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Planetary magnetosheaths, regions of deflected, heated, and decelerated solar
wind, are bounded by a bow shock and a magnetopause. We studied how solar wind
dynamic pressure and interplanetary magnetic field (IMF) influence the size and shape of
the Jovian magnetosheath boundaries. At low pressure, the magnetopause is asymmetric
about the planet-sun line, flattened in the poleward direction and bulging out at dusk. As
pressure increases, the system boundaries become more symmetric about the planet-sun
line.
Using

spacecraft

data

and

boundary

xvii

shapes

extracted

from

a

magnetohydrodynamic simulation, we found a statistically significant bimodal
distribution of stand-off distances of the Jovian magnetopause for all solar cycle phases
but a statistically significant bimodal distribution of the bow shock stand-off distance was
found only near solar minimum. The mean stand-off distances for the magnetopause are
63±4 Jupiter radii (RJ) and 92±6 RJ; the upper and lower quartile locations of the bow
shock standoff distances are 102 RJ and 71 RJ. The statistical characteristics of solar
wind pressure and IMF strength near 5 AU were found not to be large enough to account
for the magnetopause observations and could be fit to bimodal distributions only at solar
minimum. We conclude that internal magnetospheric pressure changes must contribute
to the observed bimodal distribution of the stand-off distance.
Large fluctuations of the magnetic field magnitude are almost always present in
magnetosheaths.

For Jupiter, criteria were developed for identifying magnetic field

perturbations as mirror mode structures (MMS) and classifying them by their magnetic
signatures into depressions (dips), enhancements (peaks) and “other” (QP, quasiperiodic). We found that “other” MMS were present throughout the magnetosheath and
were the only form consistently observed near the bow shock. Peaks were present in the
middle magnetosheath at high plasma beta and dips were observed near the
magnetopause and in comparatively low beta plasma. We propose that MMS form as
QP, evolve into peaks through non-linear saturation of their growth, and form dips as
they decay.

THEMIS particle distribution functions, used to test the model in the

terrestrial magnetosheath, were consistent for QP and peak MMS, but the evidence for
dip formation was inconclusive.
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Chapter 1
Introduction
The magnetosheath lies between the bow shock and the magnetopause and is
formed by the deflected, heated, and decelerated solar wind with a minor magnetospheric
plasma component. The terrestrial magnetosheath field and flow structure have been
extensively studied because they affect the transfer of mass, momentum, and energy
between the solar wind and the Earth’s magnetosphere. When magnetic shear across the
magnetopause is high and dayside reconnection is occurring, the coupling between the
solar wind and the magnetosphere is substantially enhanced relative to periods when
there is no reconnection [Paschmann et al., 1979; Sonnerup et al., 1981]. The
magnetosphere becomes energized leading to phenomena such as the aurora. When the
terrestrial magnetosphere is closed, or when the solar wind dynamic pressure is
sufficiently high, magnetic field lines pile up near the magnetopause forcing out the
normally resident plasma leading to the formation of a plasma depletion layer.
Because of the limited amount of available data, the Jovian magnetosheath has
been less extensively studied than the Earth’s magnetosheath. Factors that control the
size, shape, and rigidity of the magnetosheath are much different at Jupiter and the Earth.
At Jupiter the solar wind dynamic pressure is down by more than an order of magnitude
and the Alfvén Mach number is nearly double the mean values observed near Earth.
Furthermore, at Jupiter the force balance at the magnetopause is not well approximated
by balancing the contributions of the external solar wind dynamic pressure against the
internal magnetic pressure. Magnetospheric energetic particles, thermal plasma, and
dynamic pressure associated with the rapid rotation of Jupiter provide non-negligible
contributions to the internal pressure [Smith et al., 1974]. In addition, the combination of
magnetospheric plasma and the rapid rotation of Jupiter stretches the field lines near the
magnetic equator into a magnetodisk configuration such that the obstacle presented to the
solar wind is flattened and less blunt than the Earth’s [Engel and Beard, 1980]. As a
result, the ratio of the bow shock to magnetopause stand-off distance is smaller at Jupiter
than at Earth.
As solar wind plasma crosses a planetary bow shock it is compressed and heated.
Anisotropic heating of the plasma is commonly observed downstream of quasiperpendicular bow shocks [Song et al., 1992; 1994]. Anisotropic plasmas ( T⊥ > T|| )
where the ratio of the thermal plasma pressure to the magnetic pressure (β) is large are
unstable to the growth of both mirror modes and ion cyclotron waves. However, the field
must be uniform for several ion gyro periods in order for ion cyclotron instability to
result in wave growth and this condition is not common in the turbulent flows of the
magnetosheath. When the field is non-uniform, mirror mode structures can form even
though their growth rate in a uniform plasma is typically slower than that of cyclotron
waves [Gary et al., 1994]. Mirror mode structures are frequently observed in both
magnetosheaths but we focus primarily on analyses of the Jovian magnetosheath. The
1

large size of the Jovian magnetosheath allows us to easily subset our data into spatial
regions based on local time and distance from the system boundaries so that we can begin
to understand how the mirror structures evolve as the plasma in which they are embedded
flows through the magnetosheath.
1.1.

Outline

This dissertation combines the results from four separate but related studies. In
Chapter 2 we define the size and shape of the steady-state Jovian magnetosheath. At the
Earth, the magnetospheric boundary locations are well known and easily tested by a
wealth of observations but this is not the case at Jupiter. Here we develop probabilistic
models of the size and shape of the bow shock and magnetopause using a combination of
MHD simulation results to determine shape, and observations to determine the probable
locations. In Chapter 3 we statistically compare the characteristics of the solar wind
input to the two systems including pressure (dynamic, thermal, and magnetic),
temperature, Mach number (magnetosonic and Alfvén), field strength, and plasma beta
(β). This chapter focuses on differences in the near-Jupiter and near-Earth solar wind
properties that may help to explain differences in the behavior of the system boundaries
at the two planets. After defining the size and shape of the Jovian magnetosheath and the
solar wind input to the Jovian system, we analyze mirror mode structures in the Jovian
magnetosheath in Chapter 4. We present a methodology for identifying mirror structures
of the different forms that are observed, show how the different forms are distributed in
the magnetosheath, and present a model for the evolution of the form of these structures
based on signatures observed in the magnetic field. Unfortunately, plasma data in the
Jovian magnetosheath are sparse and generally do not have the time resolution necessary
to properly analyze mirror structure formation and evolution. Consequently, in our final
study (Chapter 5) we consider mirror structures observed in the terrestrial magnetosheath
where high time resolution plasma data are available. We perform a case study of an
event observed by the five THEMIS spacecraft where each of the mirror structural forms
is observed by one or more spacecraft. In this analysis we compare the plasma
distribution functions observed within different mirror structure forms to distributions
predicted by theory and models developed in the previous chapter.
1.2.

