

order estimate of the average sub-solar location of the cushion region’s inner boundary. By

subtracting this value from the average sub-solar location of the Joy et al. (2002) single-Gaussian

magnetopause, the average sub-solar width of the cushion region can be estimated.

To reduce some of the ambiguity associated with this analysis, passes on which a stable

magnetodisk configuration (|BR| > |Bθ|, θINT > 50◦) could not be identified were excluded

from further study. In total, 13 transition points could be identified and their distribution in

the equatorial plane is shown in Figure 4.6. For comparison, the individual trajectories of the

six spacecraft used in this analysis are shown in Figure 4.2.

Statistical uncertainties in both the mean and standard deviation of the cushion region’s inner

boundary were estimated using a Monte Carlo method similar to that of Achilleos et al. (2008):

500 random subsamples, each comprising 75% of the total number of observations, were used to

calculate the mean and standard deviation of the sub-solar location of the cushion region’s inner

boundary. The standard deviations of the resulting distributions were then used as a measure

of the statistical uncertainty in each parameter. Our analysis does not take into account the

aforementioned uncertainty in the shape of the cushion region’s inner boundary and this means

that our final result may be biased by trajectory effects related to the local time of observation.

Using this method the mean location of the cushion region’s inner boundary was found to

map to a sub-solar location of 54 RJ while the mean (single-Gaussian) location of the Joy et al.

(2002) magnetopause is close to 75 RJ. This suggests a mean cushion region width, near the

sub-solar point, of order LCR=20 RJ. The 16 RJ standard deviation in the location of the inner

boundary is similar to that seen in the location of the Joy et al. (2002) magnetopause.

For comparative purposes the mean sub-solar width of the cushion region, LCR, must be

scaled to the smaller Saturnian magnetosphere. Here we perform this scaling using the mean

sub-solar stand-off distance of the magnetopause, RSS , derived from the single-Gaussian fits of

Joy et al. (2002) and Achilleos et al. (2008):

LCR(S) ≈ LCR(J)

(
RSS(S)

RSS(J)

)
≈ 20RJ

(
24RS

75RJ

)
≈ 6RS (4.1)
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If the width of the cushion region scaled linearly with the sub-solar stand-off distance of the

magnetopause then one would expect to see a cushion region at Saturn with typical sub-solar

width of order 6 RS. However, before looking for evidence of this region, it is important to note

that there is no a-priori reason to believe that the cushion region’s width will scale in this way.

A more sophisticated scaling might take into account differences in magnetotail reconnection

rates and the total magnetospheric flux content of each planet’s magnetosphere however, at

the time of writing, these parameters are poorly constrained. The value of the above scaling

comes instead from the simple and intuitive comparison between the Jovian and Saturnian

magnetospheres that the scaling results permit. This is illustrated by the fact that a Saturnian

cushion region with a mean sub-solar width of roughly 6 RS will occupy the same fraction of

the magnetosphere as the cushion region seen at Jupiter.

4.4 The Saturnian Outer Magnetosphere

Let us now consider observations of the Saturnian magnetosphere. The trajectory of the Cassini

spacecraft (Matson et al., 2002) during its revolution 20 orbit (09 Jan 2006 - 17 Jan 2006) along

the low latitude dawn meridian is shown in Figure 4.2. Spacecraft data are presented in Figure

4.7 with increasing radial distance (decreasing UT time for an inbound pass) plotted on the

x-axis. After crossing the magnetopause at a radial distance of 45 RS the spacecraft proceeded

inwards, moving through the dayside magnetosphere over a period of roughly 10 days, to a 5.6

RS periapsis near the dusk terminator. As in section 4.2 for Jupiter, the qualitative structure

of the observed magnetic field is most readily apparent when we consider the ratio of the two

poloidal field components (Bθ, BR) to the total magnetic field magnitude and the angle, θINT ,

between the observed magnetic field and the magnetic field associated with the Burton et al.

(2010) internal dipole.

Contrary to observations made at Jupiter, only two magnetospheric regions are apparent

on this pass: a quasi-dipolar region close to the planet, shaded blue, and a radially stretched

(θINT > 50◦, |BR| > |Bθ|) region, shaded yellow, from 25 RS out to the magnetopause. These

two regions are interpreted as Saturnian equivalents of the Jovian inner magnetosphere and

magnetodisk respectively, separated by a roughly 7 RS transition region, shaded white in Figure

4.7, where the mean field rotates through ∼ 30◦ and has properties intermediate between the

two adjacent regions. It should be noted that this is a very different transition region to

the one described at Jupiter as it involves two qualitatively different magnetospheric regions.

The absence of an equivalent ‘inner’ transition region for the Ulysses pass at Jupiter is most

likely due to differences in the Ulysses and Cassini trajectories at each planet. In this set of

observations there is no evidence for a third magnetospheric region, between the magnetodisk

and magnetopause, which might be interpreted as a Saturnian equivalent of the cushion region

seen at Jupiter.

It is possible that the revolution 20 orbit was made at a time when, for some unknown

61



Figure 4.7: Cassini revolution 20 observations in the Saturnian magnetosphere. (1) magnetic
field components (BR red, Bθ blue/white, Bϕ green) and magnitude (black) (2) normalised
poloidal field components (|Bθ|/|B| blue/white, |BR|/|B| red) (3) angle θINT defined in text.
Horizontal dashed lines denote the critical magnetodisk angles of 50◦ and 180–50=130◦ (4)
30 min normalised magnetic field RMS fluctuation (5) CAPS/ELS thermal electron density
(blue/white) and temperature (red). Vertical dashed lines denote points of ϕK = 100◦ Kurth
longitude (Kurth et al., 2008) separated by roughly one planetary rotation. The inner mag-
netosphere (blue), transition region (white), magnetodisk (yellow), magnetopause (red) and
magnetosheath (grey) are shaded. The radial distance, planetocentric latitude and local time
of the spacecraft are shown along the x-axis.
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reason, the Saturnian cushion region was simply not evident. This would be consistent with the

known variability of the Jovian cushion region (Section 4.2) and the dynamic nature of Saturn’s

magnetospheric environment. Conclusive statements as to the existence or non-existence of a

Saturnian cushion region can only be made after multiple spacecraft passes have been considered.

During the period 01 July 2004 - 01 March 2009 Cassini made a total of 212 passes (106

orbits) through the Saturnian magnetosphere and six additional passes (3 flybys) were made

collectively by Pioneer 11, Voyager 1 and Voyager 2 in the preceding interval of 1979 - 1981.

Not all of these passes will be of use to this study since with reference to Figure 4.2 it can be

seen that many took place in the Saturnian magnetotail or at high latitudes (λ > 30◦) where

there is no equivalent dataset to compare observations with at Jupiter. Using the inner-most

magnetopause crossing to characterize each pass, the following criteria were used to highlight

passes of potential interest to this study:

• The pass must take place at low (λ < 20◦) latitudes.

• The pass must take place in the dayside (0600 < SLT < 1800) magnetosphere.

• The pass must be associated with an expanded magnetosphere (RSS < 23 RS) according

to the Arridge et al. (2006) magnetopause model).

The third criteria excludes passes through the compressed magnetosphere from further consid-

eration. This exclusion was made because, according to Arridge et al. (2008a), the magnetodisk

is unlikely to be present under these conditions and, as was seen in Section 4.2, the magnetodisk

is an essential element of the cushion region’s definition. Note that, in making this statement,

we differentiate between the cushion region (which refers to a particular magnetic field configu-

ration) and plasma-depleted return flows which, though related to the cushion region, can only

be unambiguously identified by through a careful inspection of in-situ plasma data.

Of the 26 passes satisfying these criteria, 16 were made through the post-dawn (0600 < SLT

< 1000) sector of the magnetosphere where, in analogy with Jupiter, the cushion region should

be most evident, with five more made in the noon (1000 < SLT < 1400) and pre-dusk (1400 <

SLT < 1800) sectors respectively. The general properties of these passes are shown in Figure

4.8 and summarised in Table 4.1. As at Jupiter, only those passes associated with a stable, well

defined magnetodisk (θINT > 50◦, |BR| > |Bθ|) were inspected for evidence of a cushion region.

For the 12 passes on which a stable, well defined magnetodisk was identified, spacecraft

observations reveal no evidence for a third magnetospheric region, between the magnetodisk

and magnetopause, which might be interpreted as a Saturnian equivalent to the cushion region

seen at Jupiter. Figure 4.8 shows that over 90% of these passes were made in the post-dawn

sector of the magnetosphere (where the Jovian cushion region appears to be most evident) and

consequently the evidence that Saturn does not possess a cushion region appears compelling.

The remaining 14 passes can be divided into two categories. In the noon sector the reduced

distance to the magnetopause prevents a magnetodisk from forming for all but the most ex-
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Figure 4.8: Histograms showing (above) the SLT distribution of the passes investigated in this
study and (below) the SLT distribution of the passes associated with a well defined magnetodisk.

panded magnetospheric conditions and plasma-depleted flux-tubes, if present, are difficult to

distinguish from their plasma-loaded counterparts.

The dusk sector field, in contrast, is typically disturbed such that a stable magnetospheric

configuration, either magnetodisk-like or dipolar, is difficult to define. Similar observations were

made in the dusk sector of the Jovian magnetosphere where the plasma sheet becomes so thick

(Kivelson and Southwood , 2005) that an equatorial spacecraft rarely exits the disturbed central

region. It is possible that a similar effect is responsible for the observations made at Saturn and,

in such cases, a disk-like interpretation of the magnetic field geometry is no longer applicable.

Further studies of the dusk sector of the magnetosphere will be required to understand this

magnetic field configuration better.
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Table 4.1: Summary of low latitude (λ < 20◦), expanded (RSS ≥ 23 RS) dayside passes at
Saturn, characterized using the Arridge et al. (2006) magnetopause model and the innermost
magnetopause crossing for each pass.

Spacecraft Pass Direction RSS / RS SLT / dec.h λ / deg M
ag
n
et
o
d
is
k

C
u
sh
io
n
R
eg
io
n

Voyager 2 OUT 23 6 0 YES NO
Cassini Rev B OUT 27 6 -5 YES NO
Cassini Rev 20 IN 29 6 0 YES NO
Cassini Rev 15 OUT 26 7 0 YES NO
Cassini Rev 09 OUT 27 7 -9 YES NO
Cassini Rev 16 OUT 29 7 0 YES NO
Cassini Rev 19 IN 32 7 0 YES NO
Cassini Rev 3 OUT 30 7 0 YES NO
Cassini Rev 18 IN 32 7 0 YES NO
Cassini Rev 0 IN 25 8 -15 NO –
Cassini Rev 5 OUT 27 8 -4 YES NO
Cassini Rev 17 IN 24 8 0 YES NO
Cassini Rev 13 IN 25 9 -19 NO –
Cassini Rev 8 IN 26 9 -18 NO –
Cassini Rev 3 IN 27 9 -1 NO –
Cassini Rev 12 IN 23 9 -19 NO –
Cassini Rev 57 OUT 24 12 7 NO –
Cassini Rev 48 OUT 23 12 0 NO –
Cassini Rev 51 OUT 27 12 1 NO –
Cassini Rev 52 OUT 28 12 2 NO –
Cassini Rev 49 OUT 29 13 -2 YES NO
Cassini Rev 44 OUT 24 14 5 NO –
Cassini Rev 52 IN 29 16 4 NO –
Cassini Rev 51 IN 25 16 4 NO –
Cassini Rev 50 IN 33 16 -6 NO –
Cassini Rev 48 IN 25 17 0 NO –
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4.5 Gas Giant Parameter Regimes

Evidence that the Dungey and Vasyliunas cycles operate at Saturn was presented in Chapter

2 and, in light of this evidence, it seems reasonable to expect plasma-depleted flux-tubes to be

present in the Saturnian magnetosphere. Evidence for such flux-tubes has already been found

in the inner magnetosphere by André et al. (2005) and Burch et al. (2005) and at larger radial

distances by Masters et al. (2011) but the large scale properties of these flux-tubes (particularly

in the outer magnetosphere) has yet to be determined.

The width of the hypothetical Saturnian cushion region depends not only on the rate of

magnetic flux transport associated with the Dungey and Vasyliunas cycles but also on the

velocity and magnetic field strength of cushion region flux-tubes, as discussed in detail by

Badman and Cowley (2007). The rate of magnetic flux transport associated with the Dungey

cycle has been estimated at both Jupiter (Nichols et al., 2006) and Saturn (Jackman et al., 2005)

using the measured properties of the interplanetary magnetic field upstream of the planet.

Combining these estimates with the average magnetic field strength and azimuthal plasma

velocity in each planet’s outer magnetosphere led Badman and Cowley (2007) to suggest that

the associated return flows should be of the order 1–4 RJ and 0.5–2 RS wide in the equatorial

plane, depending on the recent behaviour of the solar wind and interplanetary magnetic field

at each planet. Badman and Cowley (2007) do not take the effects of cushion region erosion

by magnetodisk assimilation and dayside reconnection into account in their analysis and, as

a result, the validity of the above estimation is greatest in the dawn and pre-noon regions of

the magnetosphere where the influence of such process on the total cushion region flux-content

will be smallest. The estimate may be further augmented if the solar wind-driven circulation

pattern of McComas and Bagenal (2007) is important since, in this model, plasma-depleted

flux-tubes may be distributed along both flanks of the magnetopause instead of being confined

primarily to the dawn sector as assumed by Badman and Cowley (2007).

Comparing the estimated width of Dungey cycle return flow at Jupiter (Badman and Cowley ,

2007) to the estimated width of the cushion region derived in Section 4.3 results in an order of

magnitude discrepancy which Badman and Cowley (2007) attribute to the additional contribu-

tion from the Vasyliunas cycle. Unfortunately the flux-transportation rate associated with the

Vasyliunas cycle is difficult to estimate with the currently available data as it is likely to depend

on both the mass content of magnetotail flux-tubes (near the reconnection site) and the rate at

which plasma is added to the inner magnetosphere by Io and Enceladus. The latter quantity

is particularly uncertain (in part due to probable temporal variations) and depends on exactly

how it is defined and measured (Vasyliunas, 2008) as discussed below.

Material released by Io and Enceladus is not ionized immediately but instead spreads out

into a large neutral torus (Saur et al., 2004; Gombosi et al., 2009) encircling the planet. Within

this torus collisions between ions, electrons, neutral atoms and photons typically support a

number of different ionization processes. Three of the most important (Mauk et al., 2009; Saur

et al., 2004) are solar UV photoionization, electron-impact ionization and ion-neutral charge
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exchange. Photoionization and electron-impact ionization occur when either a photon or a fast

moving electron collides with a neutral atom (and subsequently knocks off an electron) while

ion-neutral charge exchange involves the collision between an ion and a neutral atom. The

latter type of collision can result in an electron being transferred from the neutral atom to

the ion, thereby causing the ion and the neutral atom to ‘swap’ places. All three ionization

processes described above can change the total momentum of magnetospheric plasma. However,

only photoionization and electron-impact ionization necessarily change the total mass. This is

because charge exchange processes typically swap a fast moving ion for a slower moving ion

(often of approximately equal atomic/molecular mass) and thus do not always change the total

mass of plasma present in the system.

Measuring the rate at which plasma mass is added to the Jovian and Saturnian magneto-

spheres is complicated by the interaction of the different ionization processes described above.

However recent plasma transport models reviewed by Bagenal and Delamere (2011) suggest

that plasma mass addition rates of 260–1400 kg s−1 and 12–250 kg s−1 are appropriate to the

Jovian and Saturnian magnetospheres respectively. With these figures in mind (and neglecting

the small loss of mass that may occur through dayside reconnection) a ratio of Jovian to Satur-

nian magnetotail mass-loss rates of order 1–100 does not seem unreasonable if both systems are

to maintain a state of quasi-equilibrium. The order of magnitude canonical difference does not

take the technicalities discussed above into account but lies in the middle of this rather wide

range of different possibilities (Gombosi et al., 2009).

The average mass content of magnetotail flux-tubes is uncertain at both planets however if

the empirical model of Pontius and Hill (1989) is extended to the magnetotail X-line proposed

by Woch et al. (2002) then a figure of order 10−5 kgWb−1 would seem appropriate for the

Jovian system. McAndrews et al. (2008) estimate the Saturnian flux-tube mass content to be

order 10−4 kgWb−1 in the magnetotail. If we combine these estimates with the previously

estimated mass loss rates and further assume that, when a flux-tube is involved in plasmoid

formation, the majority of its mass content is lost from the magnetosphere, then these numbers

suggest that flux-tubes in the Jovian magnetotail must be losing mass 10–1000 times faster

than their counterparts at Saturn in order for both magnetospheres to maintain a state of

quasi-equilibrium. The uncertainty represented by this very wide range of different possibilities

makes understanding the Jovian and Saturnian magnetospheric configurations difficult.

Badman and Cowley (2007) show that the width of the cushion region can be expressed as:

LCR ≈ TCR

VCRBCR
(4.2)

where TCR is the rate of magnetic flux-transport associated with the cushion region and VCR and

BCR are the cushion region’s azimuthal plasma velocity and magnetic field strength respectively.
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From this, one can show that:

LCR(S) ≈ LCR(J)

(
VCR(J)

VCR(S)

)(
BCR(J)

BCR(S)

)(
TCR(S)

TCR(J)

)
(4.3)

Badman and Cowley (2007) show that the Dungey cycle probably accounts for 5–20% of the

cushion region’s width at Jupiter, depending on the nature of the ambient upstream solar wind

and interplanetary magnetic field. If this contribution is neglected for the purposes of an order

of magnitude estimation then the Vasyliunas-cycle contribution to the hypothetical Saturnian

cushion region can be estimated from other known magnetospheric parameters and the width

of the cushion region seen at Jupiter. The value of LCR(J) was found to be roughly 20 RJ in

Section 4.3 while, for the purpose of this analysis, we assume the same outer magnetospheric

field strengths and velocities as Badman and Cowley (2007) which are appropriate to the pre-

noon region of the magnetosphere under consideration in this study.

Taking the above numbers and setting TCR(J)/TCR(S)∼10–1000 in accordance with the above

discussion suggests that the Vasyliunas cycle could support a Saturnian cushion region of order

0.01–10 RS in width depending (in part) on the state of the magnetosphere. To place this figure

into context, the canonical order of magnitude ratio of magnetotail mass loss rates (Mauk et al.,

2009) gives a Saturnian Vasyliunas cycle return flow of order 0.1-1 RS in width, exactly in the

middle of this range. The large range of possibilities makes this estimate extremely difficult to

compare with spacecraft observations in any meaningful way. The uncertainty is primarily a

result of uncertainties in the rate at which magnetotail flux-tubes are losing mass through the

Vasyliunas cycle (both at Jupiter and at Saturn) however, taking the Dungey and Vasyliunas

cycles together, it seems reasonable to expect a layer of plasma-depleted flux-tubes, just inside

the Saturnian magnetopause, of order 0.5 RS in width or greater. The detectability of this

narrow region of plasma depleted flux-tubes will be discussed in the following section.

4.6 Magnetodisk Configuration

In the previous section we discussed the properties of Saturn’s magnetosphere and presented

evidence that a plasma return flow should exist just inside the morning magnetopause. Although

estimates of the width of this layer are associated with a large uncertainty (and the layer

is probably smaller, in relative terms, than the cushion region seen at Jupiter) its probable

existence raises an important question. Why is this return flow not associated with the quasi-

dipolar magnetic field configuration seen in the Jovian cushion region?