The Shape and Location of the Earth’s Bow Shock and Magnetopause

In the next sections we briefly summarize the previous research into the topics
that are covered in this dissertation, beginning with terrestrial magnetospheric boundary
locations. The shape and size of the Earth’s bow shock and magnetopause have been
extensively studied by many authors. Here we summarize the key results of others
beginning with Fairfield [1971] who gives one of the early empirical models of the time
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Figure 1.1 Observed magnetopause crossings (top, after Fairfield, 1976). ) and the distribution of stand-off
distances (bottom, after Fairfield, 1971)

dependent locations of the bow shock and magnetopause. Fairfield [1971] reported that
the average magnetopause and bow shock locations in the ecliptic plane are at geocentric
distances of 11.0 and 14.6 Earth radii (RE) respectively in the sunward direction, at 15.1
and 22.8 RE in the dawn meridian, and at 15.8 and 27.6 RE in the dusk meridian. This
study notes that the bow shock orientation is consistent with the direction expected when
the aberration of the radial solar wind is considered and that the stand-off distance is
influenced by the size of the Alfvén Mach number. The magnetopause location was
found to depend primarily on the momentum flux with the IMF orientation being a
secondary factor; the boundary lies closer to the Earth when the IMF is southward. The
top panel in Figure 1.1 shows the locations of 1821 magnetopause crossings reported by
Fairfield [1976] and the bottom panel shows the distribution of stand-off distances from
in the direction of the sun and in the orthogonal plane. Fairfield’s early models were
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based on fits to the observed boundary crossing locations obtained by using a conic
section symmetric about the aberrated Sun- Earth line.
Nearly all boundary shape modeling since Fairfield [1971] has employed the
same technique of fitting an ever increasing number of boundary crossing locations to
functional forms parameterized by solar wind conditions and IMF strength and
orientation. Petrinec et al., [1991] examined in detail the influence of the solar cycle on
the size and shape of the magnetopause during northward and southward IMF. They
reported that average dynamic pressure modulates over the solar cycle with its minimum
near solar maximum and it peak during the descending phase of the cycle and that
magnetopause stand-off distance is directly correlated with the pressure variation.
During the entire solar cycle, the stand-off distance is greater during northward IMF than
during southward IMF by approximately 0.5 RE. Petrinec and Russell [1993, 1996a]
analyzed solar wind control on the size and shape of the near-Earth magnetotail and
found that the flaring angle increases as the IMF becomes more southward but remains
fixed for northward IMF. Petrinec and Russell [1996b] studied the influence of the
combination of magnetic latitude and dipole tilt angle on the magnetopause stand-off
distance normalized for IMF orientation and dynamic pressure effects and report that the
larger the sum of those angles, the smaller the stand-off distance.
Terrestrial bow shock models have evolved in much the same way as the
magnetopause models. Seiff [1962] showed that the standoff distance of the bow shock
(∆) normalized by the radius of the obstacle (D) is nearly linearly proportional to the
inverse density (ρ) ratio across the shock through the relationship:

ρ
∆
= 1.1 1
D
ρ2

(1.1)

where the constant of proportionality was determined empirically and subscripts 1 and 2
indicate the upstream and downstream values. Spreiter [1966] noted that in gas dynamics
the density ratio can be rewritten in terms of the compressibility of the medium and the
upstream Mach number so that Equation 1.1 becomes:
(γ − 1) M 12 + 2
∆
= 1.1
D
(γ + 1) M 12

(1.2)

This equation matches observations reasonably well for large Mach numbers but
does not go to infinity when the Mach number is equal to one. Farris and Russell [1994]
extended this work to properly account for the behavior of the shock stand-off distance at
low Mach numbers and by including an obstacle radius of curvature component. Farris
and Russell noted that the upstream Mach number is effectively reduced by the upstream
IMF strength but that the upstream Mach number can be computed from the asymptotic
value of the downstream Mach number through the Rankine-Hugoniot equations. After
some algebraic manipulation, Farris and Russell show that Equation 1.2 can be written
as:
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(γ − 1) M 12 + 2
∆
= 1.1
D
(γ + 1)( M 12 − 1)

(1.3)

which does go to infinity for M1=1.
Bennett et al. [1997] developed an empirical model for the shape and location of
the distant downstream bow shock by applying a series of corrections to the flaring angle
in the Greenstadt et al. [1990] model that depend on the solar wind dynamic pressure, the
Alfvén and magnetosonic Mach numbers, and the IMF orientation. The authors showed
that their corrections for the upstream conditions allowed the bow shock location to
predict the crossings observed by the Galileo spacecraft at distances greater than 300 RE
downstream from the Earth.
1.3.

The shape and location of the Jovian bow shock and magnetopause

Compared to the amount of effort that has been focused on developing size and
shape models of the Earth’s magnetopause and bow shock, the number of studies of the
Jovian system is quite small. This fact is directly attributable to dearth of data acquired
in Jovian system as compared to the terrestrial system. Following the Jupiter flybys of
Pioneers 10 and 11, Beard and Jackson [1976] generated the first observationally
constrained model of the Jovian magnetopause by summing the magnetic contributions of
an internal dipole and an equatorial current sheet. Engel and Beard [1980] refined the
current sheet model and improved the fit to the observed magnetopause crossings. After
the Jupiter flybys of Voyagers 1 and 2, Lepping et al., [1981] fit the observed bow shock
and magnetopause crossing locations in the orbital plane of Jupiter by using conic
sections symmetric about the sun line, ignoring aberration which was stated to be
negligible. Constants for the fits were produced separately for each of the two spacecraft.
The Lepping et al. [1981] boundary location equations for Voyager 1 are:
MP :

BS :

Yo ( R J ) = ±[168(57 − X 0 ( R J ) )]

1

(1.4)

2

[

]

2

Yo ( R J ) = ±0.380 (569 − X 0 ( R J ) ) − 236,000

]

Yo ( R J ) = ±0.712 (242 − X 0 ( R J ) ) − 28,900
2

1

(1.5)

and for Voyager 2 are:
MP :

BS :

Yo ( R J ) = ±[102(68 − X 0 ( R J ) )]

[

1

(1.6)