The discussion of Section 4.5 permits a much smaller return flow width at Saturn than at

Jupiter (a difference of more than an order of magnitude) and, in this regime, the Saturnian

cushion region may simply be too narrow to be detected in the highly dynamic outer magne-

tosphere. However the possible presence of a return flow layer more comparable in width to

that observed at Jupiter (also permitted by the discussion of Section 4.5) forces us to consider

alternative explanations.
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The warped nature of the Saturnian magnetodisk will change the magnetic field configuration

expected near the equator (particularly at large distances from the planet) in a way that is

sensitive to the solar wind dynamic pressure and the instantaneous location of the spacecraft.

However, the fact that the Jovian cushion region is observed even when the magnetodisk is

tilted more than 10◦ away from the rotational equator suggests that such warping is unlikely to

account for the observed lack of a cushion region at Saturn. A more plausible explanation may

instead lie in the physics of the magnetodisk itself.

It is typically assumed (Kivelson and Southwood , 2005) that the expansion of the magnetodisk

is restricted, on the dayside, by the dynamic pressure of the solar wind acting through the

magnetopause. In such a situation any plasma-depleted flux-tubes associated with the Dungey

and Vasyliunas cycle return flows will be draped over the outer edge of the magnetodisk and, near

the equator, confined to a relatively small region just inside the magnetopause. The north-south

thickening of the magnetodisk due to this effect is likely to be negligible and any plasma-depleted

flux-tubes associated with return flows will retain a significant radial component.

Alternatively, if the dynamic pressure of the solar wind is not strong enough to confine the

magnetodisk then the expansion may continue until the radius of curvature near the center of the

magnetodisk current sheet approaches an ion gyroradius. At this point the assumptions of ideal

MHD break down, plasma begins to decouple from the magnetic field, reconnection becomes

more likely and it is no longer possible to support a magnetodisk geometry. If this point

is reached well within the magnetopause then plasma-depleted flux-tubes at greater distances

from the planet may be able to relax into a more dipolar configuration reminiscent of the cushion

region seen at Jupiter.

A Jovian magnetodisk which breaks down some finite distance inside the magnetopause has

already been suggested by Southwood et al. (1995) as a potential explanation for the magnetic

nulls reported by Haynes et al. (1994). Such a scenario would also be consistent with the current

sheet tearing reported in the dayside magnetodisk by Russell et al. (1999). No equivalent

observations have been reported in the Saturnian magnetosphere and a magnetodisk which, in

contrast, does not break down inside the magnetopause may help explain the missing Saturnian

cushion region.

The onset of magnetodisk reconnection is discussed by a number of different authors including

Baumjohann and Treumann (1997b) and Goertz (1983). A detailed analysis of magnetodisk

stability should take the ideas presented by these authors into account and, in the case of the

Goertz (1983) methodology, include a detailed calculation (or estimation) of the flux-tube mass

content as a function of radial distance. However, as an order of magnitude approximation,

let us assume (Baumjohann and Treumann, 1997a) that ideal MHD breaks down (and that

reconnection becomes more likely) when the local plasma and magnetic field gradients become

comparable to the gyroradius of the particles in question. Using this assumption, the radial

distance at which the magnetodisk breaks down can be estimated from Equation (1.21) if we

make the simplifying assumptions that the mean ion mass mi >> me and the pressure gradient
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force is equal to some multiple, k, of the centrifugal force. Substituting ρm ≈ Nimi (where Ni

is the ion number density) and rearranging the force balance equation for the field line radius

of curvature, RC , we obtain:

RC ≈ B2

(k + 1)µ0Nim̄iω2r
(4.4)

from which it is apparent that, for increasing outwards forces, the field line radius of curvature

will decrease. If we assume that ions have a mean (perpendicular) kinetic energy E⊥ ∼ kBT⊥

where T⊥ is the perpendicular ion temperature then the mean ion gyroradius, Rg, for equato-

rially mirroring particles may be expressed as:

Rg =
m̄i

|qi|B

(
2kBT⊥
m̄i

)1/2

(4.5)

where qi is the mean electromagnetic charge on an ion. Setting RC = Rg in Equation 4.4,

substituting Equation 4.5 and rearranging for Ni gives us the critical plasma sheet density, NC ,

required for the mean ion gyroradius and field line radius of curvature to be equal:

NC ≈ |qi|B3

(k + 1)µ0m̄2
iω

2r

(
m̄i

2kBT⊥

)1/2

(4.6)

To estimate the distance at which this critical density is reached in each magnetosphere, the

value of NC must be evaluated and compared with in situ magnetic field and plasma data.

Because the spacecraft is not always in the current sheet and plasma parameters are not contin-

uously available for all energies and species, this evaluation involved the following assumptions:

• Ion and electron temperatures are equal and the temperature anisotropy is negligible at

large distances from the planet.

• The electron temperature has a constant value of ≈150 eV (Figure 4.3) and ≈120 eV

(Figure 4.7) in the Jovian and Saturnian outer magnetospheres.

• The magnetic field profile follows a radial distance power law derived from a least mean

squares fit to the observed magnetodisk lobes. The spacecraft rarely (if ever) exits the

lobes during the Cassini Rev 20 pass at Saturn while, at Jupiter, the magnetodisk lobes

are defined to exist at magnetic latitudes greater than 5◦. The magnetic field magnitude

near the center of the current sheet is assumed to be roughly 10% of that seen in the

distant lobes, consistent with Ulysses observations at Jupiter (shown in Figure 4.3) and

the work of Arridge (2007) at Saturn.

• The plasma angular velocity varies with radial distance according to the Achilleos et al.

(2010b) model for Saturn and the Hill (1980) model for Jupiter.

• The plasma is quasi-neutral with a mean ion charge of +1.5 at Jupiter (Delamere and

Bagenal , 2003) and +1 at Saturn (Mauk et al., 2009).
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• The energetic electron density (E > 28 keV ) is negligible compared with density for lower

energies.

• The mean ion mass is 24 amu in the Jovian magnetosphere (Thomas et al., 2004) and 17

amu in the Saturnian magnetosphere (Sittler et al., 2006).

• Pressure gradient forces are comparable to centrifugal forces (k=1) at Saturn (Achilleos

et al., 2010a) and an order of magnitude larger than centrifugal forces (k=10) at Jupiter

(Caudal , 1986).

Before continuing further it is important to consider the validity of these assumptions. Sittler

et al. (2006) suggest that the Saturnian proton and electron temperatures are comparable for

the electron temperatures under consideration in this study although their investigation was

restricted to radial distances of less than 10 RS (where the water group temperature was found

to be much higher than the proton temperature) and may not be valid beyond this. Thomsen

et al. (2010) show that the water group ion and proton temperatures are, on average, similar at

large distances from the planet (although not necessarily equal on an instantaneous, point-by-

point basis) and that the difference between them is probably less than an order of magnitude.

Though this may sound significant, we note that since only the square root of the perpendicular

ion temperature appears in Equation 4.6, even an order of magnitude uncertainty in its value

will not cause the critical density at either planet to become uncertain by more than a factor

of
√
10 ≈ 3. The work of Wilson et al. (2008), Sergis et al. (2010) and Kellett et al. (2011)

supports our assumption that temperature anisotropies are small and negligible in this region of

the Saturnian magnetosphere. Comparable information on the Jovian magnetosphere is limited

and we therefore assume that Jupiter and Saturn are similar with respect to ion and electron

temperatures and anisotropies in this region.

The mean ion mass was determined from measurements made in the Jovian (Thomas et al.,

2004) and Saturnian (Sittler et al., 2006) inner magnetospheres however Delamere and Bagenal

(2003) suggests that the plasma composition (at least at Jupiter) is likely to be time variable.

In addition to this, as Thomsen et al. (2010) show at Saturn, the mean ion mass decreases

with increasing radial distance and is therefore likely to be lower than assumed in the outer

magnetodisks of both planets. The variation of the mean ion mass with radial distance has

not been quantified at Jupiter but the power law fits of Thomsen et al. (2010) can be extended

into the Saturnian outer magnetosphere as a first order approximation. Later in this section,

we shall show results obtained using both assumptions at Saturn (i.e. a constant and variable

plasma composition) in order to illustrate the probable level of uncertainty at Jupiter.

Like the plasma composition, the angular velocity of magnetospheric plasma also shows great

variability at the radial distances of interest (Achilleos et al., 2010b; Thomsen et al., 2010)

and so the comparison of in situ densities with an average velocity profile (determined using

many orbits worth of spacecraft data) is an undesirable necessity. Recent work supports our

assumptions with regards to the ratio of pressure gradient to centrifugal forces in the outer
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magnetospheres of both planets (Caudal , 1986; Achilleos et al., 2010a; Kellett et al., 2011)

however the exact ratio of these quantities is known to be a function of both time and radial

distance (Caudal , 1986; Achilleos et al., 2010a; Sergis et al., 2010; Kellett et al., 2011) and such

variability has not been taken into account in our simplified analysis.

The calculated critical density will be very sensitive to the magnetic field strength near the

current sheet due to the factor of B3 appearing in Equation 4.6. We do not have continuous

in situ measurements of this value at either Jupiter or Saturn but our assumption that the

magnetic field strength near the current sheet is roughly 10% of that seen in the distant lobes

is consistent with the available spacecraft observations. Finally, our assumption that the high

energy electron density is negligible is supported by the work of Schippers et al. (2008) in the

Saturnian inner magnetosphere although this same study also suggests that the two densities

may be comparable at greater radial distances. Unfortunately the Schippers et al. (2008) study

combined CAPS/ELS and MIMI/LEMMS data into a single particle spectrum before these

densities were calculated and, since the two electron distributions overlap in energy space, it is

not obvious how densities calculated by only one of these two instruments will be affected. It

is also not obvious whether the same situation exists in the Jovian magnetosphere. A factor of

two uncertainty may therefore result from this assumption.

In light of the above discussion and the large uncertainty associated with the magnetospheric

parameters required to calculate the critical density, the results presented in Figure 4.9 must be

considered a first order approximation only. The inclusion of curves describing both a constant

(solid) and variable (dashed) ion composition at Saturn illustrate the level of uncertainty implicit

in the analysis and suggest that, at best, only qualitative results can be drawn as to the nature of

the magnetospheric force balance in these regions. Some of these assumptions could be dropped

at Saturn if in-situ energetic ion data (Sergis et al., 2007) and electron densities covering a

large range of energies (Schippers et al., 2008; Morooka et al., 2009) were used to calculate the

critical density however the uncertainty in the low energy plasma composition, temperature and

azimuthal velocity would remain. Because of these uncertainties and the fact that an equivalent

dataset for the Ulysses spacecraft is not readily available, it was decided to keep our study of

both planets commensurate.

For each planet the critical density, plotted in red, decreases with radial distance while the

measured electron density, plotted in blue, follows a broadly similar but not identical trend.

Clear peaks in the Jovian electron density (panel 1) are observed whenever the central plasma

sheet approaches the location of the spacecraft and, of these peaks, those seen more than 45 RJ

from the planet (when Ulysses was at relatively low latitudes) are also associated with crossings

of the current sheet center. Periodic variations in the Saturnian electron density are associated

with the rotational modulation discussed in Chapter 2 but there are no clear crossings of the

current sheet center in any region of the magnetodisk explored by Cassini during revolution 20.

Assuming a constant plasma composition causes the Jovian electron density to reach the
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Figure 4.9: The critical density, NC , required for magnetodisk breakdown in the Jovian (above)
and Saturnian (below) magnetospheres is shown in red, the measured thermal electron density
is in blue and the 1σ variability in the mean location of the Joy et al. (2002) (Jupiter) and
Arridge et al. (2006) (Saturn) magnetopause, mapped to the local time of the magnetopause
crossing, is shaded grey. Vertical black lines denote the actual location of the magnetopause
observed by Ulysses and Cassini. The solid red line in the lower panel assumes a constant ion
composition while the dashed line exhibits a variable composition according to the power law
fits of Thomsen et al. (2010).

73



critical value at roughly 50 RJ and to first exceed it by a noticeable amount close to 65 RJ .

Although the critical density appears to be exceeded well inside the Jovian magnetopause, the

uncertainties discussed above and the probable boundary motion discussed in Section 4.3 prevent

us from saying this with certainty. It is, however, interesting to note that the approximate

location of magnetodisk breakdown corresponds to the approximate inner edge of the transition

region discussed in Section 4.2 where magnetodisk break down might be expected to occur.

Interpreting the Cassini data is more difficult. There are several data gaps in which reliable

electron densities could not be determined and this, coupled with the lack of magnetodisk

crossings, makes it difficult to confirm that the critical density at the center of the plasma

sheet is exceeded in the same way as at Jupiter. This problem is only amplified by the inherent

uncertainty in the critical density itself, illustrated by the large difference between the two curves

representing a constant (solid) and variable (dashed) plasma composition. This uncertainty is

likely to apply equally to the magnetospheres of both Jupiter and Saturn.

Because of the problems described above, definite conclusions about the breakdown of the

Jovian and Saturnian magnetodisks cannot be drawn from this analysis. The uncertainty in

the critical density is difficult to quantify but probably exceeds an order of magnitude while

there is also an uncertainty in the central plasma sheet density at times when the observing

spacecraft is not at the magnetic equator. The later uncertainty is particularly acute for the

Cassini pass but is also important at Jupiter when Ulysses is at higher latitudes close to the

planet and therefore above the Jovian magnetic equator (and magnetodisk center) at all times.

4.7 Discussion

While our analysis of the Jovian and Saturnian magnetodisks was not conclusive, the ideas

presented in this chapter can be tested in a number of ways. A detailed study of the ion-electron

plasma in the Saturnian outer magnetosphere could help determine whether plasma-depleted

flux-tubes, of any magnetic configuration, exist near the Saturnian magnetopause. Such a study

is currently underway and the initial results (Masters et al., 2011) seem to support the analysis

carried out in Section 4.5. A detailed analysis of return flow properties will also help identify,

at both planets, not only the origin of the returning plasma (Dungey cycle or Vasyliunas cycle)

but perhaps also the physical mechanism by which the associated flux-tubes become plasma-

depleted in the first place.

Better survey statistics throughout both planet’s magnetospheres will allow the rate of mag-

netic flux transport associated with the Dungey and Vasyliunas cycles to be determined with

greater accuracy and this, in turn, will allow the uncertainty in the estimated width of the

Dungey and Vasyliunas cycle return flows to be reduced. The data obtained from such a sur-

vey, when considered on a pass-by-pass basis, will also allow the critical density calculated in

Section 4.6 to be better constrained and more reliably compared with spacecraft observations.

One specific way in which this improvement could be achieved is by using the improved statis-
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tics, in combination with the methodology of Goertz (1983), to improve our estimate of whether

and where the magnetodisk at each planet is likely to break down.

In this study, the Jovian and Saturnian magnetospheres were compared using only a single

pass from each planet. Future work, benefiting from improved survey statistics, should aim

to employ multiple spacecraft passes under different solar wind conditions using as much in

situ data as spacecraft observations permit. The Ulysses pass studied at Jupiter was probably

associated with a very expanded magnetosphere and, in the context of studying variations in

magnetospheric configuration, the above extension may allow us to see what an equivalent Jo-

vian dataset would look like when the system is in a more compressed state. How do expansions

and compressions of the magnetospheric cavity effect the probability of magnetodisk breakdown

at each planet and the properties of the cushion region seen at Jupiter?

Studying the variability of the Jovian cushion region and the influence of the solar wind on

both its structure and evolution is complicated by the lack of multi-spacecraft observations of

this region. Simultaneously calculating the width of the cushion region and the instantaneous

upstream solar wind dynamic pressure for individual passes is impossible when only one space-

craft is making observations at any given time. Conclusive answers to this particular question

will therefore have to await a multi-spacecraft investigation of the Jovian magnetosphere.

The proposed relationship between cushion region width and magnetodisk breakdown raises

an important point with regards to our estimation of the cushion region width at Jupiter. In

estimating this value we assumed that the mean sub-solar stand-off distance of the magnetopause

is 75 RJ. However, if the formation of the cushion region is intimately related to the breakdown

of the magnetodisk, as we suggest may be the case, then the cushion region may be more readily

observed when the magnetopause is further from the planet than average. This would result in

the cushion region having a larger sub-solar width than that obtained in Section 4.3.

Some of the research described above may become possible in the future as archived data is

reanalyzed, however, intrinsic limitations associated with spacecraft trajectories and instrumen-

tation, as well as the need for improved statistics in addition to improved datasets, necessitates

the undertaking of new missions of exploration. The Juno spacecraft (Bolton, 2010) is sched-

uled to arrive at Jupiter in 2016 and will enter into a polar orbit around the planet with an

apoapsis of order 40 J. Although the outer magnetospheric regions explored by Juno will be

highly dependent on the properties of the solar wind (i.e. how compressed the magnetosphere

becomes) and the exact evolution of the spacecraft’s orbit, Juno may allow the structure of the

cushion region to be better understood. Further into the future, the proposed Europa-Jupiter

System Mission (Jupiter Science Definition Team, 2009) may allow limited multi-spacecraft

studies of the cushion region to be carried out for the first time (subject to the orbital design of

the mission and fortuitous motion of the magnetospheric boundaries) but will almost certainly

act to improve our general understanding of the Jovian magnetosphere and make much of the

work proposed above a more realistic possibility.
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4.8 Summary

In this chapter we have characterized the Jovian outer magnetosphere or cushion region using

observations made by multiple exploring spacecraft. We find that, while the instantaneous loca-

tion of both the inner and outer boundaries are highly variable, the cushion region probably has

a mean sub-solar width of order 20 RJ and is more evident in the morning-side magnetosphere

as opposed to afternoon. The cushion region is interpreted by Cowley et al. (2003) and Kivelson

and Southwood (2005) as a layer of plasma-depleted flux-tubes which have recently lost mass in

the magnetotail as part of the Dungey and Vasyliunas cycles and, keeping this interpretation

in mind, we have surveyed the Saturnian outer magnetosphere for evidence of a similar quasi-

dipolar region. This study shows, for the first time, that the Saturnian magnetosphere typically

lacks this outer layer of quasi-dipolar flux-tubes with the Saturnian magnetodisk instead per-

sisting right out to the magnetopause.

We have considered potential explanations for this difference and suggest that, while the

Jovian magnetodisk typically breaks down well inside the magnetopause, the Saturnian mag-

netodisk may instead persist until much closer to the outer boundary. This scenario would

allow plasma-depleted flux-tubes in the outer magnetosphere to relax into a more dipolar con-

figuration at Jupiter but would prevent such a relaxation from occurring at Saturn. Such an

explanation would be consistent with spacecraft observations at each planet but is difficult to

evaluate using the currently available data because the uncertainties in the calculated critical

density (Section 4.6) are large and Cassini observations at Saturn are ambiguous. Conclusive

statements with regards to the structure of each planet’s outer magnetosphere (as well as the

physical origins of this structure) must therefore await higher quality plasma data and better

survey statistics with which the observational tests proposed in Section 4.7 can be carried out.
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5 A New Semi-Empirical Model of Saturn’s

Bow Shock Based on Propagated Solar

Wind Parameters

“Remember that all models are wrong; the practical question is

how wrong do they have to be to not be useful.”

— George Box, Statistician

In this chapter we will use observations of Saturn’s dayside bow shock to construct a semi-

empirical model of the surface. The three dimensional shape of the bow shock will be investi-

gated and the relationship between shock stand-off distance and solar wind dynamic pressure

will be compared with the well-studied terrestrial and Jovian bow shocks. This chapter is based

on work published in the Journal of Geophysical Research (Went et al., 2011b).

5.1 Introduction

Studying the global shape and dynamics of the bow shock offers important insights into the

physics governing its formation. At large distances from the planet, theory predicts a geometry

known as the Mach cone (Slavin et al., 1984) with a flaring angle θ = sin−1(1/MS) where MS

is the sonic Mach number of the upstream solar wind. Closer to Saturn, the shape of the shock

is intimately related to that of the magnetospheric obstacle which Kanani et al. (2010) describe

using an axisymmetric surface which scales with solar wind dynamic pressure according to a

simple power law. Both assumptions are only likely to apply as first order approximations at

Saturn and in Chapter 2 we found that both dawn-dusk asymmetries and polar flattening of

the magnetospheric cavity are likely. It is not known whether these hypothetical asymmetries

also manifest themselves in the average shape and motion of the bow shock. However the MHD

simulations of Fukazawa (2008) suggest that, if they do, the effect is probably quite small.

In this chapter we study the average shape of Saturn’s bow shock as well as the response of this

surface to changes in the dynamic pressure of the upstream solar wind and the orientation of the

interplanetary magnetic field. To do this, a functional form is chosen to describe the geometry of

the shock surface and the parameters of this function are adjusted until the model gives the best

possible fit to the observed distribution of bow shock crossings and their corresponding solar

wind dynamic pressures. Unfortunately the solar wind dynamic pressure associated with the

bow shock crossings is difficult to determine during the Cassini-era due to constraints associated
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with the spacecraft and its onboard instrumentation. Specifically, the fact that Cassini is a non-

rotating spacecraft prevents the CAPS instrument from looking directly at the incoming solar

wind on a regular basis and, as a result, measurements of the solar wind density and velocity near

Saturn are infrequent. Cassini era dynamic pressures are instead estimated from near-Earth

solar wind velocity measurements (Zieger and Hansen, 2008) and Langmuir waves observed

upstream of the bow shock by the Cassini RPWS instrument (Gurnett et al., 2004).

Existing models of the bow shock are reviewed in Section 5.2 while Pioneer 11, Voyager

and Cassini observations of the shock surface are discussed in Section 5.3. In Sections 5.4

and 5.5 the new semi-empirical model is presented and evidence for non-axisymmetric shapes

and complicated bow shock motion is evaluated and discussed. We conclude by discussing the

implications of the new model and suggest that this is the most accurate description of Saturn’s

bow shock surface derived to date.

5.2 Existing Empirical Models

The first empirical model of Saturn’s bow shock was developed by Slavin et al. (1985) using Pi-

oneer 11 and Voyager observations. The location of bow shock crossings in the KSM coordinate

system (illustrated in Figure 5.1 and defined such that xKSM is in the solar direction, zKSM

is in the plane formed by xKSM and the Saturnian spin and magnetic dipole axes, and yKSM

completes the orthogonal set) were rotated by an angle θ such that the solar wind flow direction

is anti-parallel to the KSM x-axis, thus defining the so-called aberrated KSM coordinate system.

This rotation, typically less than 2◦ at Saturn, compensates for an apparent aberration in the

solar wind velocity vector (in the rest frame of the planet) caused by Saturn’s 9.7 kms−1 mean

orbital velocity about the Sun. The idea is illustrated in Figure 5.2 with the aberration angle,

ϕ, greatly exaggerated for clarity.

Slavin et al. (1985) averaged together all bow shock crossings observed within 10 hours of

each other in order to avoid biasing the model towards intervals containing a large number of

closely spaced crossings of the bow shock. A second order surface axisymmetric about the solar

wind flow direction was then fit to the spatial distribution of these crossings. Such a surface

may be described by the equation of a conic section:

r =
L

1 + ϵ cosθ
(5.1)

where θ = cos−1(x/r) is the polar angle, r is the radial distance from the focus position to the

shock surface and L is the semi latus rectum. In this formalism the eccentricity, ϵ, describes

how blunt or streamlined the shock surface is with ϵ < 1 implying an ellipsoidal surface, ϵ = 1

a paraboloidal surface and ϵ > 1 a hyperboloidal surface.

The semi latus rectum of the conic section described above was then varied such that the

model surface intersected each of the 7 averaged bow shock crossings in turn. For each in-

tersection the value of r corresponding to θ=0 was extracted from the model and plotted
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Figure 5.1: Definition of the KSM coordinate system. BX is the component of the magnetic
field pointing in the Saturn-Sun direction, BY points in the direction M × BX where M is
the magnetic moment vector of the planet and BZ , which points northward, completes the
orthogonal set. In this system the planetary dipole axis lies in the KSM X-Z plane.

against the corresponding upstream solar wind dynamic pressure, PDYN . The shock sub-solar

distance, RSN , was then found to vary with the upstream solar wind dynamic pressure as

RSN = 13.33PDYN
−1/5.1 where distances are expressed in units of Saturn radii and pressures

in units of nPa. This relationship was used to normalize the radial distance of each bow shock

crossing to the mean solar wind dynamic pressure of the dataset before another axisymmetric

surface was fit to the distribution. The resulting surface was found to have an eccentricity of

ϵ=1.71 and a focus position x0 = +6RS along the aberrated Saturn-Sun line and will hereafter

be referred to as S85.

Hendricks et al. (2005) constructed their bow shock around the semi-empirical magnetopause

model of Maurice and Engle (1995). The shape of the shock surface is defined by the shock

sub-solar distance and, at large distances downstream of the planet, the asymptotic Mach cone

angle. The former parameter is obtained from the relationship between shock sub-solar distance

and the magnetopause sub-solar stand-off distance and radius of curvature proposed by Petrinec

and Russell (1997). This model, hereafter referred to as H05, is well described by a conic section

with a focus position at the center of the planet. The associated eccentricity is ϵ=1.02 and the

shock sub-solar distance scales with solar wind dynamic pressure as RSN = 13.17PDYN
−1/5.8

(Achilleos et al., 2006). This causes the H05 model to be significantly less flared and slightly

more resistant to changes in the upstream solar wind dynamic pressure than that of S85.

Using a similar technique to S85,Masters et al. (2008) fit a conic section, constrained such that

the focus position is at the center of the planet, to 163 aberrated bow shock crossings observed

in Saturn’s morning-side environment near the equatorial plane. The majority of these crossings

were made by Cassini between June 2004 and August 2005 but, for these crossings, solar wind

dynamic pressure measurements were not readily available as discussed in Section 5.1. The
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Figure 5.2: An illustration of solar wind aberration. The solar wind flows radially out-
wards from the Sun with a velocity VSW while Saturn moves along its orbit at a velocity
VP = 9.7 kms−1. The resultant of these vectors, VA, causes the apparent solar wind inci-
dence direction to deviate from the solar direction by a small angle, ϕ, which depends on the
instantaneous velocity of the solar wind but is typically of the order 2◦ at Saturn.
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solar wind density associated with these crossings was instead estimated from Cassini RPWS

observations of narrow-band Langmuir waves upstream of the bow shock and combined with a

constant solar wind speed of 500 ± 100 km s−1 in order to estimate the upstream solar wind

dynamic pressure.

Masters et al. (2008) found that the shock sub-solar distance varies with solar wind dynamic

pressure as RSN = 14PDYN
−1/6 but the power law constant appearing in this expression has

a ≈30% uncertainty. Masters et al. (2008) therefore assumed the same power law constant

found by Arridge et al. (2006) for the magnetopause (4.3±0.3) and, upon fitting a new conic

section to the pressure-normalised set of crossings, found a marginally hyperbolic bow shock

well described by an eccentricity of ϵ=1.05. This model is hereafter referred to as M08A.

To improve the quality of their model Masters et al. (2008) returned to the unnormalized

set of bow shock crossings. The mean solar wind velocity and the two parameters describing

the scaling of the shock sub-solar distance with solar wind dynamic pressure were then set as

additional free parameters in the model and the optimal conic section was recalculated. The

result was a more streamlined bow shock (with an eccentricity of ϵ=0.92) with the optimized

parameters suggesting a mean solar wind velocity of 700 kms−1. This velocity is outside the

range observed by Crary et al. (2005) and prompted the authors to reject this M08B model in

favour of their original construction.

5.3 Observations

We consider data from all four spacecraft to visit the Saturn system to date. Crossings made

prior to October 1981 were used by Slavin et al. (1985) in the construction of their empirical

model while those made prior to August 2005 were used in theMasters et al. (2008) construction.

To identify bow shock crossings made by Cassini after August 2005, data from the dual-technique

magnetometer (Dougherty et al., 2004) was considered. To illustrate the typical appearance of

a Saturnian bow shock crossing, Figure 5.3 shows the first inbound bow shock crossing observed

by Cassini on 27 June 2004.

Panel 1 shows the magnetic field strength as a function of time, panel 2 the corresponding

components in the KSM coordinate system and panel 3 a frequency-time spectrogram recorded

by the Cassini RPWS instrument (Gurnett et al., 2004) over the same interval. The magnetic

field in the upstream solar wind is generally low in magnitude and constant in direction (over

the 15 minute timescale under consideration) while the magnetosheath field is generally stronger

and more variable. The bow shock forms the transition between these two regimes, denoted by a

red line in Figure 5.3. In the RPWS frequency-time spectrogram, Langmuir waves appear as an

intense, narrow band emission surrounded by a white box. These waves can be seen upstream

of the bow shock surface whilst, at the point of crossing, intense broadband noise is associated

with currents flowing within the shock.

The sharpness of the transition seen in Figure 5.3 and the presence of a well defined shock
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Figure 5.3: Cassini MAG and RPWS data for a 15-minute interval surrounding a quasi-
perpendicular crossing of Saturn’s bow shock made by Cassini on 27 June 2004. Panel (1)
shows the magnetic field magnitude, (2) shows the three KSM magnetic field components, and
(3) shows a RPWS spectrogram with narrow-band Langmuir waves (surrounded by a white
box) observed upstream of the bow shock at a frequency of roughly 1500 Hz. The intense,
broadband noise observed by RPWS at about 09:45 UT is evidence of Cassini encountering the
bow shock while the point of transition (used to construct the model) is denoted by a red line.
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foot and overshoot (labeled) is typical of the supercritical, quasi-perpendicular geometry en-

countered by Cassini and described by Achilleos et al. (2006). For some crossings, however, a

less distinct quasi-parallel geometry was observed and the transition between the solar wind

and magnetosheath was more gradual. Such a crossing, made on 14 July 2004, is shown in

Figure 5.4 in the same format as Figure 5.3. In these cases the approximate center of the solar

wind-to-magnetosheath transition (denoted by a red line in Figure 5.4) is adopted as the shock

location. The temporal uncertainty in identifying the transition time (estimated by eye) is typ-

ically less than 60 seconds and does not exceed 10 minutes for any crossing. This corresponds

to a spatial distance of less than 0.1 RS, a figure well within the RMS spread of the model

presented in Section 5.4 and insignificant when compared with the spatial scale of the shock

surface (a few tens of RS) under consideration.

In this study we consider 574 crossings of Saturn’s bow shock made between August 1979

and July 2010. The spatial distribution of these crossings is shown in Figure 5.5 with Saturn

Local Time, SLT, on the horizontal axis and planetocentric latitude, λ, on the vertical axis.

The crossings are evenly distributed between 0600 and 1800 SLT and extend poleward to plan-

etocentric latitudes of up to 40◦. This represents a significant improvement over the S85 and

M08A/B distributions, both of which were restricted to low latitudes in the pre-noon (0600 <

SLT < 1200) quadrant.

Direct measurements of the solar wind density and velocity were made upstream of each

Pioneer and Voyager bow shock crossing in order to estimate the upstream solar wind dynamic

pressure. Unfortunately such measurements are typically unavailable in the Cassini era. The

upstream solar wind density associated with the Cassini era bow shock crossings was instead

estimated from the frequency of narrow-band Langmuir waves observed upstream of the bow

shock by the RPWS instrument described by Gurnett et al. (2004). These waves are clearly

visible in panel 3 of Figures 5.3 and 5.4 where they appear as a narrow band of increased power

centered at approximately 1500 Hz and 700 Hz upstream of each crossing. A cut through of

these waves taken at 09:42 UT on 27 June 2004, just upstream of the crossing shown in Figure

5.3, is shown in Figure 5.6. The frequency, fL, at which the Langmuir wave intensity reaches a

maximum is proportional to the square root of the electron number density, ne, of the plasma

medium through which the waves are propagating:

fL ≈ 8980
√
ne (5.2)

where fL is expressed in Hz and ne in cm−3. A quasi-neutral solar wind composed of 4%

helium and 96% hydrogen by number (Bame et al., 1977) was then assumed in order to obtain

the solar wind mass density. Crary et al. (2005) found a highly variable solar wind near Saturn

(over a time scale of order hours to days) and rapid changes in the position of the bow shock,

most likely related to solar wind variability, have been seen to occur over a time scale of order

minutes. To account for this variability, only the average Langmuir frequency observed within

7 minutes upstream of each bow shock crossing was used in this investigation as Langmuir
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Figure 5.4: Cassini MAG and RPWS data for a 15-minute interval surrounding a quasi-parallel
crossing of Saturn’s bow shock made by Cassini on 14 July 2004. Panel (1) shows the magnetic
field magnitude, (2) shows the three KSM magnetic field components, and (3) shows a RPWS
spectrogram with narrow-band Langmuir waves (surrounded by a white box) observed upstream
of the bow shock at a frequency of roughly 700Hz. The intense, broadband noise observed by
RPWS at about 03:12 UT is evidence of Cassini encountering the bow shock while the point of
transition (used to construct the model) is denoted by a red line.
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Figure 5.5: The local time and latitudinal distribution of all 574 bow shock crossings observed
at Saturn between August 1979 and July 2010. Crossings were made by Pioneer 11 (dark red),
Voyager 1 (light blue) and Voyager 2 (green) and during the Cassini Prime (black) and Extended
(magenta) missions.

waves observed further from the bow shock than this may not be representative of the solar

wind density (and hence dynamic pressure) at the time of the crossing under consideration. An

identical averaging window was used in the construction of the M08A and M08B models, and

although the choice of 7 minutes was somewhat arbitrary, the parameters of these two models

was found to be largely insensitive to reasonable (few minute) variations in the size of this

window. This insensitivity is primarily due to the fact that, when Langmuir waves were not

observed within this window, they were typically not observed for at least an hour upstream of

the crossing under consideration.

The solar wind velocity at Saturn was estimated from measurements made near 1 AU using

the 1.5D MHD solar wind propagation model of Zieger and Hansen (2008) illustrated in Figure

5.7. The model is described as 1.5D because the transverse components of vector quantities are

also propagated to Saturn. The uncertainty associated with these solar wind propagations is

dependent on both the phase of the solar cycle (and hence the amount of small-scale structure
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Figure 5.6: A cut through of Figure 5.3 showing Langmuir waves upstream of Cassini’s first
bow shock crossing on 27 June 2004. The time of the cut through was 09:42 UT.

in the solar wind) and the relative positions of Saturn, the near-Earth solar wind monitor, and

the Sun.

The temporal uncertainty in the arrival time of a given packet of solar wind plasma at

Saturn was taken into account by using, for each crossing, the average propagated velocity

observed within a narrow temporal window centered on the time of each crossing. The width

of this window (32 hours on average) was related to the time since (apparent) opposition via

the functional form displayed in Figure 5.8 for the conditions of high solar wind recurrence

index appropriate to the Cassini-era solar minimum. Apparent opposition is the time when

a packet of solar wind plasma encountering the Earth will also encounter Saturn (assuming

that the solar wind moves with a constant speed in the radial direction) and lags behind true

opposition by a few weeks due to the finite bulk flow velocity of the solar wind. Solar wind
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propagations are available for the entirety of the Cassini prime mission (2004-2008) but are not

yet available for the Equinox extension. The solar wind velocity associated with the 30 Equinox

bow shock crossings was therefore set equal to the mean solar wind velocity associated with the

544 preceding ones. This mean velocity is 448 kms−1 with a standard deviation of 47 kms−1.

To ensure that the use of an average solar wind velocity does not significantly bias the resulting

model, the fitting procedure was repeated both with and without these additional crossings

included. The resulting parameters were found to be equal to within their quoted uncertainties.

Upstream solar wind dynamic pressures could be either measured or estimated for 330 (57%)

of the 574 bow shock crossings observed at Saturn during the period of interest. For the

remaining 244 bow shock crossings no Langmuir waves were observed within the pre-defined 7

minute window and, as a result, a reasonable estimation of the associated upstream solar wind

plasma density was impossible.

Constructing an unbiased model using these 330 bow shock crossings is associated with a

number of important caveats. Variations in spacecraft trajectory and velocity can change the

number of bow shock crossings observed in a given region of space independently of variations in

the upstream solar wind dynamic pressure. This may bias the model towards intervals with an

artificially large number of bow shock crossings such as times when the spacecraft was moving

slowly or when the spacecraft trajectory was parallel to the mean location of the bow shock.

The second caveat is that for a constant solar wind dynamic pressure, surface waves such as

those inferred by Clarke et al. (2010b) may result in oscillations of the shock position about

a mean location. These oscillations may introduce noise into the optimization procedure and

reduce the quality of the resulting fit. S85 attempted to address both problems by averaging

together any bow shock crossings observed within 10 hours of each other and we employ a similar

methodology here by averaging together bow shock crossings observed within consecutive 10

hour windows. For each of the averaged bow shock crossings in the new dataset, the mean

distance between the constituent (unaveraged) crossings, DC , was calculated along with the

mean upstream solar wind dynamic pressure and its standard deviation. When considering all

of the averaged data points, the mean value of DC was found to be 0.6 RS (maximum value =

3.7 RS) while the standard deviation of the solar wind dynamic pressure was typically less than

15% (and never greater than 98%) of the mean.

It is possible that the mean shape of Saturn’s bow shock exhibits a seasonal variation related

to changes in Saturn’s magnetospheric configuration as first proposed by Arridge et al. (2008a).

If this theory is correct then empirical models of the bow shock surface may be biased towards

the seasonal period during which most of the bow shock crossings used in the construction

of the model were obtained. In total roughly 89% of the 574 bow shock crossings used in

the construction of this model were made during southern summer conditions for which the

solar latitude, θSUN , exceeded 8◦. Just 10% of the crossings were made during equinocturnal

conditions (|θSUN | < 8◦) while only 1% of crossings were made during northern summer. The
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Figure 5.7: Schematic illustration of the 1.5D MHD solar wind propagation model used in
this analysis. Solar wind and interplanetary magnetic field observations from spacecraft T1

and/or T2 represent boundary conditions which are rotated forward or backward in time to a
fixed longitude (horizontal line) before being propagated out to Saturn’s orbital distance. The
quantity ∆ϕ is related to the motion of the planet along its orbit during this rotation time.
Figure from Zieger and Hansen (2008).
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Figure 5.8: Estimated error of the shock arrival times in the Zieger and Hansen (2008) solar
wind propagation model. Root mean squared deviations (RMS) from the predicted and observed
shock arrival times in a 50-d sliding window are plotted under the conditions of both high
recurrence index (blue) and low recurrence index (red). From Zieger and Hansen (2008).

asymmetry of this distribution prevents us from investigating seasonal variations in bow shock

shape and position at this time. However, should such variations exist, it is clear that the

results presented in the following section will be strongly biased toward the southern summer

configuration.

A final consideration is that in the downstream limit discussed in Section 5.1 the shape of

the bow shock is determined by the asymptotic Mach cone angle and not the shape of the

magnetospheric obstacle. Since we are interested in studying the shape of the dayside bow

shock surface only, crossings associated with an x-axis coordinate < -24 RS were excluded from

further consideration before the temporal averaging was performed. For reference, 24 RS is the

mean distance to the sub-solar magnetopause determined by Achilleos et al. (2008) and, as a

result, is approximately equal to one ‘magnetospheric’ obstacle radius. The resulting dataset

consisting of 203 averaged bow shock crossings is shown in Figure 5.9. In this figure Saturn
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Figure 5.9: The spatial distribution of the 203 averaged bow shock crossings used in the
construction of the new semi-empirical model.