2
2

1

2

(1.7)

where the value of Jupiter’s radius was taken to be 71,372 km. The coordinate system is
defined with the X direction along the sun-line taken to be positive in the sunward
direction and Z is orthogonal to the orbital plane of Jupiter, positive northward. The
large differences in the fit constants reflect the very different solar wind conditions at the
times of the inbound passes of the two spacecraft.
Slavin et al. [1985] recognized that the wide range of observed crossing locations
was attributable to the large variation in solar wind dynamic pressure at Jupiter. Slavin et
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al. addressed this problem by correcting the observed crossing locations for pressure
variations. Dayside crossing locations were mapped to the sub-solar point along a least
squares fit to the crossings. The stand-off distance data were then used to determine the
dynamic pressure (Pd) dependence of the stand-off distance, determined to be Pd-4 for the
bow shock and Pd-4.4 for the magnetopause. The dynamic pressure for the bow shock
crossings was directly measured in the solar wind just upstream of the shock. For the
magnetopause crossings the upstream pressure was inferred from the strength of the
magnetic field just inside of the magnetosphere by assuming Newtonian pressure balance.
Using the pressure dependence for the stand-off distance, all of the crossings were
normalized to the average dynamic pressure which was determined to be 0.098 nPa. The
root mean square (rms) error of the least squares fit improved by a factor of 2-3 for the
pressure corrected crossings as compared to the uncorrected crossing locations. The
Slavin et al., equations for the location of the bow shock and magnetopause in aberrated
coordinates are:
BS :
Rn ( R J ) = 16 + 122
(1.8)
(1 + 1.05 cos θ )
MP :
Rn ( R J ) = 15 + 78.9
(1.9)
(1 + 0.89 cos θ )

Huddleston et al., [1998] used the technique developed by Slavin et al. [1985] to
update the Jovian bow shock and magnetopause shape and location models including
additional crossing data obtained from the Ulysses flyby and Galileo approach to Jupiter.
In addition, Huddleston et al. considered all crossings, not just those on the dayside.
They recognized that the both the flaring angle and the stand-off distance of the
boundaries are affected by the solar wind dynamic pressure. In order to account for
dynamic pressure variations the crossing stand-off distances were separated into
compressed and expanded states, corresponding to high and low dynamic pressures.
Different pressure corrections were then applied to the two data sets and then the
corrected crossing locations were individually fit. Thus Huddleston et al. were able to
generate boundary location models for both the compressed and expanded states of the
Jovian magnetosphere. Table 1.1 gives the coefficients of the Huddleston et al. conic
sections whose foci are defined to be at the center of Jupiter so that the equation for the
location of the boundaries is:
R( R J ) = L

(1.10)

(1 + ε cos θ )
Bow Shock

Magnetopause

L

ε

L

ε

High Pressure

134 RJ

0.85

92 RJ

0.70

Low Pressure

166 RJ

0.95

116 RJ

0.81

Table 1.1 Coefficients for the high and low dynamic pressure models of the Jovian bow shock and
magnetopause from Huddleston et al., [1998].
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1.4.

Properties of the Near-Jupiter and Near-Earth Solar Wind

As part of their analysis of the Jupiter system boundaries, Slavin et al., [1985]
characterized some of the properties of the near-Jupiter solar wind. Slavin et al.
published histograms of the magnetosonic and Alfvén Mach numbers and the solar wind
dynamic pressure, along with the mean and median values that they used to pressure
correct the stand-off distances for their boundary location models. Previously, Smith and
Wolfe [1979] reported on their analysis of the Pioneer 10 and 11 observation of the
changes in the solar wind as these spacecraft departed the near-Earth environment. These
authors noted that many of the field lines that pass by the Earth cross through either a
forward or a reverse shock, associated with the boundaries between the fast and slow
solar wind, by the time that they reach Jupiter. Field lines that pass into the region
between the shocks are characterized by enhanced field strengths and have higher levels
of fluctuations than those that do not. Much of the analysis that has followed has focused
on the evolution of these stream interaction regions (SIRs) and interplanetary coronal
mass ejections (ICMEs) as the radial distance from the Sun increases.
Jian et al., [2006, 2007, 2008a, 2008b] have studied the properties of both SIRs
and ICMEs over the solar cycle at heliocentric distances of 0.72, 1.0 and 5.3 AU by using
data from the Pioneer Venus Orbiter, ACE and Wind, and Ulysses spacecraft
respectively. They have reported that the number of SIRs associated with shocks
increases from 3% at 0.72 AU to 24% at 1.0 AU [Jian et al., 2007] and continues to grow
to more than 90% at 5.3 AU [Jian et al., 2008b]. They also show that the number shocks
driven by ICMEs peaks near Earth, growing from 49% near Venus to 66% near Earth
[Jian et al., 2007] and then falling to 58% near Jupiter [Jian et al., 2008b]. The number
of SIRs shows little solar cycle phase dependence, however, the occurrence rate of
ICMEs is directly correlated with solar activity levels [Jian et al., 2007].
1.5.

The Earth’s Magnetosheath

Before we present the results of our analyses, we begin by reviewing what is
currently known about the terrestrial magnetosheath. The magnetosheath exhibits both
large spatial scale ordering resulting from the size and shape of the magnetopause and
variability dependent on the solar wind [Lucek et al., 2005]. Properties of the
magnetosheath plasma near the bow shock depend on the characteristics of the bow
shock which are in turn determined by the orientation of the interplanetary magnetic field
(IMF) and the direction of the local bow shock normal direction (θBn) [Kivelson and
Russell, 1996]. The plasma tends to be more turbulent in the magnetosheath close to
regions where the bow shock is quasi-parallel [Lucek et al., 2005] while temperature
anisotropy tends greater near regions where the bow-shock is quasi-perpendicular
[Scopke et al., 1990]. Temperature anisotropy is a free energy source within the plasma
that can drive the ion cyclotron and mirror instabilities.
Just inside the bow shock, the average magnetosheath density, field strength, and
temperature are greater and the plasma speed is less than in the solar wind by a factor that
is consistent with the Rankine-Hugoniot relation for a fast-mode shock. Moving
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planetward from the bow shock on the dayside, the magnetic field drapes over the
magnetopause and its strength increases, the plasma density (and beta) decreases and the
plasma flow diverts around the magnetosphere and accelerates, becoming supersonic
again in the flanks of the magnetosheath. Phan et al., [1996] showed that the
perpendicular proton temperature ( T⊥ p ) remains nearly constant from the bow shock to
the magnetopause while the parallel temperature ( T|| p ) diminishes, the net result being an
increase in proton temperature anisotropy. The perpendicular electron temperature tends
to be greater than the parallel temperature and both diminish towards the magnetopause
such that the electron temperature anisotropy remains nearly constant [Phan et al., 1996].
Many different types of plasma waves have been observed in the magnetosheath.
Using Cluster data, Alexandrova et al., [2004] were able to positively identify ion
cyclotron waves for an interval of slightly more than five minutes immediately following
a bow shock crossing. When these waves were observed, βp < 1 and T⊥ p / T|| p > 0 which
are the plasma conditions required for ion cyclotron wave growth [Gary et al., 1994].
Further from the bow shock, when the temperature anisotropy dropped, these same
authors observed magnetic field perturbations that were elongated along the field
direction. Using data from all four spacecraft (separation ~600 km) they measured the
structure dimensions as ~620 km along the field and ~60 km perpendicular to the field.
Alexandrova et al., [2004] proposed that these perturbations were signatures of field
aligned current filaments formed through the collapse of the ion cyclotron waves through
the filamentation instability [Laveder et al., 2002].
1.6.