Local Time, SLT, is plotted on the x-axis and planetocentric latitude, λ, is plotted on the y-axis.

The averaged crossings are well distributed across the low to mid latitude dayside shock surface

and are used to construct the new semi-empirical model of Saturn’s bow shock presented in

Section 5.4.

5.4 The New Semi-Empirical Model

In this section the new semi-empirical model of Saturn’s bow shock is presented. Due to the lack

of bow shock crossings at high (λ > 70◦) latitudes it is useful to begin modeling the shock under

the assumption of axisymmetry about the solar wind flow direction. Working in aberrated KSM

90



coordinates and constraining the focus of the conic section to lie at the center of the planet, the

shock sub-solar distance, RSN , is the radial distance to the shock surface when the polar angle,

θ, in Equation 5.1 is set to zero:

RSN =
L

1 + ϵ
(5.3)

This distance is assumed to vary with dynamic pressure, PDYN , according to an as yet unknown

power law of the form:

RSN = c1PDYN
−1/c2 (5.4)

where c1 and c2 are parameters to be determined. Substituting equations 5.3 and 5.4 into

Equation 5.1 allows us to express the size and shape of the bow shock in terms of the variable

and independent parameters c1, c2 and ϵ:

r =
(1 + ϵ)c1PDYN

−1/c2

1 + ϵcosθ
(5.5)

In this formulation the shape of the bow shock surface is held constant (for a given set of

parameters) but its size is allowed to vary self-similarly with the upstream solar wind dynamic

pressure. The optimum value of parameters c1, c2 and ϵ was determined using a non-linear

least squares technique in which the root mean square (RMS) difference between the predicted

and observed radial distance to the aberrated bow shock crossings was minimized using an

optimization routine based on the Nelder and Mead (1965) simplex algorithm. The uncertainty

in the resulting parameters was estimated using a Monte Carlo method similar to that of Arridge

et al. (2006) and Masters et al. (2008) in which the fitting described above was repeated 200

times. Each fit was carried out using 80% of the total number of crossings (chosen at random

from the 203 bow shock crossing dataset) and the standard deviation of the resulting distribution

of each optimized parameter was taken as the uncertainty in that parameter.

The result of this minimization procedure is a shock surface with an eccentricity of ϵ ≈
0.84 and a sub-solar distance which scales with the upstream solar wind dynamic pressure as

RSN = 15PDYN
−1/5.4. The associated RMS radial deviation of the fit was 4.6 RS. The fit

was recalculated using 5 and 15 hour averaged crossings, completely unaveraged crossings and

crossings which had been spatially averaged by grouping together all crossings made within the

same 1RS
3 volume of a (200RS)

3 grid. The parameters thus obtained were identical to those

presented here to within the statistical resolution of the datasets in question indicating that the

method of data averaging does not significantly bias the resulting model parameters. A similar

result was found when the initial parameters used for iteration were varied within reasonable

(0 < c1 < 1000, 0.5 < c2 < 100, 0 < ϵ < 5) bounds. The results are shown in Figure 5.10.
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Figure 5.10: The new semi-empirical model (red) with the pressure-corrected distribution of
203 averaged bow shock crossings in the aberrated KSM x− ρ plane.
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Table 5.1: The effect of splitting the crossings into different subsets.

Subset Crossings c1 / RS c2 ϵ

BZ > 0 120 (45%) 15.6±0.9 5.9±0.6 0.76±0.05
BZ < 0 100 (55%) 14±1 5.2±0.6 0.9±0.1

|λ| < 15◦ 154 (75%) 14±1 5.2±0.7 0.86±0.09
|λ| > 15◦ 50 (25%) 16±2 6±3 0.9±0.4

SLT < 1200 134 (66%) 15±1 5.3±0.7 0.82±0.08
SLT > 1200 69 (34%) 15±1 5.5±0.6 0.9±0.1

NOTE: The total number of crossings in each pair of subsets does not necessarily equal
203 due to unavailability of magnetometer data in the Pioneer and Voyager era and
averaging issues associated with crossing pairs on either side of the subset boundary

5.5 Departures from Axisymmetry and Higher Order Motion

The model described above is a first order approximation only and our current understanding

of the Jovian and terrestrial bow shocks suggests that higher order departures from this picture

should be expected. The improved spatial coverage provided by the Cassini mission allows us

to investigate this possibility at Saturn for the first time.

While studying the Jovian boundaries Huddleston et al. (1998) divided their list of bow

shock and magnetopause crossings into multiple subsets of approximately equal size (e.g. high

latitude/low latitude) and fit separate conic sections to each distribution. By comparing the

conic section parameters associated with each set they were able to identify an asymmetry in

the shape of the Jovian magnetopause, it lying closer to the planet along the z-axis than along

the equatorial terminator. More ambiguous evidence for this ‘polar flattening’ asymmetry was

identified in the shape of the bow shock with both the magnetopause and bow shock asymmetries

being attributed to the equatorially distended magnetodisk.

In this study the available bow shock crossings were divided up in three different ways. Mid

latitude (|λ| > 15◦) and low latitude (|λ| < 15◦) bow shock crossings were used to investigate

possible flattening of the bow shock due to the near-equatorial magnetodisk (Huddleston et al.,

1998;Achilleos et al., 2007;Maurice and Engle, 1995) while morning (SLT< 1200) and afternoon

(SLT > 1200) subsets were used to investigate the possible dawn-dusk asymmetry implied by

the Jovian results of Ogino et al. (1998). Finally, northward (BZ > 0) and southward (BZ < 0)

subsets were used to investigate the influence of the interplanetary magnetic field. The IMF

orientation upstream of each crossing was determined using 1 minute cadence magnetometer

data averaged within the same 7 minute window used for density determination with the RPWS

instrument. Applying the functional form of Equation 5.5 to these subsets resulted in the

optimized parameters shown in Table 5.1. Although all six parameter subsets were stable to

reasonable changes in the initial values used for optimization, a careful study of Table 5.1 reveals

that, for each pair of subsets, the corresponding parameters are within errors of each other. As

a result, to within the statistical resolution afforded by the dataset, this technique reveals no
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Table 5.2: The effect of introducing a 4th functional parameter to the bow shock model.

Model Dynamic Pressure Off-Center Focus
Parameter Dependent ϵ Location

c1 15±2 RS 19±4 RS

c2 6±30 7±2
c3 0.9±0.4 2±40000
c4 -1±7 -20±400 RS

evidence for either polar flattening of the bow shock, a dawn-dusk asymmetry of the bow shock

or a significant dependence of bow shock stand-off distance on the IMF orientation.

The second approach involves increasing the number of free parameters appearing in Equation

5.5. In this study a fourth parameter, c4, was added to make the eccentricity, ϵ, a function of

solar wind dynamic pressure (ϵ = c3+PDYNc4) and, in a separate fitting procedure, to allow the

focus of the conic section (also denoted as c4) to adopt an arbitrary location along the aberrated

KSM x-axis. The results of this analysis are shown in Table 5.2. A cursory inspection of Table

5.2 reveals that this approach is also inconclusive. Although the new parameters are stable to

changes in the starting point used for iteration, some of the new values have extremely large

uncertainties. These uncertainties suggest that the optimization routine used in Section 5.4 is

over-fitting the noise in our 203-point dataset by returning very different results for even subtly

different distributions. This, combined with the fact that the new parameter is within errors of

zero in both cases, prompts us to reject the modified functional forms described above in favour

of the model described in Section 5.4.

Formisano (1979) fit a general second order surface to 2499 terrestrial bow shock crossings in

order to investigate the three dimensional shape of the terrestrial bow shock. A general second

order surface may be described by the following equation:

0 = a1 + a2X + a3Y + a4Z + a5XY + a6Y Z

+a7XZ + a8X
2 + a9Y

2 + a10Z
2 (5.6)

where the optimal value of the parameters a1−10 is again determined using an optimization

routine based on the Nelder and Mead (1965) simplex algorithm. Equation 5.6 involves 10

free parameters but the value of parameters a4, a6 and a7 were set to zero in order to force

the resulting surface to be symmetric about the x − y plane. Given the fact that our crossing

distribution lacks extremely high latitude (|λ| > 70◦) observations, this assumption was made

in order to reduce the possibility of over-fitting our smaller dataset. The noise associated with

this procedure was further reduced by normalizing the crossing distribution to the mean solar

wind dynamic pressure of the dataset (0.045 nPa) using the power law derived in Section 5.4:

rN = r

(
PDYN

< PDYN >

)1/5.4

(5.7)
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Table 5.3: Empirical models of Saturn’s dayside bow shock.

Model No. crossings (averaged)ϵ x
0
/
R

S

c 1
/
R

S

c2
S85 13 (7) 1.71 +6 13.33 5.1
H05 N/A (N/A) 1.02 0 13.17 5.8
M08A 163 (N/A) 1.05±0.09 0 12.3±0.7 4.3±0.3*
M08B 163 (N/A) 0.92±0.08 0 17±1 5.7±0.5
New 330 (203) 0.84±0.06 0 15±1 5.4±0.5

*The power law scaling constant was assumed to be equal to that of
the Arridge et al. (2006) magnetopause model.

where rN is the normalized radial distance to the bow shock crossing under consideration. Unfor-

tunately, upon calculating the parameters of this model, no evidence for bow shock asymmetries

were evident to within the statistical resolution of the dataset.

The above findings suggest that, on average, the axisymmetric bow shock model assumed

in Section 5.4 is a good first order approximation to the true Saturnian bow shock. The

apparent lack of higher order structure and dynamics is most likely due to of the comparatively

low number of bow shock crossings utilized by this study (in comparison with the very large

datasets used by authors such as Peredo et al. (1995) at the Earth) and the restriction of

this distribution to latitudes less than ±40◦. Another major factor will be the uncertainty in

the upstream solar wind dynamic pressure associated with each individual crossing of the bow

shock which. No attempt to investigate the dependence of bow shock position and shape on the

solar wind magnetosonic Mach number was made in this study due to the difficulty involved in

determining the solar wind temperature associated with the large number of bow shock crossings

made by Cassini. Although temperatures are predicted by the Zieger and Hansen (2008) solar

wind propagation model, the uncertainty associated with this particular propagation is thought

to be much larger than the corresponding uncertainty in the propagated velocity.

5.6 Discussion

The shapes predicted by the new and existing models of Saturn’s bow shock (Table 5.3) are

shown in Figure 5.11 for a common shock sub-solar distance of 28 RS. Note that, because each

model scales with solar wind dynamic pressure in a different fashion, this common shock sub-

solar distance does not correspond to a common solar wind dynamic pressure but does serve to

illustrate the different shapes associated with each model. The dependence of shock sub-solar

distance on solar wind dynamic pressure is presented separately in Figure 5.12.

The low eccentricity of the new semi-empirical model, shown in red in Figure 5.11, gives it

the most streamlined geometry of all bow shock models published to date and is significantly

more streamlined than the hyperbolic model of S85, shown in green. The new eccentricity is,

however, within errors of both the M08A and M08B values. The shock sub-solar distance is
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Figure 5.11: Bow Shock shapes for S85 (green), H05 (magenta), M08A (blue), M08B (blue
dashed) and the new semi-empirical model (red). In each case the shock sub-solar distance,
RSN , has been normalized to 28 RS.
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Figure 5.12: Variation of bow shock sub-solar distance, RSN , with solar wind dynamic pres-
sure, PDYN , for S85 (green), H05 (magenta), M08A (blue), M08B (blue dashed) and the new
semi-empirical model (red). The mean solar wind dynamic pressure (0.045nPa) is denoted by a
vertical black line while the grey shaded region represents one standard deviation to either side
of this mean.
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found to vary with solar wind dynamic pressure as RSN = 15PDYN
−1/5.4 with previous models

having power law constants ranging from c2 = 4.3 (M08A) to c2 = 5.9 (H05). With reference

to Figure 5.12 it is clear that for a given solar wind dynamic pressure the new model (red line)

predicts a larger shock sub-solar distance than any of the existing models with the exception of

M08B (blue dashed line) and, at low dynamic pressures, M08A (blue line). On the basis of the

new model and the 574 bow shock crossings observed so far, the mean shock sub-solar distance

is found to be 28 RS with a standard deviation of 4 RS.

It is useful to investigate the statistical validity of the new model by comparing it with those

discussed in Section 5.2. To do this the RMS radial deviation between each of the existing

models and the 203 averaged bow shock crossings used in constructing the new semi-empirical

model was calculated and compared. The smallest RMS radial deviation was associated with

the new semi-empirical model (RMS=4.6 RS) followed in turn by M08A (RMS=5.7 RS), H05

(RMS=6.1 RS), M08B (RMS=7.3 RS) and S85 (RMS=11.5 RS). The ordering and approximate

RMS of these models was found to be insensitive to the method used to average the observed bow

shock crossings and on this basis it is proposed that the new semi-empirical model represents

the most accurate representation of Saturn’s bow shock surface to date.

The new bow shock surface is more flared than the Kanani et al. (2010) magnetopause

for the full range of solar wind dynamic pressures for which these models are valid while the

scaling of shock sub-solar distance with solar wind dynamic pressure is found to be in good

agreement with the scaling found for the Kanani et al. (2010) magnetopause. Although the

shock sub-solar distance is not required to scale with the upstream solar wind dynamic pressure

in exactly the same way as the magnetopause, the motion of the magnetopause is expected to

be the dominant contributor to bow shock motion and our results therefore suggest that both

models are estimating the solar wind dynamic pressure (and associated boundary scaling) with

a reasonable degree of accuracy. Combining the Kanani et al. (2010) magnetopause model with

the new semi-empirical bow shock model presented in this chapter suggests that, for a mean

solar wind dynamic pressure of 0.045 nPa, the sub-solar bow shock to magnetopause ratio is

1.3±0.3 while the sub-solar magnetosheath thickness is poorly constrained at 6±4 RS.

The scaling of the bow shock sub-solar distance with solar wind dynamic pressure is interme-

diate between Jupiter (Huddleston et al., 1998) and the Earth (Slavin and Holzer , 1981) which,

on the basis of empirical studies, have power law constants of roughly 4 and 6 respectively.

These figures reflect the compressibility of each planet’s magnetosphere since it is the motion

of the magnetopause that most strongly influences the position of the shock. The observed

ordering suggests that, while plasma pressure and centrifugal forces in the outer magnetosphere

have an appreciable effect on Jupiter’s magnetospheric compressibility, the effect may not be

as significant at Saturn and is even less important at the Earth. This idea should be compared

with studies of Saturn’s ring current (Sergis et al., 2010; Kellett et al., 2011) and with semi-

empirical models of both Jupiter’s and Saturn’s magnetodisk (Caudal , 1986; Achilleos et al.,

2010b,a). These studies have shown that the Jovian ring current (Khurana et al., 2004) is much
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stronger than the Saturnian equivalent but, at the same time, also suggest that the plasma β

in both outer magnetospheres is likely to be similar. Thus, while internal pressure plays an

important role in determining the structure and dynamics of the Jovian and Saturnian mag-

netospheres, the complicated relationship that exists between the different sources of internal

magnetospheric pressure and the sub-solar location of the magnetopause and bow shock needs

to be investigated further.

The theoretical value of the sub-solar bow shock to magnetopause ratio at Saturn (Slavin

et al., 1985) is of the order of 1.6, somewhat larger than the value of 1.3± 0.3 inferred from the

new bow shock and magnetopause models but still within the quoted level of uncertainty. A

thinner sub-solar magnetosheath may be the result of plasma flowing away from the equatorial

plane and over the poles of the planet due to polar flattening of the magnetopause caused by an

equatorial magnetodisk. Flattening of the Jovian magnetopause has previously been confirmed

by Huddleston et al. (1998) but more robust conclusions with regards to Saturn await the study

of higher latitude magnetopause crossings (currently in progress) and a further reduction in the

uncertainty of both boundaries scaling with solar wind dynamic pressure. The ratio of sub-solar

bow shock to magnetopause distance at Saturn is intermediate between (but within errors of)

the Jovian and terrestrial values of 1.2 and 1.4 obtained by Huddleston et al. (1998) and Slavin

and Holzer (1981) respectively.

The new semi-empirical model is less flared than its Jovian equivalent with the shock ec-

centricity ϵ = 0.84 ± 0.07 being smaller than the ϵ = 1.05 and ϵ = 1.1 − 1.2 values found for

Jupiter by Slavin et al. (1985) and Huddleston et al. (1998). The Huddleston et al. (1998) study

failed to find any statistically significant evidence of polar flattening in the average shape of the

Jovian bow shock (despite evidence for such being observed in the magnetopause) in line with

the results for Saturn’s bow shock presented in this chapter.

5.7 Summary

A new semi-empirical model of Saturn’s dayside bow shock has been presented. The model

is axisymmetric about the aberrated solar wind flow direction and is well described by the

following equation:

r =
(1 + ϵ)c1PDYN

−1/c2

1 + ϵcosθ
(5.8)

with constants c1 = 15± 1, c2 = 5.4± 0.5 and ϵ = 0.84± 0.06. In this formalism the upstream

solar wind dynamic pressure, PDYN , is measured in units of nPa while the position of an

arbitrary point on the shock surface is given by the coordinates (r, θ). Here r is the radial

distance from Saturn to the bow shock in units of Saturn radii (1 RS = 60,268 km) while the

polar angle θ = cos−1(x/r) with x being the projection of r onto the Saturn-Sun line. This

makes x equivalent to the KSM x-axis coordinate. The model is valid for solar wind dynamic

pressures between 0.003 and 0.2 nPa, latitudes of |λ| < 40◦ and aberrated x-axis positions less

than 24 RS downstream of the planet.
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On the basis of a comparison between this model and existing models of the bow shock it

is proposed that the new semi-empirical model presented in this chapter is the most accurate

representation of Saturn’s dayside bow shock surface to date. This is primarily a result of

the large number of bow shock crossings used in the construction of the model and the use

of propagated solar wind velocities to estimate the upstream solar wind dynamic pressure as-

sociated with each crossing. No asymmetries in the shape of the bow shock surface could be

resolved in our observations and no evidence for the shock shape and sub-solar distance being

dependent on the properties of the solar wind (with the exception of the upstream solar wind

dynamic pressure) was found. The new semi-empirical model suggests that the scaling of the

magnetopause sub-solar stand-off distance with solar wind dynamic pressure is intermediate

between that observed at Jupiter and the Earth, consistent with the results of recent modelling

of Saturn’s magnetopause.
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6 An Unusual Magnetic Cavity in Saturn’s

Dayside Magnetosphere

“For I dipped into the Future, far as human eye could see; saw the vision

of the world, and all the wonder that would be.”

— Lord Tennyson, Poet

Previous chapters of this thesis have discussed the large scale structure of Saturn’s outer

magnetosphere and the general shape and motion of the bow shock. In this chapter we discuss

Cassini observations of a significant yet highly transient decrease in the strength of the magnetic

field measured in Saturn’s magnetosphere and discuss a number of potential explanations.

6.1 Introduction

Particular aspects of Saturn’s magnetic field and plasma environment have been discussed in

Chapters 2, 4 and 5. In these chapters we focused on the average structure of the outer

magnetosphere and on the large scale properties of the bow shock. However it is important to

bear in mind that Saturn’s near-space environment is in fact highly dynamic and that different

processes and phenomena often result in departures from these averages.

Departures from the average properties can be seen over multiple length and time scales.

For example, during the Saturn Orbit Insertion (SOI) pass in July 2004, numerous small scale

plasma injections (André et al., 2005; Burch et al., 2005; Mauk et al., 2005) and dust impacts

(Gurnett et al., 2005) were observed by the CAPS, MAG, MIMI and RPWS instrument suites.

Subsequent observations have provided evidence of the ion cyclotron and magnetic mirror in-

stabilities operating near Enceladus (Russell et al., 2006) and of large scale current sheets in

the outer magnetosphere and magnetotail (Arridge, 2007) which are generally associated with

significant changes in magnetic field strength and direction. Cassini observations in the mag-

netotail have also led to the detection of plasmoids (Jackman et al., 2007; Hill et al., 2008)

while, in the Jovian outer magnetosphere, magnetic ‘nulls’ have been reported by Haynes et al.

(1994). In the Saturnian dayside magnetosphere, changes in the magnetospheric configuration

and the properties of the ring current may occur over a timescale comparable to that of a

spacecraft orbit (Arridge et al., 2008a; Badman and Cowley , 2007). In addition to this, the

rotational modulation of the Saturnian magnetosphere (Espinosa and Dougherty , 2000) causes

the magnetic field strength and direction to vary with a characteristic timescale of 10–11 hours.
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The above list of dynamic processes and phenomena is not exhaustive but serves to illustrate

the incredible complexity of the Saturnian magnetosphere. All of these processes can change the

magnetic field strength measured by an exploring spacecraft, either positively or negatively, over

a variety of different distances and time scales. However each change is generally associated

with a unique set of magnetic field and plasma characteristics which allows the underlying

process to be determined. This chapter concerns an unusually strong magnetic cavity observed

in the Saturnian dayside magnetosphere for which an underlying mechanism has yet to be

identified. The definition of a ‘strong’ magnetic cavity is somewhat subjective in nature (as

is the definition of a magnetic cavity in general) however the description can be quantified

by considering the criteria employed when searching for other magnetic cavities in the same

region of the magnetosphere (11<R<13 RS, 0600 < SLT < 1800, |λ| < 5◦) as the event in

question. For a magnetic field depression to be classified as a cavity, the minimum magnetic field

magnitude was required to be less than 40% of the background value and, in addition to this, the

background value itself was required to remain steady (relative to the perturbation associated

with the depression in question) for a period of time of the order of an hour on either side of the

event. The magnetic cavity, which was observed in the low latitude dayside magnetosphere at a

radial distance of approximately 12 RS, probably represents either an extreme manifestation of

one of the well-understood processes described above or, alternatively, a rare physical process

or phenomenon not previously reported in the Saturnian magnetosphere.

6.2 Average Magnetospheric Conditions

Before discussing the Cassini observations of the magnetic cavity in detail, let us first discuss

the typical conditions encountered by a spacecraft in this region of the magnetosphere. Figure

6.1 shows a histogram of the 1 minute cadence magnetic field magnitude observed in this region

of the magnetosphere (defined in the figure caption) between Cassini Saturn Orbit Insertion

(SOI) and the beginning of February 2009. The modal magnetic field magnitude over this 4.5

year interval (of the order 8–9 nT ) was 4 nT lower than that expected for a Saturn’s internal

magnetic field alone while the overall distribution is somewhat asymmetric, with a high magnetic

field strength tail. The range is 2–19 nT .

The variations in magnetic field strength characterised by Figure 6.1 occur over multiple

length and time scales. This variability is illustrated by Figures 6.2 and 6.3 which show the

1 minute cadence magnetic field strength observed during 24 different Cassini passes through

the low latitude dayside magnetosphere defined in the figure captions. The x-axis of each panel

is in arbitrary time units defined such that the full width of each panel contains 14 hours of

spacecraft observations while the y-axis has had a power law fit of the form B = aRc subtracted

from the original data. Each fit has been determined using a linear least mean squares technique

in which B is the magnetic field strength, R is the radial distance of the spacecraft, and a and

b are free parameters to be determined.
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Figure 6.1: Histogram of 1 minute cadence Cassini magnetic field observations in the low
latitude (|λ| < 5◦) dayside (0600–1800 SLT) magnetosphere between 11 and 13 RS. The vertical
red line denotes the average Burton et al. (2010) internal dipole field strength in this region.

The first observation to be gleaned from Figures 6.2 and 6.3 is that every pass through

the magnetosphere is different. Variations in the power law constants from pass to pass (not

shown) are indicative of magnetospheric dynamics with a time scale of order days to weeks while

more transient variations (visible in individual panels) are probably associated with either small

plasma structures (L . 1 RS) or processes with short (τ . few minutes) time scales. It is this

second, more transient type of variability which is of interest to this study.

Most of the transient variations are relatively low in amplitude as the histogram in Figure

6.4 illustrates. Treating each pass individually, the maximum negative deviation from the mean

power law profile has a modal value of just 3 nT while over 95% of passes are associated with

a maximum negative deviation of less than 6 nT . A single pass, the inbound phase of Cassini’s

revolution 22 orbit, stands as an outlier in Figure 6.4 with a maximum negative deviation of 10.5

nT . This places the maximum deviation of the revolution 22 orbit more than three standard

deviations away from the mean value and it was on this pass that the unusually strong magnetic

cavity discussed in the introduction was observed. The magnetic cavity is clearly visible in the

first panel of Figure 6.3) and while the background magnetic field magnitude is towards the

high end of the distribution shown in Figure 6.1, the magnetic cavity itself is associated with

one of the lowest magnetic field magnitudes ever observed in this region of the magnetosphere.

We shall now consider spacecraft observations of this cavity in detail.
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Figure 6.2: Cassini magnetometer data for different passes through the Saturnian low latitude
(ZKSMAG < 0.5 RS) dayside magnetosphere between 10 and 15 RS. Each panel has had a power
law fit subtracted from the observations, is 14 hours wide and is titled according to the date on
which each pass began. This figure uses data from the period June 2004 - March 2006 although
Cassini did not enter the region of interest to this study until October 2004.

104



Figure 6.3: Cassini magnetometer data for different passes through the Saturnian low latitude
(ZKSMAG < 0.5 RS) dayside magnetosphere between 10 and 15 RS. Each panel has had a power
law fit subtracted from the observations, is 14 hours wide and is titled according to the date
on which each pass began. This figure covers the period March 2006 - February 2009 although
Cassini did not enter the region of interest to this study after October 2007.
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Figure 6.4: A histogram of the most negative values seen in each panel of Figures 6.2 and 6.3.
This value corresponds to the maximum (negative) deviation of the data from the best fitting
power law magnetic field profile describing each pass. The 19 March 2006 pass is labeled.

6.3 Observations

The magnetic cavity was observed at 2245 UT on 19 March 2006 when Cassini was at a radial

distance of 12 RS, a local time of 0800 SLT and a planetocentric latitude less than 1◦ south of

the equator. The edges of the cavity are difficult to define and it is not certain whether a gradual

recovery period, discussed further in Section 6.3.1, is connected to the phenomenon in question.

However, based on Cassini magnetometer observations, the deepest part of the magnetic cavity

lasted for approximately 12 minutes and, during this time, the spacecraft moved approximately

0.1 RS towards the planet along the trajectory shown in Figure 6.5.

In the following sections the Cassini observations of the cavity will be described in detail and,

in the context of these observations, the validity of a number of possible explanations will be

evaluated and discussed. We begin by considering observations made by the Cassini magne-

tometer as this was the instrument with which the cavity was discovered. The magnetometer

data is also the simplest data to analyze (for reasons which will be explained in Section 6.3.2)

and is the dataset in which the extreme properties of the event are most apparent.
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Figure 6.5: The revolution 22 trajectory in the equatorial plane (17 March 2006 - 01 April 2006)
with solid markers shown at 5-day intervals and the location of the magnetic cavity denoted by
a cross. The mean locations of the Kanani et al. (2010) magnetopause (inner solid line) and
Masters et al. (2008) bow shock (outer dashed line) are shown in positions which correspond to
the last observed magnetopause crossing on 17 March 2006.
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Figure 6.6: Measured (black) and Burton et al. (2010) internal dipole (dashed red) magnetic
field magnitude from 1200 UT 18 March 2006 to 1200 UT 20 March 2006 during the inbound
leg of Cassini’s revolution 22 orbit. The magnetic cavity is clearly visible towards the end of 19
March 2006 while a significant enhancement in magnetic field strength occurs around midday.

6.3.1 Magnetometer Observations

Figure 6.6 shows the magnetic field magnitude recorded by the Cassini fluxgate magnetometer

during a 48 hour period beginning at 1200 UT 18 March 2006. The magnitude of the magnetic

field is seen to increase steadily throughout this period as the spacecraft approaches the planet

with the magnetic cavity observed at the end of 19 March 2006 being a clear deviation from

this trend. Another deviation occurs just before midday on 19 March 2006 when the magnitude

of the magnetic field increases over the course of a few hours to values 2-3 times that expected

at this particular location from Saturn’s internal magnetic field alone.

In Chapter 5 we discussed how continuous solar wind measurements made near the Earth can

be used to estimate the solar wind conditions near Saturn’s location. Although the MHD model

used to do this can not propagate solar wind densities very accurately (Zieger and Hansen, 2008)

the propagated density and velocity none the less give a useful qualitative indication of how the

solar wind dynamic pressure upstream of the planet is changing as a function of time.

The propagated solar wind dynamic pressure for the four day period bracketing the interval

shown in Figure 6.6 is shown in Figure 6.7. For these propagations the time since apparent

opposition was approximately three weeks and the sun was near the minimum of its 11 year

solar cycle meaning that the uncertainty in the solar wind propagations introduced by transient
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Figure 6.7: Solar wind dynamic pressure, propagated from Earth using the Zieger and Hansen
(2008) MHD model, from 1200 UT 17 March 2006 to 1200 UT 21 March 2006. Arrival time
uncertainty is estimated to be of the order 17 hours.

phenomena will be minimized (Zieger and Hansen, 2008). The propagated solar wind dynamic

pressure increases by more than an order of magnitude during the time period covered by Figure

6.7 and this, combined with the empirical magnetopause model of Kanani et al. (2010), suggests

that the sub-solar magnetopause moved from roughly to 26 to 16 RS during this period. Given

the uncertainty associated with the propagated solar wind dynamic pressure and the response

of the magnetosphere to variations in this quantity, the possibility that this relatively large

magnetospheric compression was responsible for the increase in magnetic field strength seen in

Figure 6.6 can not be ignored.

Figure 6.8 shows the magnetic cavity in more detail. Both before and after the depression

the magnetic field is relatively steady with a magnitude of around 12 nT and a direction

which deviates from that of the Burton et al. (2010) internal dipole by roughly 45◦. Since the

spacecraft is at very low latitudes throughout this period and the BR component is much larger

than the Bϕ component, we infer that this deviation is primarily due to the magnetic field being

stretched out in the radial direction rather than the azimuthal distortion that may be caused

by a departure from rigid corotation. However, according to the criteria adopted in Chapter 4,

the degree of stretching seen in Figure 6.8 is not large enough for a magnetodisk interpretation

to be applicable to this particular magnetic field configuration.

At roughly 2240 UT the magnetic field magnitude drops sharply and reaches a local minimum

of 2.3 nT at 2245 UT. The magnetic field magnitude then begins to recover slightly (reaching
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Figure 6.8: The magnetic cavity observed on 19 March 2006. (1) The measured magnetic field
magnitude (black) and the Burton et al. (2010) internal dipole (dashed red). (2) The magnetic
field components in a spherical coordinate system (BR red, Bθ blue, Bϕ green). (3) The angle
between the measured magnetic field and the Burton et al. (2010) internal dipole.

4.6 nT at 2248 UT) before dropping once again to an absolute minimum value of 1.7 nT at

2249 UT. Following this the magnetic field magnitude starts to rise again around 2250 UT and

plateaus at roughly 10 nT for approximately 30 minutes (beginning at roughly 2252 UT) before

finally returning to its original magnitude of order 12 nT at roughly 2323 UT. There is no

significant change in the magnetic field direction throughout the interval under consideration,

as can be seen in panels 2 and 3 of Figure 6.8.
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At its maximum depth the magnitude of the magnetic field inside the magnetic cavity is

almost an order of magnitude lower than its surroundings (∆B/B ≈ 0.85, B ≈ 12nT ) and the

drop in magnetic pressure is almost a factor of 50. The duration of the magnetic pressure drop

is of the order 12 minutes and, during this time, the spacecraft moves a distance of order 0.1

RS along the orbital path shown in Figure 6.5 and a similar distance in the direction of the

planet. If we assume that magnetospheric plasma is in approximate corotation with the planet,

as appears likely on the basis of the ion parameters presented in Section 6.3.3, then the product

of the corotational velocity at this distance (≈130 kms−1) and the aforementioned 12 minute

duration of the magnetic cavity yields a convected azimuthal scale size of at least 1.5 RS.

6.3.2 Plasma Spectra

Figure 6.9 shows Cassini time-energy-intensity spectrograms for the same period shown in Figure

6.8. Throughout the entire 2.5 hour interval under consideration in this figure, Cassini was

executing a rolling downlink maneuver which saw the spacecraft rotate about its major axis with

a period of roughly 27 minutes. This rotation has two significant effects. Firstly, it significantly

increases the effective field of view of the different particle instruments under consideration

(averaged over a rotation period) such that the full three dimensional particle distribution may

potentially be obtained for the background plasma environment. Unfortunately the 12 minute

duration of the magnetic cavity itself is much less than the 27 minute spacecraft roll period and,

as a result, full three dimensional particle distributions are still unobtainable for this region.

The spatial coverage of the cavity is, however, better than would be expected under non-rotating

circumstances.

The second effect of the rolling downlink maneuver (related to the first) is that the visual

interpretation of the plasma spectra is significantly complicated. This is because the rotation

of the spacecraft causes the field of view of each instrument to vary in such a way that, if the

particle distribution was anisotropic in the rest frame of the (non-rotating) spacecraft, significant

variations in the measured particle intensity might be expected over the course of a 27 minute

rotation. Such anisotropies are to be expected when the plasma has a non-zero bulk flow velocity

in the rest frame of the spacecraft, as illustrated in Figure 6.10. It should, however, be noted

that a bulk flow velocity is not the only possible cause of an anisotropic particle distribution

(temperature anisotropies may also be important) and that the CAPS actuation platform was

active during this interval, thereby introducing a second periodicity to the lower energy data.

Looking at Figure 6.9, the MIMI/LEMMS and CAPS/ELS electron spectra (panels 2 and 3)

do not show any evidence for a significant change in the electron population as the magnetic

cavity is traversed, nor do they show any evidence for intensity variations with the instrument’s

rotating field of view. In contrast, both the MIMI/CHEMS and CAPS/IMS spectra (panels 4

and 5) show evidence of the spacecraft roll while, in addition to this, the CAPS/IMS spectra

also show evidence of the 3.4 minute actuation period discussed in the previous paragraph.

The difference between the ion and electron spectra, in terms of their periodicity, is readily
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Figure 6.9: Cassini time-energy-intensity spectrograms for 2130 - 2400 UT 19 March 2006.
(1) The measured magnetic field magnitude (black) and the Burton et al. (2010) internal dipole
(red). (2) MIMI/LEMMS spectra. (3) CAPS/ELS spectra. (4) MIMI/CHEMS W+ spectra.
(5) CAPS/IMS spectra.
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Figure 6.10: The sensitivity of the measured particle intensity to the instrument’s field of view.
The intensity is highest when the bulk flow velocity vector is inside the instrument’s FOV.

understood in terms of the vastly different masses of the particles in question. The difference

in mass between protons and electrons (mp/me ≈1836) means that for comparable proton and

electron energies, the thermal velocity of electrons in Saturn’s magnetosphere (u =
√
2E/m)

is more than an order of magnitude higher than that of the corresponding protons. For water

group ions, this ratio is greater than 100. In the rest frame of the spacecraft the velocity

distribution of the electrons will then appear more isotropic than that of the ions (i.e. their

velocity distribution will be less sensitive to changes in the bulk flow velocity) and, as a result,

the electron intensity will be less sensitive to variations in the instrument’s field of view.

As mentioned previously, the effect of a non-zero bulk flow velocity is not the only possible

cause of plasma anisotropy. Different temperatures parallel and perpendicular to the magnetic

field (T⊥/T∥ ̸= 1) are seen in Saturn’s inner magnetosphere (Wilson et al., 2008) and magne-

tosheath (Violante et al., 1995) and may also be generated in the planet’s outer magnetosphere

(Southwood and Kivelson, 2001) by changes in the size of the magnetosphere. Any tempera-

ture anisotropy will create a corresponding a pressure anisotropy and this temperature/pressure

anisotropy may play an important role in the physics of the magnetic cavity under considera-

tion. For this reason, and the need to understand of the bulk flow velocity of the plasma in and

around the magnetic cavity in question, it is important that the temperature anisotropy of the

plasma is calculated as accurately as possible.

Superposed on top of the periodic variation described above is an apparent enhancement in the

ion intensity inside the magnetic cavity at energies of approximately 5–50 keV . Unfortunately

the spacecraft roll significantly complicates the interpretation of these spectra and makes it

difficult to assess the significance of this increase relative to the periodic variations described

above. Addressing this issue necessitates the use of time-averaged spectra taken over a period

equal to or greater than the 27 minute spacecraft roll period. Such averaging ensures that a

similar region of the sky is included in each spectrum although some small differences will still

exist due to the orbital motion of the spacecraft and the independent actuation of the CAPS
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instrument platform. While this technique allows significant variations in particle intensity to

be distinguished from spacecraft pointing effects, it will also act to smooth out these variations

and reduce their amplitude relative to the background medium. This must be kept in mind

when considering the ratios presented in Figure 6.11.

Average spectra are calculated for adjacent 30 minute time periods with the central spectrum

(2230–2300 UT) characterizing the plasma inside the magnetic cavity and the mean of the two

adjacent spectra (2200–2230 UT and 2300–2330 UT) characterizing the background magneto-

spheric environment. The ratio of these two spectra was calculated independently for the low

and high energy electron data, the low energy ion data and the high energy water group ion

and proton data resulting in the 5 curves shown in Figure 6.11. In this figure a value greater

than unity implies that the intensity increased inside the magnetic cavity while a value of less

than unity implies that the intensity decreased inside the cavity.

A close inspection of Figure 6.11 suggests that there is little difference between the electron

population inside the magnetic cavity (2230–2300 UT) and its immediate surroundings, sup-

porting our initial inference based on Figure 6.9. This statement can be made because the

spectral ratios calculated for the CAPS/ELS and MIMI/LEMMS data (shown in Figure 6.11)

are close to unity across the entire range of energies accessible to these instruments and do not

show any evidence for the intensity changing by more than 50% over the interval of interest.

A similar statement cannot be made about the ion population. A significant (> 50%) increase

in ion intensity is seen at energies of 5–50 keV in data from the CAPS/IMS instrument and a

smaller, secondary enhancement is seen at energies of 0.5–5 keV . If we assume that magneto-

spheric plasma is in approximate corotation with the planet then, according to the calculations

of Young et al. (2005), the order of magnitude energy difference between these peaks would be

consistent with separate proton (low energy) and water group (high energy) populations. It

should be noted that both peaks are above the theoretical corotation energy at this distance

(Young et al., 2005) as would be expected for a plasma with a non-zero temperature.

The primary (water group) peak seen in CAPS/IMS data occurs at an energy which is also

accessible to the MIMI/CHEMS instrument. This allows the enhancement to be studied in

both data sets and, since MIMI/CHEMS data is routinely partitioned into both proton and

water group components, verify our previous conclusions with regards to the particle species

associated with its existence. The increase in the energetic proton intensity is relatively small

(< 50%) while, in contrast, the ratio of the water group spectra has a maximum of 6. This

strongly suggests that the main peak seen in CAPS/IMS data is associated, primarily, with

water group ions.