Mirror Mode Theory and Observations

Whereas ion cyclotron waves and other exotic plasma waves may occasionally be
observed in the magnetosheath, observations of mirror structures have been widely
reported throughout the magnetosheath for decades [Kaufmann et al., 1970; Tsurutani et
al., 1982; Song et al., 1992; Constantinescu et al., 2003]. Mirror mode structures grow
under conditions of ion temperature anisotropy ( T⊥ > T|| ) and high perpendicular plasma
beta ( β ⊥ = 2µ o nkT⊥ / Bo2 ). The structures are stationary in the plasma rest frame and are
observed as pressure balanced, anti-correlated perturbations in density and magnetic field
strength. Slow mode waves which propagate also appear as anti-correlated fluctuations
in density and field strength which makes positive identification of mirror structures
difficult.
The mirror instability arises from the fact that at low frequencies the
perpendicular plasma pressure δ p ⊥ responds to a magnetic field compression δB in
antiphase. For a bi-Maxwellian distribution with parallel temperature T|| and
perpendicular temperature T⊥ , the change in perpendicular pressure is:


δ p ⊥ = 2 p ⊥ 1 −


T⊥
T||

 δB

 B


(1.11)
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Untrapped

∆V|| > 0

∆V|| < 0

∆V|| > 0

∆n, ∆p ⊥ < 0

∆n, ∆p ⊥ > 0 ∆n, ∆p ⊥ < 0
Trapped

∆p ⊥ , ∆n > 0

∆p ⊥ , ∆n < 0 ∆p ⊥ , ∆n > 0

Figure 1.2 An illustration of the differences between the motions of the untrapped (upper) and trapped
(lower) particles in a mirror geometry (after Kivelson and Southwood, 1996). Local density, parallel
velocity, and perpendicular pressure perturbations for adiabatic responses are shown below each panel at
the magnetic field minima and maxima within the mirror structures.

[Hasegawa, 1969]. Equation 1.11 tells us that the pressure perturbation is proportional to
the unperturbed pressure. If the unperturbed pressure is large, then the sense of the total
pressure produced by the field change may be opposite to the change in magnetic
pressure produced by the change in magnetic field strength. For a bi-Maxwellian
distribution, the condition for this is:
BδB
δp ⊥ +
<0
(1.12)

µo

[Southwood and Kivelson, 1993]. Substituting from equation 1.11, we find that when:
T⊥
1
> 1+
(1.13)
T||
β⊥
holds, the force exerted by the total pressure in the direction perpendicular to the
magnetic field decreases/increases with increasing/decreasing δB , causing the field lines
to move closer/further apart driving the instability [Southwood and Kivelson, 1993]. The
inequality in equation 1.13 is the mirror instability condition. When the quantity on the
left (CM) is greater than one, mirror mode growth can occur. When CM < 1, the plasma is
2009].

Southwood and Kivelson [2005] describe the progression of the linear instability
in terms of the exchange of energy between the parallel and perpendicular directions that
conserves both total energy and the first adiabatic invariant (magnetic moment, µ) by
introducing the mirror force. When particles move into a weaker field region,
perpendicular (gyro) motion is converted into motion along the field (parallel motion)
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V⊥

V||

B = Bo + | δB |

δB > 0

Crest
V⊥

V||

B = Bo

V||

B = Bo − | δB |

V⊥

δB > 0

Trough
Range v|| < γ / k||

Figure 1.3 Contours of the distribution function in the ( v|| , v ⊥ ) plane showing how the distributions are
modified at different locations along the background field by linear growth of mirror mode structures (after
Southwood and Kivelson, 1993). The middle panel shows the initial bi-Maxwellian distribution (dark
ellipse) in the unperturbed background field. This reference distribution is repeated in the other two panels.
The top and bottom panels show the modified distribution at the local field maxima and minima
respectively. Particles conserve magnetic moment and therefore change perpendicular energy in proportion
to the change in field strength and µ. The stippled regions indicate the region where the parallel velocity is
less than the mirror growth rate divided by the parallel wave number where particles can resonate.
Particles in this region change their perpendicular energy and their total energy increases/decreases where
the field increases (decreases). Untrapped particles change their pitch angle such that total energy is
conserved.

and vise versa. However, particles that begin with very low parallel velocity are
“trapped” in the low field regions by the mirror force as they approach the higher fields
of the perturbations. Particles with higher parallel velocity do not mirror and are free to
move through the magnetic field perturbations. Figure 1.2 (after Kivelson and
Southwood, [1996]) illustrates the exchange of energy between gyro motion and parallel
motion for the untrapped particles and the mirroring of the trapped particle population.
stable and no growth occurs and there is marginal stability for CM = 0 [Genot et al.,
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Southwood and Kivelson [1993] also predict how the particle velocity distribution
functions will be modified by the linear mirror mode growth processes. Figure 1.3 (after
Southwood and Kivelson, [1993]) illustrates the changes to the particle distribution
functions from an initially bi-Maxwellian form (middle panel). Particles whose parallel
velocity is less than the linear growth rate (γ) divided by the parallel wave number are
trapped while those with larger parallel velocities pass through the structures. Trapped
particles remain in the structures for times that are long with respect to the instability
growth rate and can gain (lose) perpendicular energy through betatron acceleration. The
top panel in Figure 1.3 shows that in the mirror structure field maxima trapped particles
gain perpendicular energy while those with parallel velocity greater than the trapping
velocity lose perpendicular energy so that the distribution is elongated near v|| = 0. All
particles conserve magnetic moment so that total energy is conserved. The bottom panel
shows that in the field depressions the trapped particles lose perpendicular energy while
untrapped particles gain energy and the distributions is compressed in the region near
v|| = 0.
There are both observational evidence and simulation results that support the
Southwood and Kivelson [1993] theory of the linear growth of mirror structures.
Leckband et al., [1995] reported the predicted enhancement of perpendicular energy at
very low parallel velocity by examining the differences between the peak and trough
distribution functions in mirror modes observed by the AMPTE-UKS satellite. Panetllini
et al., [1995] and Califano et al., [2008] have each simulated mirror structure growth in
the linear regime and both have reported results that are consistent with the Southwood
and Kivelson [1993] theory predictions.
The Southwood and Kivelson [1993] study provided a 2-dimensional schematic
illustration of the mirror mode structure that helped develop the concept of the mirror
structure as a magnetic bottle able to trap particles. Constantinescu [2002] developed a
3-dimensional model of mirror mode magnetic field perturbations. Constantinescu
assumed that mirror mode magnetic field perturbations were cylindrically symmetric
around and periodic along the background field direction (Z), and then Fourier expanded
the equation for magnetohydrostatic equilibrium for a divergence-free magnetic field and
found Bessel function solutions. These are:

δBρ ( ρ , z ) =

2π

α
∞

∞

 nπ z 
 nπ z 
 nαρ  
 − bn cos

 a n sin 
L 
 L 
 L 

∑ J 
1

n =1

 nπ z 
 nπ z 
 nαρ  
 + bn sin

 a n cos
 L 
 L 
 L 

δBz ( ρ , z ) = 2∑ J 0 
n =1

(1.14

(1.15)

where L is the half wavelength of the structure along the z-direction, an and bn real are the
Fourier expansion coefficients, and α is a constant related to the initial anisotropy
T
Ao = ⊥
and perpendicular plasma beta by the equation:
T ||
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Mirror Mode Field Perturbations

Figure 1.4 Wire-frame representation of the surfaces defined by the field lines for the first Fourier
component of the magnetic field perturbation (after Constantinescu, 2002). Perturbation amplitudes
diminish with distance from the axis of symmetry which is along the background field direction.

α =π

1 1 − 1  + 1
β o⊥
2
Ao 
Ao − 1 − 1

(1.16)

β o⊥

[Constantinescu, 2002]. Figure 1.4 shows a wire-frame drawing of the surfaces of the
3-D magnetic field perturbations given by Equations 1.14 and 1.15. Constantinescu et
al., [2003] simultaneously fit field perturbations observed by the four Cluster-II
spacecraft and previously described as mirror mode structures by Lucek et al., [2001] and
were able to get reasonable agreement with the Constantinescu [2002] model for L=6186
km and α = 11.5.
The evolution and occurrence rate of mirror structures in the magnetosheath of
Jupiter and Saturn have been studied by various authors. Erdős and Balogh [1996]
reported observing a nearly continuous train of mirror mode structures characterized as
magnetic field dips lasting approximately 18 hours while the Ulysses spacecraft traveled
from the magnetopause to the bow shock on the outbound leg of the Jupiter flyby. From
these observations, Erdős and Balogh were able to determine that the mean duration of
the magnetic field perturbations was about 42 seconds (~20 proton gyro periods) with the
peak in distribution function at around 30 seconds. They also reported a broad peak
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around 3 in ratio of the high (background) field strength to the field strength in the
magnetic dips and that the angle between the magnetic field vector and the minimum
variance direction was about 83o.
Bavassano Catteneo et al., [1998] analyzed Voyager data from the
magnetosheaths of Jupiter and Saturn and developed a model of the evolution of mirror
structures from the bow shock to the magnetopause. They observed mirror mode
structures almost continuously when the spacecraft were in the magnetosheath of either
planet and found that the magnetosheath could be divided into three regions, each
characterized by mirror mode structures with different magnetic field signatures. They
reported that mirror structures formed near the bow shock as quasi-periodic perturbations
in the field strength that increased in amplitude and wavelength with distance from the
bow shock. In the middle magnetosheath Bavassano Catteneo et al. observed nonperiodic structures and near the magnetopause, magnetic field depressions or dips were
observed. The authors concluded that the changes in the form of the mirror structures
could be understood in terms of the evolution of the plasma beta in the magnetosheath.
Near the bow shock, mirror structures formed and grew in amplitude until their growth
saturated. In the high beta environment of the middle magnetosheath, the structures
broadened without further increases in amplitude. Near the magnetopause, where beta is
near one, the dips formed as a result of a decay process that preferentially acted upon
field enhancements, leaving only field depressions. Our analysis of mirror modes in the
Jovian magnetosheath presented in Chapter 4 confirms many of the Bassano Catteneo et
al. [1998] results and extends their model.
1.7.