6.3.3 Plasma Moments

The spectra shown in Figure 6.9 can be used to calculate the temperature, density, composition

and pressure of the ion and electron plasma populations under consideration, and in addition

to this, also the bulk flow velocity vector of the low energy ions measured by the CAPS/IMS
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Figure 6.11: The ratio of the event spectrum to the background spectrum for the 19 March
2006 event with horizontal dashed lines indicating intensity changes of 50% inside the magnetic
cavity region. Here the event spectrum is the mean spectrum from 2300–2300 UT 19 March
2006 and the background spectrum is the average of the two adjacent spectra taken from 2200–
2230 UT and 2300–2330 UT. The CAPS/ELS low energy electron (dark blue), CAPS/IMS low
energy ion (light blue), MIMI/CHEMS high energy H+ (magenta), MIMI/CHEMS high energy
W+ (red) and MIMI/LEMMS high energy electron (green) spectral ratios are shown.
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Figure 6.12: Cassini plasma moments for 2130–2400 UT 19 March 2006. (1) The measured
magnetic field magnitude (black) and the Burton et al. (2010) internal dipole (red), (2) Plasma
number density, (3) Plasma temperature, (4) Plasma, magnetic (thin black) and total (thick
black) pressure. In panels (1)–(4) the ELS low energy electron (magenta), IMS low energy W+

(thick blue), IMS low energy H+ (thick red), CHEMS high energy W+ (thin blue) and CHEMS
high energy H+ (thin red) populations are shown separately.
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instrument. These parameters are summarised in Figure 6.12 and Table 6.1 and were obtained

using techniques described by Sergis et al. (2007), Wilson et al. (2008) and Lewis et al. (2008).

To account for the rolling motion of the spacecraft, all MIMI/CHEMS plasma parameters

(originally obtained at 5 minute cadence using a method which assumes an isotropic pressure

distribution) were smoothed to one second cadence. This was done using the mean value

observed within a sliding window possessing a temporal width equal to the 27 minute spacecraft

roll period. Since plasma variations associated with the rolling downlink are seen to be roughly

sinusoidal in nature, processing the MIMI data in this way should average out this particular

type of variability. Unfortunately this approach will also average out other variations in the

plasma population to an extent that will depend on both the magnitude and duration of the

variations in question. Small, transient variations may be lost completely however sufficiently

large changes or, alternatively, smaller changes lasting for a longer period of time, should still

be identifiable. They will appear as a broad peak or dip in the smoothed profile with the center

of this distributed feature being close to the location (or time) of the original disturbance.

Similarly all CAPS/IMS data was hand cleaned by the instrument team. Intervals were

disregarded if either the plasma bulk flow velocity vector was outside the instrument’s field

of view (which, in practice, meant disregarding intervals for which the peak ion intensity was

associated with one of the outer anodes of the CAPS/IMS actuation fan) or the water group

and proton spectral peaks (discussed in Section 6.3.2) could not be distinguished. Only three

data points survived this cleaning process but, fortunately, one of these was near the center of

the event (2245–2248 UT) while the other two were approximately 50 minutes before the event

(2152–2155 UT) and 60 minutes after the event (2344–2347 UT) and can therefore be used to

characterize the background medium.

Although great lengths were taken to ensure the validity of the CAPS/IMS plasma parameters

presented in Table 6.1, these values must be treated with an element of caution. In most cases

the peak ion intensity only just satisfies the selection criteria discussed above and the computer

code used to calculate the ion parameters is not designed to deal with simultaneous instrument

actuation and spacecraft rolling downlink maneuvers. In addition to this, the computer code

also assumes a completely southward directed magnetic field for anisotropy calculations. As we

saw in Section 6.3.1, the magnetic field has an appreciable radial component in this region of

the magnetosphere and thus this final assumption is not valid. Finally, both of the intervals

used to characterize the background plasma environment (2152–2155 UT and 2344–2347 UT) lie

outside the intervals used in Figure 6.11. As a result the calculated plasma parameters may not

be representative of the plasma conditions just outside the magnetic cavity under consideration,

even before the above uncertainties are taken into account.

Taken as a whole the ion parameters presented in Table 6.1 suggest a fairly typical plasma

density for this region of the magnetosphere (Thomsen et al., 2010) and an azimuthal bulk

flow velocity approximately equal to the rigid corotation speed at this distance. Given that the

typical bulk flow velocity in this region of the magnetosphere is only 60% of the rigid corotation
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Table 6.1: Cassini CAPS/IMS low energy ion plasma properties.

Plasma Background 1 Cavity Center Background 2

Parameter (2152–2155) (2245–2248) (2344–2347)

Bulk Plasma Properties (H+ + W+)

Velocity, VR 17 kms−1 -52 kms−1 -23 kms−1

Velocity, Vθ -24 kms−1 -45 kms−1 4 kms−1

Velocity, Vϕ 130 kms−1 130 kms−1 75 kms−1

Corotation fraction 1 1 0.6

The H+ (Hydrogen) Component

Number density 0.12 cm−3 0.15 cm−3 0.23 cm−3

Temperature 240 eV 300 eV 64 eV
Anisotropy (T⊥/T∥) 1.0 1.4 1.3

The W+ (Water Group) Component

Number density 0.12 cm−3 0.18 cm−3 0.42 cm−3

Temperature 2100 eV 3100 eV 400 eV
Anisotropy (T⊥/T∥) 1.2 1.4 1.2

speed (Thomsen et al., 2010) these higher velocities, which are two standard deviations away

from the mean, are unusual. One potential explanation is that the elevated flow speeds are the

result of angular momentum conservation in the recently compressed magnetosphere discussed

in Section 6.3.1 although the uncertainties discussed above could also mean that the flow velocity

in this region has been overestimated by some factor. The plasma inside the magnetic cavity

appears to have a small inwards flow component (-52 kms−1) and to be roughly isotropic

(T⊥/T∥ < 1.4) although, as has already been discussed, the reliability of these particular figures

is questionable.

To better understand the change in plasma properties over the interval of interest we shall

now estimate the total plasma pressure inside the magnetic cavity region and the immediate

background environment using the same averaging intervals used in the construction of Figure

6.11. The mean pressure inside a central 30 min interval (2230–2300 UT) is used to characterize

the plasma inside the magnetic cavity while the mean of the two adjacent intervals (2200–

2230 UT and 2300–2330 UT) is taken to represent the background plasma environment. As

before, this technique allows significant variations in plasma pressure to be distinguished from

spacecraft pointing effects but will also act to smooth out these variations and reduce their

amplitude relative to the background medium. The possible consequences of this smoothing

will be discussed in more detail later in this section.

The total plasma pressure is equal to the sum of the low and high energy ion and electron

pressures. The high energy electron pressure (E > 28 keV ) is not yet available for the interval

of interest and we therefore assume that the high energy electron pressure is always a fraction

0.02 of the high energy (E > 3 keV ) ion pressure, in line with the results of Sergis et al. (2009).

The high energy electron pressure therefore represents a tiny fraction of the total. It should also
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be noted that the low and high energy ion detectors (CAPS/IMS and MIMI/CHEMS) overlap

in the 3–50 keV energy range however, despite the double-counting of ions that might result

from this overlap, Sergis et al. (2010) suggest that the overestimation of the total ion pressure

(when the CAPS and MIMI data is combined) is typically less than 25%.

The pressure associated with the low energy (E < 50 keV ) ion population could not be

determined for most of the interval under consideration. This is because the bulk flow velocity

vector was often outside the instrument’s field of view (ie. the peak ion intensity was seen in

one of the periphery anodes of the IMS detector) however problems distinguishing the separate

spectral peaks usually expected for the water group ion and proton populations was also an

important issue. We therefore assume that the ratio between the low and high energy ion

pressures is always equal to the average ratio found at the three times when both low and high

energy ion pressures are available. The average ratio is found to be 0.57 for water group ions

and 0.14 for the proton population with the total pressure ratio being 0.48. This ratio does

not change by more than a factor of 2 between the three intervals under consideration (one of

which was inside the magnetic cavity) suggesting that the use of an average pressure ratio is a

reasonable (though limited) approximation for this interval.

A similar assumption is made to estimate the low energy ion density. In this case the average

ratio is found to be 120 for the water group population, 36 for the proton population, and 62

for the total ion density. The ion density ratios associated with the first two IMS moments are

comparable (31 and 23 respectively for the total ion density) but the third ion ratio (130) is 4–5

times this value. One potential explanation for this difference is that the plasma is undergoing

rapid temporal and/or spatial variations (an idea supported by the electron density profile in

Figure 6.12) but the uncertainties associated with the different ion densities used in the analysis

could also be responsible. Whatever the cause of the variation, the large spread in ion density

ratios means that we must treat the results of the density analysis with caution.

The result of the pressure analysis shown in Table 6.2 suggests that the plasma pressure in-

creases inside the magnetic cavity, as expected from the discussion in Section 6.3.2. The average

plasma pressure in the interval 2230–2300 UT is at least 50% larger than the background value

while the total (magnetic + plasma) pressure increases by roughly 30%. The increased total

pressure suggests that the magnetic cavity may be expanding but, given the uncertainties asso-

ciated with the pressure calculation, a state of approximate pressure balance is also consistent

with the spacecraft observations.

An increase in plasma pressure may be the result of an increase in plasma density, an increase

in plasma temperature or a combination of both density and temperature effects. If we assume

that the low energy ion density is proportional to the high energy ion density then the density

ratios derived above can be used to estimate the total change in density as the magnetic cavity

is traversed. Depending on which ratio is used, the mean ion density inside the magnetic cavity

region is 0.3–1.7 cm−3 while the background density is 0.2–1.1 cm−3. The overall change in the

ion density is then 0.1–0.6 cm−3 corresponding to a relative increase of roughly 50%.
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Table 6.2: Plasma and magnetic pressure contributions for the 19 March 2006 magnetic cavity.

Parameter Average Average Cavity / Background

Background Cavity

Plasma Pressure 0.2 nPa 0.3 nPa 1.5
Magnetic Pressure 0.06 nPa 0.04 nPa 0.67
Total Pressure 0.26 nPa 0.34 nPa 1.3
Plasma Beta 3.3 7.5 2.3

Although the above analysis is associated with a large amount of uncertainty, the available

data suggests that density variations play an important role in determining the pressure balance

inside the magnetic cavity. However, for a quasi-neutral plasma with a constant composition,

a large change in the ambient ion density would necessitate a similarly large change in the

electron density. There is little evidence for this increase in the observations made by Cassini.

For example, the low energy (E < 28 keV ) electron density measured by the CAPS/ELS

instrument inside the magnetic cavity region is just 3% higher than that found in the surrounding

magnetospheric environment. With this being the case, where are the missing electrons?

The CAPS/ELS instrument can only detect low energy electrons (E < 28 keV ) but the RPWS

Langmuir probe (Gurnett et al., 2004) can be used to estimate the electron density in a way

which is completely independent of incident particle energy (Morooka et al., 2009). These new

measurements do not reveal any evidence for a significant increase in the electron density as the

magnetic cavity is traversed, thus arguing against the idea that the missing electrons are ‘hiding’

at energies which are inaccessible to the CAPS/ELS instrument. This idea is supported by the

relatively flat spectral ratio shown in Figure 6.11 for the MIMI/LEMMS electron measurements

made at higher energies. Although MIMI/LEMMS electron densities are not yet available for

the interval of interest, any change in the electron density at these higher energies should be

associated with a change in the incident electron intensity. This change in electron intensity is

clearly not observed in Figure 6.11.

If the electron density does not change, could compositional variations be important? Extra

dust grains inside the magnetic cavity could absorb local electrons (Farrell et al., 2009; Shafiq

et al., 2011) and hence decrease the ambient density of the free electrons which can be detected

by the CAPS/ELS and MIMI/LEMMS instruments. For a quasi-neutral plasma, Yaroshenko

et al. (2009) show that the dust number density can be approximated by:

nd =
qe(ne − Zini)

4πϵ0USamin

(
2− µ

1− µ

)
(6.1)

where Zi is the ion charge, US is the dust grain surface potential, µ is a parameter describing

the size distribution of the dust grains and amin is the radius of the smallest dust grains in the

distribution. It is generally assumed that the surface potential of the dust grains is independent

of their size (Yaroshenko et al., 2009) and equal to the spacecraft potential at the time of obser-
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vation (Shafiq et al., 2011) but the value of µmust be empirically determined. Unfortunately the

exact value of this parameter is currently uncertain (Kempf et al., 2008; Yaroshenko et al., 2009)

and values quoted near Enceladus (µ=4.2–8) may not be representative of those found further

from the planet. Although this may seem problematic, Equation 6.1 is relatively insensitive to

the exact value of µ within the quoted range (µ=4.2–8) and a more pressing consideration is

the choice of minimum grain size, a parameter upon which nd is inversely proportional. Here

we consider the same range of amin values as Yaroshenko et al. (2009) and Shafiq et al. (2011).

The minimum grain sizes considered are amin = 0.03− 0.1µm.

The spacecraft potential inside the magnetic cavity is approximately 0.44 V negative (M.

Morooka, private communication) and the minimum value of the number density difference

(ne − Zini) is of order 0.1 cm−3. This gives a minimum dust grain number density of order

10−3 − 10−2 cm−3 cavity6 depending on the value of µ and amin, but this figure can not be

compared with statistical averages for the 12 RS region since, at this distance, dust grain

number densities are only known for particles larger than 0.3 µm in size. We therefore modify

Equation 6.1 in line with the work of Yaroshenko et al. (2009) to cover only the higher (a > 0.3

µm) end of the dust grain distribution:

nd =
qe(ne − Zini)

4πϵ0US

(
2− µ

1− µ

)
a1−µ
thresh

a2−µ
min

(6.2)

In this new regime the dust grain density is more sensitive to the value of µ and is no

longer inversely proportional to the minimum dust grain size. Using this new equation, with

the threshold grain size athresh=0.3 µm, we find that the minimum dust grain number density

inside the magnetic cavity region (a > 0.3µm) is of the order 10−9− 10−4 cm−3. The lower end

of this range (10−9 cm−3) is comparable to the typical dust grain number density (a > 0.3µm)

seen in this region of the magnetosphere by Srama et al. (2010) but the higher end (10−4 cm−3)

is four orders of magnitude above the maximum observed value. This casts doubt on the

dust grain interpretation of the electron density defect and this curious (and potentially highly

significant) feature of the magnetic cavity remains, for the moment, unexplained.

As previously mentioned, the use of 30 minute averaging intervals in this analysis results

in the extreme properties of the magnetic cavity being somewhat understated. Although the

mean magnetic pressure inside the magnetic cavity region (2230–2300 UT) is a factor 0.67 lower

than that in its immediate surroundings, the lowest magnetic pressure recorded in this region

is actually just 2% of the background average. Similarly, while the average plasma β in the

magnetic cavity region is of order 10, the maximum value (estimated by associating the peak in

the plasma pressure with the minimum in the magnetic field) may actually exceed 100. Since

it is the extreme values of the magnetic cavity which should be compared with theories and

simulations when trying to diagnose its origin, the above discussion and uncertainties suggest

that a better understanding of these properties may prove to be essential if the origin of the

magnetic cavity is to be correctly diagnosed.
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Table 6.3: Typical gyroradii and gyroperiods for the 19 March 2006 magnetic cavity.

Particle Species Gyroradius, Rg Gyroperiod, Tg

Background

Water Group, W+ 0.02 – 0.04 RS 1.6 min
Proton, H+ 0.002 – 0.003 RS 5.5 sec

Magnetic Cavity

Water Group, W+ 0.3 RS 11 min
Proton, H+ 0.02 RS 40 sec

The ion temperatures in Table 6.11 can be used to estimate the typical gyroperiods and gy-

roradii of particles in this region of the magnetosphere. For water group (proton) temperatures

of 3100 (300) eV and 400–2100 (64–240) eV inside the magnetic cavity and the background

environment respectively, and for magnetic field strengths of 1.7 nT and 12 nT , one obtains the

characteristic values shown in Table 6.3. In interpreting these values, the probable uncertainty

in the thermal ion temperature should be kept in mind.

6.3.4 Summary

On 19 March 2006 a large magnetic cavity was observed in Saturn’s dayside equatorial magne-

tosphere. The direction of the magnetic field did not change as the cavity evolved (remaining

quasi-dipolar throughout the encounter) but the minimum magnetic pressure (10−3 nPa at 2249

UT) was between one and two orders of magnitude lower than that seen immediately outside

the cavity. Cassini was inside the magnetic cavity for approximately 12 minutes during which

time the spacecraft moved roughly 0.1 RS towards the planet.

The magnetic field surrounding the cavity has a magnitude of approximately 12 nT while

the plasma β is roughly 4. There is good evidence that the magnetosphere was in a highly

compressed state at this time, the compression most likely taking place some 10 hours before

the observation of the cavity itself. This represents a significant fraction of the 10h45m planetary

rotation period. Inside the cavity, the plasma β is uncertain but probably reaches a maximum

of order 100.

The cavity appears to be in approximate pressure balance with its surroundings and there

is evidence that the increased plasma pressure is associated, primarily, with an increase in the

water group ion density at energies of 5–50 keV . There was, however, no comparable change

in the electron density and, given the general assumption of quasi-neutrality, this lack of an

electron density increase has yet to be explained. The size of the cavity is of the order of a

few ion gyroradii but the transient nature of the cavity, coupled with the rolling motion of

the spacecraft, complicates the derivation of reliable plasma parameters such that the plasma

velocity and thermal ion density, temperature and temperature anisotropy are all relatively

uncertain. The velocity does, however, appear to be largely in the direction of corotation

and the plasma appears to be approximately isotropic. The rolling motion of the spacecraft
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also prevented the pitch angle distribution from being determined at any time and, curiously,

the electron population appears to be almost completely unaffected by the magnetic cavity.

In Section 6.2 we showed that the cavity is unique in over four and a half years of Cassini

observations.

6.4 Discussion

Determining the origin of the magnetic cavity discussed in Section 6.3 is complicated by the

ambiguity of the available plasma data and the fact that, as of July 2009, no magnetic cavities

of a similar form have been observed in this region of the magnetosphere. A number of different

explanations for the cavity are possible and, in this section, we shall discuss these possibilities

in detail and assess the likelihood of each one being able to explain the full set of observations

currently available for this interval.

6.4.1 Current Sheet Crossings

Crossings of the magnetodisk and magnetotail current sheets were studied in detail by Arridge

(2007) and, while variable, are typically associated with an order of magnitude decrease in

magnetic field strength, a large increase in plasma density but a much smaller (although not

always negligible) change in temperature. Current sheets in the magnetosphere are usually

found in regions of radially stretched magnetic field and encounters are often associated with

a large change in magnetic field direction, often approaching 180◦ if the center of the current

sheet is actually crossed. This is illustrated by Figure 6.13 which shows a Cassini current

sheet crossing made at a radial distance of 19 RS on 31 March 2005. The magnetic cavity

discussed in Section 6.3 occurs in a region of quasi-dipolar magnetic field and is not associated

with any change in magnetic field direction making it highly unlikely that the spacecraft is

crossing (or even approaching) a large scale current sheet of the type found in the magnetodisk

or magnetotail.

6.4.2 Detached Plasma

Magnetic cavities seen in the outer regions of the Jovian magnetosphere (Haynes et al., 1994;

Leamon et al., 1995) are generally attributed to dense blobs of plasma which are in approximate

pressure balance with a more tenuous magnetospheric environment. These blobs are thought to

break off the outer edge of the magnetodisk plasma sheet as a result of reconnection (Southwood

et al., 1995; Southwood and Kivelson, 2001) and are consequently thought to contain closed

loops of magnetic field. Evidence for such loops is present in the observations reported by

Haynes et al. (1994) as well as the survey of Leamon et al. (1995).