Data Sources

The thesis is derived from numerous data sets. Near-Earth solar wind statistics
were derived from the plasma and magnetic field experiments aboard the ACE
spacecraft. These data were obtained from the CDAWeb database at the National Space
Science Data Center (NSSDC) at the NASA Goddard Space Flight Center (GSFC). The
near-Jupiter solar wind data include magnetic field and plasma observations from the
Pioneer 10 and 11, Voyager 1 and 2, and the Ulysses spacecraft obtained from the
COHOWeb database at NSSDC. Magnetic field data in the Jovian magnetosheath
measured by the Pioneer 10 and 11, Voyager 1 and 2, Ulysses, Galileo, and Cassini
spacecraft, plus plasma data from the two Voyagers and ephemeris data for all of the
spacecraft were obtained from the NASA Planetary Data System (PDS) Planetary Plasma
Interactions (PPI) Node. Finally, plasma and magnetic field data in the terrestrial
magnetosheath observed by the THEMIS spacecraft are analyzed in Chapter 5. These
data are extracted from the THEMIS database by using project provided software.
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Chapter 2
Probabilistic Models of the Shape and Location of the Jovian
Magnetosheath Boundaries
The solar wind is compressed, heated and deflected around Jupiter by the bow
shock that forms upstream of the planet in the flow. The magnetosonic Mach number,
dynamic pressure, and interplanetary magnetic field orientation determine the strength of
the shock and influence its location [Farris and Russell, 1994]. As in all systems where
shocks form, the shape of the shock is dependent on the shape of the obstacle [Spreiter et
al., 1966; Stahara et al., 1989]. The size and shape of Jupiter’s magnetospheric cavity is
determined by pressure balance at the magnetopause. Unlike the terrestrial system where
internal pressure is dominated by magnetic pressure, at Jupiter all internal pressure
components (magnetic, thermal, and dynamic pressure) are important [Huddleston et al.,
1998], with thermal pressure being dominant [Mauk et al., 2004]. Due to the rapid
rotation of Jupiter, the presence of a significant heavy ion plasma, and the large scale
size of the system, centrifugal forces on the corotating plasma dominate over
gravitational forces [Hill and Dessler, 1974]. The field configuration is stretched and
disk-like [Engel and Beard, 1980], and the shock stands much closer to the
magnetopause [Slavin et al., 1985; Stahara et al., 1989] than it does at the Earth when
scaled by planetary radii. The solar wind dynamic pressure at 5.2 AU is highly variable,
and consequently the Jovian magnetopause and bow shock shapes and locations are quite
variable [Smith et al., 1981; Slavin et al. 1985]. Changes in the internal pressure
components, such as those observed between the Voyager and early Galileo orbits [Mauk
et al., 1998] can also contribute to the variable nature of the Jovian system boundaries.
The shape of the magnetopause and the size of the terrestrial magnetosphere have
been studied for many years, dating back to Fairfield [1971]. This area of research is
critical to understanding the interaction between the solar wind and the magnetosphere.
At the Earth, there are good models of the response of the magnetopause [Kawano et al,
1999; Russell et al., 1997; Petrinec and Russell, 1997a; Petrinec and Russell, 1997b; and
references contained therein] and bow shock [Farris and Russell, 1994; Petrinec and
Russell, 1997; Bennett et al., 1997; Petrinec; 2002; and references contained therein] to
changes in the solar wind and IMF. In this chapter the responses of the shape and
location of the Jovian system boundaries to changes in the solar wind dynamic pressure
and IMF are analyzed by using observations in conjunction with MHD simulation results.
Shape models of the boundaries are generated from the simulation results and the standoff distances are determined from observations. Statistical evidence is used to determine
the most probable location of the bow shock and magnetopause.
Probabilistic models of the location of the Jovian system boundaries were
originally developed in order to help target Galileo observations. Since the high gain
antenna failed to open on the Galileo spacecraft, the downlink bandwidth was extremely
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limited and high time resolution observations needed to be directed to achieving specific
science objectives. Observations of the system boundaries by the Voyager, Pioneer, and
Ulysses missions had already shown that the Jovian magnetopause stand-off distance
varied from 45 to 100 Jovian radii (RJ). If high resolution observations were to be
attempted, they needed to be targeted at the locations where the boundaries were most
likely to be observed. The technique developed here is likely to prove useful for studies
of the system boundaries for the other outer planets. In general, outer planet missions are
expensive and occur infrequently as compared to Earth or Mars missions. In addition,
primary mission objectives (planet and its satellites) are generally well inside the huge
magnetospheres of these bodies so that direct observation of the boundaries are
infrequent. Probabilistic models of the locations of these boundaries allow mission
scientists to acquire data at positions along the spacecraft trajectory where they are most
likely to observe the boundaries.
Most of the analysis presented in this chapter was completed in 2002 and
published as Joy et al. [2002] or Walker et al. [2005]. At the time of the analyses, seven
spacecraft (Pioneers 10 and 11 [P10, P11], Voyagers 1 and 2 [VG1, VG2] Galileo, and
Cassini [CAS]) had encountered the Jovian system but the Cassini data were not
available publicly and Galileo had completed only the first 28 (of 35) orbits. Since that
time, Galileo has completed its mission, Cassini data have become public, and the New
Horizons [NH] spacecraft has flown through the Jovian magnetosphere. Figure 2.1
shows the trajectories of the spacecraft, and models of the magnetopause and bow shock
based on the Voyager encounters [Lepping et al., 1981a]. Trajectories have been color
coded to indicate whether the spacecraft was in the solar wind (blue), magnetosheath
(green), magnetosphere (red), or not included in this analysis (black). Colors change at
the boundary crossings. Note that the boundaries have been observed over a wide range
of local times and distances many of which occur well outside of the Voyager model
boundaries. The range of observed sub-solar magnetopause positions is roughly from 50
to 100 Jovian radii (RJ = 71492 km) and the range of sub-solar bow shock positions is 55
to 125 RJ. Magnetospatial regions are based on the published boundary crossings or
direct analysis of the recent Galileo data [Pioneer – Intriligator and Wolfe, 1976;
Voyager – Lepping et al., 1981b; Ulysses – Bame et al., 1992; Galileo – Kivelson et al.,
1997, Cassini – Kurth et al., 2002; Achilleos et al., 2004; New Horizons – McNutt et al.,
2007 (bow shock crossing time approximate)].
Previous empirical models of the boundary shapes and locations [Lepping et al.,
1981a; Slavin et al., 1985; Huddleston et al., 1998] are based on least squares fits of
observed boundary crossing locations to an assumed conic section form. Conic forms are
inherently symmetric but there is likely to be an observable dawn-dusk asymmetry and
polar flattening in the Jovian system boundaries. The lack of low latitude dusk side data,
and very limited high latitude data, has made it difficult to constrain model parameters
that could represent asymmetry. Some earlier models of the Jovian boundary locations
were corrected for solar wind dynamic pressure effects [Slavin et al., 1985] or allowed
the boundary shapes and locations to vary in response to these changes [Huddleston et
al., 1998]. Slavin et al. [1985] mapped crossings to their equivalent sub-solar point,
using the shape model determined from the uncorrected crossings, and then corrected the
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NH

Figure 2.1
Summary of the observations of Jupiter boundary crossings projected into the Jovian
equatorial plane (after Joy et al., 2002). Trajectories are color coded to indicate whether the spacecraft was
in the solar wind (blue), magnetosheath (green), magnetosphere (red), or data were not used in this analysis
(black). Color changes indicate boundary crossings. Subscripts i and o indicate inbound and outbound
segments respectively of various flyby trajectories. Galileo orbits are numbered.
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values to a common pressure by using a model of the pressure dependence of the standoff
distance. Their model is symmetric about the aberrated Sun-Jupiter line and assumes a
circular cross-section about this line. Huddleston et al. [1998] provided evidence of polar
flattening of the magnetopause by fitting mid and low latitude observations separately. In
addition, they separated the Voyager and Pioneer crossing observations into high and low
solar wind pressure events by using solar wind data from the other spacecraft of the pair,
and shifting the data in time to account for the spacecraft separation. Their analysis
suggests that at high pressure, both the standoff distance and the flaring of the
magnetopause and the bow shock are reduced relative to the low pressure case.
We take a different approach to determining the shape and location of the Jovian
magnetosheath boundaries. Boundary crossings occur when the boundaries move across
the spacecraft in response to a change in solar wind or IMF conditions providing
information about the transient response of the boundaries. Boundary motion is much
faster than spacecraft motion and therefore contributes more to the observed distribution
of crossings than spacecraft motion. Probabilistic models require information about the
steady-state shapes and locations of the boundaries. We obtain that information by
analyzing where spacecraft most frequently observe the different magnetospatial regions
(solar wind, magnetosheath, and magnetosphere). For instance, if we determine that
spacecraft are most often in the solar wind at a given local time and distance from Jupiter,
then we know that the most probable bow shock location is planetward of that position.
We use the results of the magnetohydrodynamic (MHD) simulation of Ogino and
Walker [Ogino et al., 1998] run to equilibrium under different solar wind pressure
conditions to determine the shapes of the boundaries. The shapes identified in individual
runs of the simulation are then used to establish the steady-state boundary shape models
as continuous functions of solar wind dynamic pressure. The shape models are then
compared to spacecraft observations in order to obtain the most probable shapes and
locations of the magnetopause and bow shock.
2.1.

The Ogino-Walker MHD Simulation at Jupiter

The Jupiter system MHD simulation of Ogino and Walker is described in Ogino
et al. [1998] and the simulation runs used in this study have been described in Joy et al.
[2002] and Walker et al. [2005]. Beginning at time t=0 with a model of the plasma and
field configuration near Jupiter, an unmagnetized solar wind with a dynamic pressure of
0.075 nPa (v = 300 km/s) and a temperature of 2 x 105 K is launched from the upstream
boundary of the simulation box. Inside the simulation box, the resistive MHD equations
are solved as an initial value problem by using the Modified Leap-Frog Method described
by Ogino et al., [1992]. The Jovian magnetosphere is modeled on a Cartesian grid with a
spacing of 1.5 RJ where the simulation grids were either 452x302x152 or 602x402x202
half-spaces symmetric about the Jovian equator (Z = 0). For simulation runs where the
input IMF By was non-vanishing, a full-space 602x402x402 grid was employed. During
the simulation, the magnetic field (B), solar wind velocity (V = Vx), mass density (ρ), and
thermal pressure (p) are maintained at the upstream boundary (X = 300 or 225 RJ). The
remaining sides of the simulation box have free boundary conditions through which
fields, plasmas, and waves can exit the simulation. The dipole is spin axis aligned and
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perpendicular to the solar wind velocity vector in all calculations. An inner
magnetospheric boundary (fixed B, v, ρ, p) is placed at 15 RJ and a smooth transition
region between 15< RJ ≤21 is used to connect the simulation quantities with the inner
boundary [Ogino et al., 1992]. At the inner boundary, the simulation parameters are
fixed such that the azimuthal component of the velocity is set to the corotation speed,
density and pressure are set to values determined by the Voyager 1 flyby of Jupiter
[Belcher, 1983], and the magnetic field is set to values from Jupiter’s internal dipole.
Thus, the inner boundary condition provides a plasma source where typically about
1x1030 AMU s-1 pass through the spherical surface at 22.2 RJ and enter the magnetosphere
[Walker et al., 2005].
2.2.

Solar Wind Dynamic Pressure Effects on the Shape and Location of the
Bow Shock and Magnetopause

The Ogino-Walker simulation has been used to investigate the impact of Jupiter’s
rapid rotation on the magnetospheric configuration, the magnetospheric response to
changing interplanetary magnetic field (IMF) direction and strength at fixed solar wind
dynamic pressure, and to changing solar wind dynamic pressure conditions in the absence
of an IMF [Walker et al., 2001]. The simulation was run without an IMF until a steady
state was achieved for solar wind dynamic pressures of 0.045, 0.090, 0.180, and 0.360
nPa. These pressures were selected by scaling the nominal solar wind dynamic pressure
at Jupiter, ~0.092 nPa [Slavin et al., 1985], by factors of two. However, these values
correspond reasonably well with the median (0.05 nPa), mean (0.08 nPa), and upper
quartile (0.17 nPa) of the distribution of dynamic pressures observed in the solar wind
near Jupiter presented in the previous chapter. It should be noted that when the IMF
vanishes, the MHD solution approaches the gas dynamic limit (infinite Alfvén Mach
number) previously discussed [Slavin et al. 1985; Spreiter and Stahara, 1985] in the
upstream region.
The bow shock is readily identifiable in all of the derived parameters of the
Ogino-Walker simulation. For our purposes, the shock was defined to be the maximum
in the thermal pressure gradient in the direction of solar wind flow (δPth/δx)max.
Identifying the magnetopause surface in the simulation in an automated fashion is not
straightforward. Several criteria were evaluated and rejected prior to settling for a
criterion based on flow diversion. A flow diversion criterion was selected because it was
readily identifiable everywhere within the simulation box and does a good job of
representing the magnetopause surface. For our purposes, the magnetopause was defined
as the maximum in the magnitude of the velocity gradient (|∇V|)max lying downstream of
the bow shock position. A twenty grid point (30 RJ) sphere around the planet was
excluded when determining maxima.
Figure 2.2 shows the effects of changing the solar wind dynamic pressure on the
shape and size of the magnetosheath in the absence of an IMF. The figure shows
contours of the thermal pressure in the dawn-dusk (left) and noon-midnight (right) planes
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Figure 2.2 Response of the Ogino-Walker Jupiter MHD simulation to changes in solar wind dynamic
pressure in the absence of an IMF (after Walker et al., 2005).

for the four dynamic pressures previously discussed (top: 0.045 nPa; upper middle: 0.090
nPa; lower middle: 0.180 nPa; bottom: 0.360 nPa). As the solar wind dynamic pressure
increases the magnetosheath compresses and the thermal pressure increases. The bow
shock is easily identifiable in all planes but the magnetopause is less readily apparent.
Table 2.1 gives the dimensions of the Jovian system boundaries in the noonmidnight and dawn-dusk meridians as the solar wind dynamic pressure is increased.
Distances to the magnetopause and bow shock are given in units of Jovian radii (RJ).
Dawn-dusk asymmetry is computed by computing the ratio of the dawn and dusk side
dimensions in the equatorial plane (Z=0). Polar flattening is computed by comparing the
height of the boundary (Z) to the average width of the boundary (Yavg) at X=0.
Given the magnetodisk configuration of the Jovian magnetosphere, we would
expect that the width of the magnetosphere in the equatorial plane would be greater than
the height of the magnetosphere at the poles at a fixed distance along the sun-line, i.e. we
expect polar flattening. Table 2.1 shows that there is polar flattening of the
magnetopause at low pressures when the magnetosphere is expanded. However, as the
dynamic pressure increases, the flattening is reduced as the internal magnetospheric
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Pd
nPa

Magnetopause

Standoff
ratio

Bow Shock

Yavg

Z

Z/Yavg

Ydawn/
Ydusk

X

Yavg

Z

0.011 119

170

137

0.81

0.98

155

261

250

0.96

1.0

1.30

0.045

90

136

125

0.92

0.99

118

207

204

0.99

1.03

1.31

0.090

76

112

107

0.95

0.94

100

174

173

0.99

1.01

1.32

0.180

67

92

92

1.00

0.91

84

146

145

0.99

1.01

1.25

0.360

58

78

80

1.03

0.87

72

124

123

0.99

0.99

1.24

X

Z/Yavg Ydawn/
Ydusk

Xb/Xm

Table 2.1 Distances from Jupiter (RJ) to the magnetopause and bow shock in the Ogino-Walker MHD
simulations at different dynamic pressures measured along the sun-line or terminator in the absence of an
IMF (after Joy et al., 2002).