The magnetic cavity seen on 19 March 2006 was observed in a region of quasi-dipolar magnetic

field inside the radial distance where the magnetodisk typically forms (Arridge et al., 2008a)

and does not show any evidence for closed loops of magnetic field or the heating one might
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Figure 6.13: A Cassini current sheet crossing made on 31 March 2005 showing a large drop in
magnitude and rotation of the magnetic field. Image from Arridge (2007).

expect from reconnective processes. In addition to this, the work of Chapter 4 suggests that

magnetodisk reconnection may be less likely at Saturn than at Jupiter, thus arguing against

this particular interpretation of the event.

6.4.3 The Magnetic Mirror Instability

Magnetic cavities similar to that described in Section 6.3 have been observed in the solar wind

(Turner et al., 1977) and are attributed to the magnetic mirror instability by Winterhalter

et al. (1994). The magnetic mirror instability (Southwood et al., 1993; Kivelson and Southwood ,

1996) grows in regions of high β plasma when a temperature anisotropy is present and may

appear as magnetic cavities (Soucek et al., 2008) associated with very little change in magnetic

field direction. These cavities are generally a few ion gyroradii in width (Sulem et al., 2009;

Huddleston et al., 1999) and are in approximate pressure balance with their surroundings.

Evidence for the magnetic mirror instability has previously been found near Io (Russell et al.,

1999; Huddleston et al., 1999) and Enceladus (Russell et al., 2006) where the process of ion pick-

up provides the necessary anisotropy. The criterion for magnetic mirror instability (Huddleston

et al., 1999) is:

r =
β⊥/β∥

1 + 1/β⊥
> 1 (6.3)
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where measurements of the plasma β are made perpendicular and parallel to the local magnetic

field. The temperature anisotropy for this interval is somewhat uncertain however, putting this

aside for the purpose of an order of magnitude estimation, the moderate plasma β and isotropic

nature of the background plasma (T⊥/T∥ ≈ 1.2) suggest that the value of r in this region of

the magnetosphere is approximately 0.9. This region of the magnetosphere is therefore very

close to the critical condition at which the mirror instability may develop. However, since the

mirror mode is a non-propagating instability, it would be expected to convect with the corotating

plasma, thus giving the mirror mode structure a scale size of order 1.5 RS as discussed in Section

6.3.1. This is much larger than the estimated ion gyroradii in this region of the magnetosphere.

With regard to the instability of the plasma, it is possible that the magnetic cavity discussed

in Section 6.3 is a remnant cavity from a time when the plasma β was higher or the pressure

anisotropy was larger. According to Southwood and Kivelson (2001) the recent compression of

the magnetosphere, which preferentially increases the perpendicular energy of magnetospheric

plasma, provides one possible mechanism by which such anisotropic conditions could be created.

A region of space in which the mirror instability has taken hold is expected to consist of

an oscillating magnetic field associated with very little change in magnetic field direction (i.e.

a series of peaks and dips in the magnetic field magnitude) and out-of-phase variations in the

plasma density (Baumjohann and Treumann, 1997b). Spacecraft observations generally support

this idea (Kaufmann et al., 1970; Bavassano Cattaneo et al., 1998; Joy et al., 2006) but, at the

same time, suggest a large amount of variability which is thought to be related to the temporal

evolution of mirror mode structures and the local plasma environments which these structures

are found (Joy et al., 2006; Kivelson and Southwood , 1996). This results in some regions of space

being dominated by either peaks or dips in the ambient magnetic field magnitude (instead of

the aforementioned oscillations) with the exact appearance of the mirror instability probably

depending on its growth phase. Winterhalter et al. (1994) suggest that the isolated magnetic

‘holes’ seen in marginally stable regions of the solar wind (Turner et al., 1977) may be the result

of the temporal evolution of an unstable plasma medium originally consisting of multiple closely

spaced mirror mode structures.

The time scales associated with the evolution and possible coalescence of mirror mode struc-

tures in this region of the magnetosphere are currently uncertain. However, in light of the above

discussion and the marginal stability/instability of the background magnetospheric plasma, iso-

lated magnetic dips in this region of the magnetosphere (related to the mirror instability) may

not be entirely unexpected.

6.4.4 Large Scale Ring Current Variations

Temporal variations in the ring current are seen in both in situ (Leisner et al., 2007) and remote

sensing data (Krimigis et al., 2007) and are caused by a number of phenomena including particle

injections (Mauk et al., 2005), compressions and expansions of the magnetospheric cavity (Bunce

et al., 2007), and the periodic modulation of the magnetosphere (Krimigis et al., 2007). Since
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it is impossible to distinguish a temporal variation from a spatial variation with only a single

spacecraft, it is possible that the magnetic cavity discussed in Section 6.3 is the result of a

more extensive, though not necessarily global, change in Saturn’s magnetospheric field. This

possibility shall be discussed in the following paragraphs with more isolated changes in the ring

current considered in Section 6.4.5.

Large scale variations in the ring current are typically associated with significant changes in

the magnetic field configuration (Bunce et al., 2007) which are readily measured by an in-situ

spacecraft equipped with a magnetometer. With this in mind, the lack of any magnetic field

rotation as the magnetic cavity was traversed would seem to argue against large scale ring

current variations being a significant contributor to its formation. Further arguments against

large scale ring current variations are specific to the exact cause of ring current variability under

consideration.

The large scale azimuthal asymmetry of the ring current (Krimigis et al., 2007) is clearly

visible in the energetic neutral atom (ENA) images (Krimigis et al., 2004; Gruntman, 1997)

shown in Figure 6.14 as well as in the perturbation magnetic field calculated for the Cassini

revolution 20 orbit by Khurana et al. (2009). Figure 3 of Khurana et al. (2009) shows that the

azimuthal asymmetry is roughly sinusoidal in nature (a fact also evident from Figure 6.14 of

this thesis) and with this being the case, it is unlikely to explain the very strong but highly

localised (or transient) decrease in magnetic field strength recorded on 19 March 2006.

A change in the size of the magnetospheric cavity is also unlikely to explain the observations.

Bunce et al. (2007) used Pioneer 11, Voyager and Cassini data to study the variation of ring

current parameters with system size and found that the ring current gets progressively stronger

as the magnetospheric cavity gets larger. Specifically, the northward directed perturbation field

at the center of the ring current typically varies (Bunce et al., 2007) from around 8 nT for

the compressed magnetosphere to around 15 nT when the magnetosphere is expanded. The

equivalent perturbation field at the location of the magnetic cavity will not be the same as that

seen at the center of the ring current (and has not been calculated in this work) however the

above figures illustrate the amount of variability that is seen as a result of this effect.

Figure 6.1 shows the distribution of magnetic field strengths measured by Cassini in this

region of the magnetosphere over a 4.5 year period and encompasses several expansions and

compressions of the magnetospheric cavity. The 12 nT background magnetic field seen in Figure

6.8 is towards the high end of this distribution while, in contrast, the 1.7 nT magnetic field seen

at the center of the cavity is one of the lowest magnetic field strengths ever recorded in this

region of the magnetosphere. Let us assume that the range of magnetic field strengths seen in

Figure 6.1 is primarily the result of expansions and compressions of the magnetospheric cavity

changing the magnetic field strength observed within the magnetosphere. For such changes to

explain the form of the magnetic cavity encountered by Cassini, the magnetosphere would be

required to transition from one of its most compressed states to one of its most expanded states,

and back again, over the course of approximately 12 minutes. How likely is this to occur?
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Figure 6.14: Cassini INCA observations of ENA ring current variability in February 2007 at a
temporal resolution of approximately 2 hours. The spacecraft was located 32◦ above the equator
at 15:12 SLT and was roughly 26 RS from the planet. From Krimigis et al. (2007).
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Let us consider the largest possible change in magnetopause position which would be con-

sistent with the magnetopause boundary study of Achilleos et al. (2008). The time, τ , taken

for the magnetopause to reach a new equilibrium after a sudden change in solar wind dynamic

pressure (Cowley et al., 2003) is approximately:

τ = ± ∆RMP

Vf

(√
Pi
Pf

− 1
) (6.4)

where the plus and minus signs correspond to expansions and compressions of the magnetosphere

and Pi and Pf are the initial and final solar wind dynamic pressures respectively. Using the

Arridge et al. (2006) magnetopause model in combination with the minimum (18 RS) and

maximum (30 RS) magnetopause sub-solar stand-off distances found by Achilleos et al. (2008)

suggests that, if the solar wind velocity is of order 450 kms−1 and 1000 kms−1 for low and high

dynamic pressure regions respectively (Crary et al., 2005) then the expansion and compression

time scales at Saturn are approximately 15 and 20 minutes each. These time scales do not

take into account the delay between the magnetopause moving and information about this

motion reaching the inner magnetosphere (Cowley et al., 2003) and also neglect the reduction

in magnetopause velocity as the boundary approaches its new equilibrium position. Accounting

for these effects will only serve to increase the expansion and compression timescales derived

above and make it even less likely that magnetopause motion can explain the 12 minute duration

of the magnetic cavity encountered by Cassini.

6.4.5 Plasma Injections and Centrifugal Interchange

Turning our attention towards more localised changes in the magnetospheric plasma forces

us to consider episodic plasma injections observed throughout the Saturnian magnetosphere.

Gombosi et al. (2009) divide these injections, which are thought to be powered by the centrifugal

interchange instability (Southwood and Kivelson, 1989), into two types. Frequent low energy

injections have been extensively studied using data from the CAPS instrument suite (Burch

et al., 2005; Hill et al., 2005; Chen and Hill , 2008) while less frequent injections at higher

energies have been studied by Mauk et al. (2005) using MIMI data.

Figure 6.15 shows that many of the observed injections are associated with a cavity in the

ambient magnetic field and a region of relatively tenuous and hot plasma; however André et al.

(2005) show that this is not always the case. Many equatorial injections are associated with

an enhancement in magnetic pressure (André et al., 2007) which Mauk et al. (2009) suggest is

caused by cold plasma being centrifugally confined to lower latitudes. Associated with these

features are drift-dispersion signatures caused by the energy and charge dependence of particle

drifts in Saturn’s magnetosphere. These drifts typically manifest themselves as the V-shaped

structures shown in Figure 6.16 with ions and electrons forming the left and right-hand legs of

the V-shape respectively. The width of the dispersion signature increases with the time since

injection Hill et al. (2005) and therefore indicates the approximate age of the event. Both the
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Figure 6.15: Particle injections observed in Saturn’s magnetosphere. From André et al. (2007).

low (Chen and Hill , 2008) and high (Mauk et al., 2005) energy injections studied with Cassini

data appear to cluster around radial distances of 5–10 RS.

The magnetic cavity observed by Cassini on 19 March 2006 occurred at very low latitudes

more than 10 RS from the planet and was associated with an increase in plasma density with no

evidence of drift dispersion. It is difficult to reconcile these properties with the injection events

described above and, even if one chose to argue that this magnetic cavity represents an extreme

(and therefore rare) example of the injection phenomenon, given the frequency of injections

reported in the above studies, why have no other strong magnetic cavities been observed to fill

the space between revolution 22 and the main distribution of magnetic field drop-outs seen in

the histogram of Figure 6.4?
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Figure 6.16: Drift-Dispersion signatures observed at Saturn. From Hill et al. (2005).

Centrifugal interchange (Southwood and Kivelson, 1989) involves the exchange of hot, tenuous

flux-tubes from the outer magnetosphere with cool, dense flux-tubes from the inner magneto-

sphere. While there are arguments against the magnetic cavity being associated with an inwards

moving, tenuous flux-tube, could it instead be a signature of dense, outwards flowing plasma?

Chen and Hill (2008) suggest that centrifugal outflow takes place in large channels moving

at relatively low velocities (compared with the corresponding inflow) while most simulations

assume or, in some cases, derive that the inflow and outflow channels should be of roughly

comparable azimuthal width (Mauk et al., 2009). The azimuthal width of the magnetic cavity

discussed in Section 6.3 is approximately 1.5 RS which is smaller than but comparable to the

size of the outflow channels seen in the multi-fluid MHD simulations of Kidder et al. (2009).
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The idea that the magnetic cavity described in section 6.3 is associated with an unusually dense

clump of outwards moving plasma therefore appears plausible, on the basis of the ion data, even

though this clump may be towards the ”narrow end” of the expected distribution of outflow

channel widths. However, when the ion and electron data is considered in unison, the lack of an

electron density increase as the cavity is traversed is very difficult to reconcile with the outflow

interpretation.

The radial velocity determined by the CAPS/IMS instrument suggests that plasma inside

the magnetic cavity is moving towards the planet instead of away from it, counter to what one

would expect for centrifugal outflow. However, as discussed in Section 6.3.3, the reliability of

this velocity value is questionable. An additional problem concerns the plasma β. Centrifugal

interchange occurs in regions of relatively low β plasma (close to the planet) with the ballooning

instability becoming increasingly important as the plasma β increases (Kivelson and Southwood ,

2005). The ballooning instability (Ohtani and Tamao, 1993) is a generalization of the inter-

change instability (Southwood and Kivelson, 1989) that continues to move plasma outwards and

away from the planet. However, since the plasma β is higher, the magnetic field is less able to

resist configurational changes and, in the Jovian and Saturnian magnetospheres, stretches out

in this regime to form the radially distended magnetodisks seen in the spacecraft observations

of Chapter 4.

The moderate β of the background plasma seen near the magnetic cavity, coupled with the

extremely high β inside the magnetic cavity itself (∼ 100) would seem to place this region of

the magnetosphere (as well as the plasma inside the magnetic cavity) into the second regime

discussed above. The lack of any change in magnetic field configuration as the cavity traversed

then becomes a problem. And as before, if this explanation were true, one is still left wondering

why no additional magnetic cavities have been observed to fill the space between the revolution

22 orbit and the main distribution of field magnitude drop-outs seen in the histogram of Figure

6.4.

6.4.6 Dust Vaporisation Event

The final possibility we shall consider is that of a dust vaporization event. Dust particles are

common in Saturn’s magnetosphere (Srama et al., 2006) and were prevalent during the interval

of interest to this study (R. Srama, private communication). Dust grains will vaporize and

ionize if their temperature exceeds a critical threshold (Dyson and Williams, 1980) with the

resulting cloud of ionized particles expanding outwards due to the pressure difference between

the hot cloud and the surrounding magnetospheric environment. In order to maintain pressure

balance, the ambient magnetic field will be excluded from the high pressure region (creating a

magnetic cavity) and will instead ‘pile up’ ahead of the expanding cloud. This pile up would

be expected to increase the magnetic field strength just outside the cavity. Inside the cloud, an

ambipolar electric field will exist (Kurth et al., 2006) due to the different expansion speeds of

the ion and electron populations.
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During its 1986 flyby of Comet Halley (Reinhard , 1986) the Giotto Spacecraft magnetometer

recorded multiple dust vaporization signatures near the cometary nucleus (Neubauer et al.,

1990) each with a duration of less than a second. These events had a very distinctive magnetic

field signature consisting of a sudden drop in magnetic field strength (of the order of a few nT

representing a 10% drop in the background magnetic field) followed by a sharp overshoot and

were probably caused by dust particles impacting the spacecraft (and subsequently vaporizing)

at velocities of order 80 kms−1.

The RPWS instrument onboard Cassini frequently measures the ambipolar electric field as-

sociated with high velocity (∼ 10 kms−1) dust impact and vaporization events (Gurnett et al.,

2005; Kurth et al., 2006) and although Cassini magnetometer data has not yet been analyzed

for evidence of these impacts, one would expect to see a signature similar to that seen by Giotto

in 1986. The events studied by Kurth et al. (2006) last for less than a second and occur with

a frequency of up to several hundred events per second. Combining this with the unique 12

minute magnetic field profile shown in Figure 6.8 makes it extremely difficult to attribute the

observations of 19 March 2006 to a similar type of impact.

6.5 Conclusions

In the previous section a number of physical processes and phenomena were discussed in the

context of the magnetic cavity encountered by Cassini on 19 March 2006. A dust impact

and vaporization event, rotational modulation of the ring current and a rapid expansion and

compression of the magnetospheric cavity can all be ruled out as the cause of this magnetic

cavity because the associated time scales (either theoretically determined or inferred from other

observations) are incompatible with the 12 minute time scale associated with the cavity. In

addition to this the idea of a current sheet crossing is incompatible with the magnetic field

geometry both before and after the depression.

There are several remaining explanations for the large magnetic cavity described in Section

6.3 however it is difficult to distinguish between them in the absence of reliable, high cadence

plasma data for this particular interval. All of the explanations presented in Section 6.4 struggle

to explain certain properties of the cavity including the relatively weak electron signature and

the lack of other comparable magnetic cavities in this region of the magnetosphere. This leaves

open the possibility that the magnetic cavity of 19 March 2006 is associated (at least in part)

with a new and as yet unidentified plasma process or phenomenon.

There are several ways in which this study could be extended and improved. Combining data

from the CAPS/ELS and MIMI/LEMMS instruments following the methodology of Schippers

et al. (2008) may allow the electron population associated with both the background environ-

ment and the magnetic cavity to be better understood. In addition to this, a more detailed

examination of both the ion and electron spectra, taking the variable field of view of each

instrument into account, may allow us to comment on the evolution of the ion and electron
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populations over a time scale less than that of a spacecraft rotation. This may allow the un-

certainty associated with our ‘spacecraft rotation averaging’ technique to be better understood.

In relation to this idea, the ion and electron pitch angle distribution, both inside the magnetic

cavity and in the background plasma environment, should also be investigated.

Concurrent to such a study, the computer code used to calculate the ion and electron density,

temperature, temperature anisotropy, composition and velocity could be improved to take into

account such things as spacecraft rotation and non-dipolar magnetic fields. Such improvements

will allow us to better constrain the properties of the plasma both inside and outside the mag-

netic cavity, thereby tightening the constraints through which the various mechanisms discussed

in Section 6.4 can be assessed.

Fundamentally however, the incomplete field of view of each instrument limits the amount of

information that can be extracted from this dataset, particularly at the high temporal resolu-

tions of interest to this study. The observation of additional magnetic cavities in this region of

the magnetosphere, at a time when the instrument viewing geometry is more favourable, would

therefore be incredibly important in understanding the origin and evolution of this type of event.

A detailed study of magnetospheric simulations capable of modelling some of the processes and

phenomena discussed in Section 6.4 would also be of interest however, owing primarily to time

constraints, such a study has not yet been attempted.

Examining additional Cassini datasets such as those of the CDA and RPWS instruments

would also be of interest. However a preliminary inspection of these datasets (R. Srama, G.

Hospodarsky, private communication) has not revealed any evidence for strong variations which

may be correlated with the timing of the magnetic cavity discussed in Section 6.3. Cassini

observations of the aurora were not available for interval of interest (owing to the equatorial

location of the spacecraft) and no terrestrial auroral campaigns were in progress at this time.

6.6 Summary

On 19 March 2006 a large magnetic cavity was observed in Saturn’s dayside equatorial magne-

tosphere. The direction of the magnetic field did not change as the cavity evolved and remained

quasi-dipolar throughout but the magnetic pressure dropped by more than an order of magni-

tude. Cassini was inside the deepest part of the cavity for approximately 12 minutes during

which time the spacecraft moved roughly 0.1 RS along its inbound trajectory towards Saturn.

A detailed study of the magnetic field and plasma has been carried out for this interval

and a number of candidate mechanisms and phenomena have been proposed to explain the

observations. None of these mechanisms are capable of explaining all of the observed properties

in combination with the unique nature of the magnetic cavity and it is hoped that further

observations and simulations will shed more light on the origin and evolution of this intriguing

magnetospheric event.
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7 Summary and Perspectives

“Science knows it doesn’t know everything – Otherwise it would stop.”

— Dara O’Briain, Comedian

This thesis has addressed two outstanding questions regarding the structure and dynamics of

Saturn’s magnetic environment and has discussed Cassini observations of an unusual magnetic

cavity which appears to be unique in over five years of spacecraft observations.

In Chapter 4 we compared the structure of Jupiter’s and Saturn’s outer magnetosphere and

showed that, while the Jovian magnetosphere typically possesses a quasi-dipolar cushion region

between the outer edge of the magnetodisk and the magnetopause, no equivalent region can

be identified at Saturn. Possible explanations for this difference were considered and we have

suggested that one contributing factor could be that Jupiter’s magnetodisk breaks down well

inside the magnetopause while, at Saturn, the magnetodisk extends right out to the outer

boundary of the magnetosphere. This would then force any plasma-depleted flux-tubes present

at Saturn into a smaller spatial region.

In Chapter 5 we used a combination of spacecraft observations and propagated solar wind

velocities to construct a semi-empirical model of Saturn’s dayside bow shock. The use of a large

number of bow shock crossings, well distributed across the dayside surface of the shock, allowed

us to consider the three dimensional shape of the bow shock for the first time while the use

of solar wind velocity propagations allowed the bulk motion of the shock surface to be better

understood. The bow shock is found to be well described by an axisymmetric conic section and

the shock sub-solar distance is found to scale with solar wind dynamic pressure in a way which

is intermediate between the bow shocks associated with Jupiter and the Earth. This model has

already been used by members of the Saturnian magnetospheric community for further studies

of the planet’s magnetic environment.

In Chapter 6 we considered Cassini observations of a deep magnetic cavity seen in Saturn’s

dayside equatorial magnetosphere. This cavity appears to be unique in over 5 years of spacecraft

observations and, as of the writing of this thesis, is yet to be explained in a conclusive and

comprehensive fashion. We described the observational features of this cavity using data from

a number of Cassini instruments and concluded with a discussion of the various mechanisms

and phenomena which are potentially capable of explaining the collective datasets.

There is much work that can be done to expand upon the material presented in this thesis.

Although the evolution of Cassini’s orbit is unlikely to improve either the number of bow

shock crossings available for modelling or their distribution, recent work by Hill (2011) suggests
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that the spectra measured by the MIMI instrument could be used to estimate the solar wind

velocity with greater accuracy. Further, as discussed in Chapter 4, the upcoming Juno (Bolton,

2010) and Europa-Jupiter System Missions (Jupiter Science Definition Team, 2009) represent

important opportunities to study the physics of the Jovian cushion region in more detail and

data from these spacecraft will soon be supplemented by a reanalysis of data from the Pioneer,

Voyager and Galileo spacecraft. Improved statistics at both planets (and a study of more than

one flyby) will help evaluate our ideas and, once additional data becomes available, it is hoped

that such a study will be attempted. More data on the magnetic cavity observed by the Cassini

spacecraft on 19 March 2006 may be forthcoming however magnetospheric simulations are likely

to be important tools in understanding its origin and probable evolution. In addition to this, a

more detailed study of the possible generation mechanisms, both at Saturn and in other space

plasma environments, is likely to be insightful.
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Lewis, G. R., N. André, C. S. Arridge, A. J. Coates, L. K. Gilbert, D. R. Linder, and A. M.

Rymer (2008), Derivation of density and temperature from the Cassini Huygens CAPS elec-

tron spectrometer, Planetary and Space Science, 56, 901–912, doi:10.1016/j.pss.2007.12.017.

Linder, D. R., A. J. Coates, R. D. Woodliffe, C. Alsop, A. D. Johnstone, M. Grande, A. Preece,

B. Narheim, and D. T. Young (1998), The Cassini CAPS Electron Spectrometer, in Mea-

surement Techniques in Space Plasmas – Particles, edited by R. F. Pfaff, J. E. Borovsky, &

D. T. Young, pp. 257–+.

Masters, A., N. Achilleos, M. K. Dougherty, J. A. Slavin, G. B. Hospodarsky, C. S. Ar-

ridge, and A. J. Coates (2008), An empirical model of Saturn’s bow shock: Cassini ob-

servations of shock location and shape, Journal of Geophysical Research, 113, 10,210–+,

doi:10.1029/2008JA013276.

Masters, A., M. F. Thomsen, S. V. Badman, C. S. Arridge, D. T. Young, A. J. Coates, and M. K.

Dougherty (2011), Supercorotating return flow from reconnection in Saturn’s magnetotail,

Geophysical Research Letters, 38, L03,103, doi:10.1029/2010GL046149.

Matson, D. L., L. J. Spilker, and J. Lebreton (2002), The Cassini/Huygens Mission to the

Saturnian System, Space Science Reviews, 104, 1–58, doi:10.1023/A:1023609211620.

145



Mauk, B. H., et al. (2005), Energetic particle injections in Saturn’s magnetosphere, Geophysical

Research Letters, 32, L14S05, doi:10.1029/2005GL022485.

Mauk, B. H., et al. (2009), Fundamental Plasma Processes in Saturn’s Magnetosphere, Springer.

Maurice, S., and I. M. Engle (1995), Idealized Saturn magnetosphere shape and field, Journal

of Geophysical Research, 100, 17,143–17,152, doi:10.1029/95JA00897.

McAndrews, H. J., C. J. Owen, M. F. Thomsen, B. Lavraud, A. J. Coates, M. K. Dougherty,

and D. T. Young (2008), Evidence for reconnection at Saturn’s magnetopause, Journal of

Geophysical Research, 113, 4210–+, doi:10.1029/2007JA012581.

McAndrews, H. J., et al. (2009), Plasma in Saturn’s nightside magnetosphere and the

implications for global circulation, Planetary and Space Science, 57, 1714–1722, doi:

10.1016/j.pss.2009.03.003.

McComas, D. J., and F. Bagenal (2007), Jupiter: A fundamentally different magneto-

spheric interaction with the solar wind, Geophysical Research Letters, 34, 20,106–+, doi:

10.1029/2007GL031078.

McDonald, F. B., A. W. Schardt, and J. H. Trainor (1979), Energetic protons in the Jovian mag-

netosphere, Journal of Geophysical Research, 84, 2579–2596, doi:10.1029/JA084iA06p02579.

Morabito, L. A., S. P. Synnott, P. N. Kupferman, and S. A. Collins (1979), Discovery of currently

active extraterrestrial volcanism, Science, 204, 972–+, doi:10.1126/science.204.4396.972.

Morooka, M. W., et al. (2009), The electron density of Saturn’s magnetosphere, Annales Geo-

physicae, 27, 2971–2991, doi:10.5194/angeo-27-2971-2009.

Morrison, D. (1982), Voyages to Saturn.

National Research Council (2008), Severe Space Weather Events–Understanding Societal and

Economic Impacts: A Workshop Report, Tech. rep.

Nelder, J. A., and R. Mead (1965), A Simplex Method for Function Minimization, The Computer

Journal, 7 (4), 308–313.

Neubauer, F. M., K.-H. Glassmeier, A. J. Coates, R. Goldstein, and M. H. Acuna (1990), Hyper-

velocity dust particle impacts observed by the Giotto magnetometer and plasma experiments,

Geophysical Research Letters, 17, 1809–1812, doi:10.1029/GL017i011p01809.

Nichols, J. D., S. W. H. Cowley, and D. J. McComas (2006), Magnetopause reconnection

rate estimates for Jupiter’s magnetosphere based on interplanetary measurements at ˜5AU,

Annales Geophysicae, 24, 393–406, doi:10.5194/angeo-24-393-2006.

146



Ogino, T., R. J. Walker, and M. G. Kivelson (1998), A global magnetohydrodynamic sim-

ulation of the Jovian magnetosphere, Journal of Geophysical Research, 103, 225–+, doi:

10.1029/97JA02247.

Ohtani, S.-I., and T. Tamao (1993), Does the ballooning instability trigger substorms

in the near-Earth magnetotail?, Journal of Geophysical Research, 981, 19,369–+, doi:

10.1029/93JA01746.

Parker, E. N. (1958), Dynamics of the Interplanetary Gas and Magnetic Fields., Astrophysical

Journal, 128, 664, doi:10.1086/146579.

Peredo, M., J. A. Slavin, E. Mazur, and S. A. Curtis (1995), Three-dimensional position and

shape of the bow shock and their variation with Alfvenic, sonic and magnetosonic Mach

numbers and interplanetary magnetic field orientation, Journal of Geophysical Research, 100,

7907–7916, doi:10.1029/94JA02545.

Persoon, A. M., D. A. Gurnett, W. S. Kurth, G. B. Hospodarsky, J. B. Groene, P. Canu,

and M. K. Dougherty (2005), Equatorial electron density measurements in Saturn’s inner

magnetosphere, Geophysical Research Letters, 32, 23,105–+, doi:10.1029/2005GL024294.

Petrinec, S. M., and C. T. Russell (1997), Hydrodynamic and MHD Equations across the Bow

Shock and Along the Surfaces of Planetary Obstacles, Space Science Reviews, 79, 757–791,

doi:10.1023/A:1004938724300.

Phillips, J. L., S. J. Bame, B. L. Barraclough, D. J. McComas, R. J. Forsyth, P. Canu, and P. J.

Kellogg (1993), Ulysses plasma electron observations in the Jovian magnetosphere, Planetary

and Space Science, 41, 877–892, doi:10.1016/0032-0633(93)90095-J.

Poletto, G., and S. Suess (2004), Sun and the heliosphere as an integrated system, Astrophysics

and space science library, Kluwer.

Pontius, D. H., Jr., and T. W. Hill (1989), Rotation driven plasma transport - The coupling of

macroscopic motion and microdiffusion, Journal of Geophysical Research, 94, 15,041–15,053,

doi:10.1029/JA094iA11p15041.

Porco, C. C., et al. (2006), Cassini Observes the Active South Pole of Enceladus, Science, 311,

1393–1401, doi:10.1126/science.1123013.

Puerta, J., and P. Martn (1999), Plasma physics: Proceedings of the 1997 latin american work-

shop : Vii lawpp 97, by julio puerta, pablo martn, published 1999 springer, isbn 079235527x,

page 57, p. 57, Springer.

Randall, B. A. (1998), An Improved Magnetic Field Model for Jupiter’s Inner Magnetosphere

Using a Microsignature of Amalthea, Journal of Geophysical Research, 103, 17,535–+, doi:

10.1029/98JA01437.

147



Reinhard, R. (1986), The Giotto encounter with comet Halley, Nature, 321, 313–318, doi:

10.1038/321313a0.

Russell, C. T., D. E. Huddleston, K. K. Khurana, and M. G. Kivelson (1999), Structure of the

Jovian magnetodisk current sheet:initial Galileo observations, Planetary and Space Science,

47, 1101–1109, doi:10.1016/S0032-0633(99)00026-4.

Russell, C. T., J. S. Leisner, C. S. Arridge, M. K. Dougherty, and X. Blanco-Cano (2006),

Nature of magnetic fluctuations in Saturn’s middle magnetosphere, Journal of Geophysical

Research (Space Physics), 111, A12,205, doi:10.1029/2006JA011921.

Rymer, A. M., et al. (2007), Electron sources in Saturn’s magnetosphere, Journal of Geophysical

Research (Space Physics), 112, 2201–+, doi:10.1029/2006JA012017.

Saur, J., F. M. Neubauer, J. E. P. Connerney, P. Zarka, and M. G. Kivelson (2004), Plasma

interaction of Io with its plasma torus, pp. 537–560.

Saur, J., N. Schilling, F. M. Neubauer, D. F. Strobel, S. Simon, M. K. Dougherty, C. T.

Russell, and R. T. Pappalardo (2008), Evidence for temporal variability of Enceladus’ gas

jets: Modeling of Cassini observations, Geophysical Research Letters, 35, 20,105–+, doi:

10.1029/2008GL035811.

Schippers, P., et al. (2008), Multi-instrument analysis of electron populations in Sat-

urn’s magnetosphere, Journal of Geophysical Research (Space Physics), 113, 7208–+, doi:

10.1029/2008JA013098.

Sergis, N., S. M. Krimigis, D. G. Mitchell, D. C. Hamilton, N. Krupp, B. M. Mauk, E. C. Roelof,

and M. Dougherty (2007), Ring current at Saturn: Energetic particle pressure in Saturn’s

equatorial magnetosphere measured with Cassini/MIMI, Geophysical Research Letters, 34,

9102–+, doi:10.1029/2006GL029223.

Sergis, N., S. M. Krimigis, D. G. Mitchell, D. C. Hamilton, N. Krupp, B. H. Mauk, E. C.

Roelof, and M. K. Dougherty (2009), Energetic particle pressure in Saturn’s magnetosphere

measured with the Magnetospheric Imaging Instrument on Cassini, Journal of Geophysical

Research (Space Physics), 114, 2214–+, doi:10.1029/2008JA013774.

Sergis, N., et al. (2010), Particle pressure, inertial force, and ring current density profiles in the

magnetosphere of Saturn, based on Cassini measurements, Geophysical Research Letters, 37,

2102–+, doi:10.1029/2009GL041920.

Shafiq, M., J.-E. Wahlund, M. W. Morooka, W. S. Kurth, and W. M. Farrell (2011), Char-

acteristics of the dust-plasma interaction near Enceladus’ South Pole, Planetary and Space

Science, 59, 17–25, doi:10.1016/j.pss.2010.10.006.

148



Sittler, E. C., et al. (2006), Cassini observations of Saturn’s inner plasmasphere: Saturn orbit

insertion results, Planetary and Space Science, 54, 1197–1210, doi:10.1016/j.pss.2006.05.038.

Sittler, E. C., Jr., K. W. Ogilvie, and J. D. Scudder (1983), Survey of low-energy plasma

electrons in Saturn’s magnetosphere - Voyagers 1 and 2, Journal of Geophysical Research, 88,

8847–8870, doi:10.1029/JA088iA11p08847.

Slavin, J. A., and R. E. Holzer (1981), Solar wind flow about the terrestrial planets. I - Mod-

eling bow shock position and shape, Journal of Geophysical Research, 86, 11,401–11,418,

doi:10.1029/JA086iA13p11401.

Slavin, J. A., R. E. Holzer, J. R. Spreiter, and S. S. Stahara (1984), Planetary Mach

cones - Theory and observation, Journal of Geophysical Research, 89, 2708–2714, doi:

10.1029/JA089iA05p02708.

Slavin, J. A., E. J. Smith, J. R. Spreiter, and S. S. Stahara (1985), Solar wind flow about

the outer planets - Gas dynamic modeling of the Jupiter and Saturn bow shocks, Journal of

Geophysical Research, 90, 6275–6286, doi:10.1029/JA090iA07p06275.

Slavin, J. A., et al. (2010), MESSENGER observations of large flux transfer events at Mercury,

Geophysical Research Letters, 37, 2105–+, doi:10.1029/2009GL041485.

Smith, E. J., L. Davis, Jr., D. E. Jones, P. J. Coleman, Jr., D. S. Colburn, P. Dyal, C. P. Sonett,

and A. M. A. Frandsen (1974), The planetary magnetic field and magnetosphere of Jupiter:

Pioneer 10., Journal of Geophysical Research, 79, 3501–3513, doi:10.1029/JA079i025p03501.

Smith, E. J., B. V. Connor, and G. T. Foster, Jr. (1975a), Measuring the magnetic fields

of Jupiter and the outer solar system, IEEE Transactions on Magnetics, 11, 962–980, doi:

10.1109/TMAG.1975.1058779.

Smith, E. J., L. Davis, Jr., D. E. Jones, P. J. Coleman, Jr., D. S. Colburn, P. Dyal, and C. P.

Sonett (1975b), Jupiter’s magnetic field, magnetosphere, and interaction with the solar wind

- Pioneer 11, Science, 188, 451–455, doi:10.1126/science.188.4187.451.

Smith, E. J., L. Davis, Jr., and D. E. Jones (1976), Jupiter’s magnetic field and magnetosphere.,

in Jupiter, pp. 788–829.

Smith, E. J., L. Davis, D. E. Jones, P. J. Coleman, D. S. Colburn, P. Dyal, and C. P.

Sonett (1980), Saturn’s magnetic field and magnetosphere, Science, 207, 407–410, doi:

10.1126/science.207.4429.407.

Sonnerup, B. U. O., E. J. Smith, B. T. Tsurutani, and J. H. Wolfe (1981), Structure of Jupiter’s

magnetopause - Pioneer 10 and 11 observations, Journal of Geophysical Research, 86, 3321–

3334, doi:10.1029/JA086iA05p03321.

149



Soucek, J., E. Lucek, and I. Dandouras (2008), Properties of magnetosheath mirror modes ob-

served by Cluster and their response to changes in plasma parameters, Journal of Geophysical

Research (Space Physics), 113, A04,203, doi:10.1029/2007JA012649.

Southwood, D. J., and M. G. Kivelson (1989), Magnetospheric interchange motions, Journal of

Geophysical Research, 94, 299–308, doi:10.1029/JA094iA01p00299.

Southwood, D. J., and M. G. Kivelson (2001), A new perspective concerning the influence of the

solar wind on the Jovian magnetosphere, Journal of Geophysical Research, 106, 6123–6130,

doi:10.1029/2000JA000236.

Southwood, D. J., and M. G. Kivelson (2007), Saturnian magnetospheric dynamics: Elucidation

of a camshaft model, Journal of Geophysical Research (Space Physics), 112, 12,222–+, doi:

10.1029/2007JA012254.

Southwood, D. J., M. K. Dougherty, P. Canu, A. Balogh, and P. J. Kellogg (1993), Correlations

between magnetic field and electron density observations during the inbound Ulysses Jupiter

flyby, Planetary and Space Science, 41, 919–930, doi:10.1016/0032-0633(93)90097-L.

Southwood, D. J., M. K. Dougherty, R. J. Leamon, and P. L. Haynes (1995), Origin and

dynamics of field nulls detected in the Jovian magnetospheres, Advances in Space Research,

16, 177–, doi:10.1016/0273-1177(95)00226-5.

Spahn, F., et al. (2006), Cassini Dust Measurements at Enceladus and Implications for the

Origin of the E Ring, Science, 311, 1416–1418, doi:10.1126/science.1121375.

Srama, R., et al. (2006), In situ dust measurements in the inner Saturnian system, Planetary

and Space Science, 54, 967–987, doi:10.1016/j.pss.2006.05.021.

Srama, R., G. Moragas-Klostermeyer, S. Kempf, M. Burton, and M. Roy (2010), Equatorial

scans of Saturn’s dust density, in European Planetary Science Congress 2010, pp. 311–+.

Staines, K., A. Balogh, S. W. H. Cowley, T. M. Edwards, R. J. Forsyth, and R. J. Hynds (1993),

Ulysses observations of noncorotational flows in the outer dayside Jovian magnetosphere,

Planetary and Space Science, 41, 931–946, doi:10.1016/0032-0633(93)90098-M.

Staines, K., A. Balogh, S. W. H. Cowley, T. M. Edwards, R. J. Forsyth, R. J. Hynds, and N. F.

Laxton (1996), An overview of the anisotropy telescope observations of MeV ions during the

Ulysses Jupiter encounter, Planetary and Space Science, 44, 341–369.

Sulem, T., P. L. amd Passot, P. Hellinger, P. Travnicek, E. Kuznetsov, and F. Califano (2009),

Simulation and modeling of nonlinear mirror modes, Wolfgang Pauli Institute.

Sundkvist, D., V. Krasnoselskikh, P. K. Shukla, A. Vaivads, M. André, S. Buchert, and H. Rème
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