pressure is increasingly dominated by the quasi-dipolar Jovian magnetic field. At very
high dynamic pressures, the magnetopause becomes very blunt in the sub-solar region
and nearly circular in the dawn-dusk plane. At low pressure, the thickness of the
magnetosheath is greater at the poles than the equator but this characteristic also reverses
for high pressure. In the absence of an IMF, the bow shock cross section in the dawndusk plane is nearly circular for all pressures. Analysis of gas dynamic flow
characteristics [Stahara et al., 1989] indicates that polar flattening of the magnetopause
can affect shock shape only at large downstream distances where it must compete with
other effects such as Mach cone shape as a function of IMF direction and strength.
The dusk side of the magnetosphere is inflated relative to the dawn side in the
Ogino-Walker simulation results, i.e. the distance to the magnetopause at dawn in the
dawn-dusk meridian (Ydawn) is less than the distance at dusk (Ydusk). The dawn side of
the magnetosphere is compressed by the opposing forces of corotational and solar wind
flow. On the dusk side, the corotational and solar wind flows are parallel minimizing the
normal forces on the magnetopause allowing the magnetopause to expand. Kivelson et
al. [2002] reported observing an inflated dusk-side magnetosphere in the Galileo
magnetometer data. The Ogino-Walker simulation shows that the magnetosphere is
nearly symmetric when it is inflated in response to very low solar wind dynamic pressure.
As the dynamic pressure increases, so does magnetospheric asymmetry (Ydawn < Ydusk).
The bow shock shape remains nearly symmetric at all dynamic pressures. At all
pressures, the thicknesses of the dawn-side magnetosheaths are greater than those at dusk
when measured along the dawn-dusk meridian in the equatorial plane.
Lastly, the ratio of the standoff distances (bow shock to magnetopause in the solar
direction – Xbs/Xmp) decreases with increasing pressure even as the magnetosphere is
becoming less disk-like (magnetopause Z/Yavg increases). This is unexpected since
distance a shock forms upstream of an obstacle decreases as the obstacle becomes more
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pointed [Spreiter et al., 1966]. In this simulation, the ratio of the stand-off distances (1.2
– 1.3) is less than ratios between 1.1 and 1.3 reported by previous authors for Jupiter
[Slavin et al., 1985; Huddleston et al., 1998].
Table 2.2 expresses the information in Table 2.1 in terms of the magnetosheath
width along the principal simulation coordinates. The width of the magnetosheath is
computed by subtracting the magnetopause location from the bow shock location (∆X =
Xb – Xm, etc.) in the dawn-dusk and noon-midnight meridians. In the equatorial dawndusk direction, average values (Yavg) are used. At all pressures, the width of the
magnetopause is a minimum in the solar direction. When the pressure is low the
magnetopause exhibits polar flattening but the bow shock cross section is nearly circular
and the maximum thickness of the magnetosheath is in the polar direction. At high
pressures the magnetopause is more circular and the magnetosheath width is nearly
uniform in the dawn-dusk meridian.
Pd nPa

∆X ∆Y

∆Z

∆X/ ∆Z ∆X/ ∆Y ∆Z/ ∆Y

0.011
0.045

36
28

91
71

113
79

0.32
0.34

0.40
0.39

1.24
1.11

0.090

24

62

66

0.36

0.39

1.06

0.180

17

54

53

0.32

0.31

0.98

0.360

14

44

43

0.33

0.32

0.98

Table 2.2 Thicknesses and relative thicknesses (RJ) of the Jovian magnetosheath for various dynamic
pressures in the absence of an IMF.

2.3.

IMF Effects on the Shape and Location of the Bow Shock and
Magnetopause

In the previous section we examined how the boundary shapes and sizes vary in
response to solar wind dynamic pressure changes in the absence of an IMF. The system
becomes much more complex when the IMF is non-vanishing [Walker et al., 2005]. By
the time that the solar wind reaches Jupiter, the IMF field strength is on the order of 0.8 –
0.9 nT and the spiral angle is approximately 79o [Slavin et al., 1985]. Thus, the IMF is
nearly aligned with Y direction in Jovicentric Solar Equatorial (JSE) coordinates. In the
JSE coordinate system, the Z-axis is parallel to Jupiter’s spin axis, the X-Z plane contains
the sun-line, with Y completing the right-handed set. The simulation coordinate system
differs from JSE by a rotation of < 3o about the Y-axis. In order to investigate the effects
of changing IMF strength and orientation, the simulation was run at fixed dynamic
pressure (0.090 nPa) for a series of north-south field configurations and for a single eastwest oriented case. In addition, a series of runs were performed where the IMF was nonzero but fixed while the pressure was increased or decreased.
We begin our investigation of IMF effects on the size and shape of the
magnetosphere by considering fields only in the north-south direction where anti-parallel
reconnection in the sub-solar region is expected. Simulation runs were conducted with
BX = BY = 0 nT and BZ = ±0.105, ±0.42, and ±0.84 nT (12.5%, 50% and 100% of the

25

Y=0 Bz= -0.105nT ρV2=0.011nPa

X=0 Bz= -0.105nT ρV2=0.011nPa

2e-10

Pressure
2e-10

1e-10

1e-10

1e-12

1e-12

Z(RJ)

Pressure
Pressur

X(RJ)

Y(RJ)

Dusk

Y(RJ)

Y=0 Bz=0.105nT ρV2=0.011nPa

Pressure
Pressur
2e-10

Z(RJ

X=0 Bz=0.105nT ρV2=0.011nPa

2e-10

Pressure
2e-10

1e-10

1e-10

1e-10

1e-12

1e-12

1e-12

Dawn

X(RJ)

Figure 2.3 Simulation response to the addition of a small southward (top) or northward (bottom) IMF at
low dynamic pressure (after Walker et al., 2005).

nominal IMF field strength respectively). Figure 2.3 shows dawn-dusk and noonmidnight cross-sections of the simulation results for two low pressure runs with the IMF
having small southward (BZ = -0.105nT; top) and northward (BZ = 0.105 nT; bottom)
orientations. At this pressure with the IMF southward, the magnetopause shows
substantial polar flattening (Z/Yavg =0.85) and no dawn-dusk asymmetry. When the IMF
is northward (reconnecting), the dayside magnetopause is slightly eroded while the polar
magnetopause distance increases with an irregularity in shape forming at the cusp that is
not observed for southward IMF. The dawn-dusk cross-section of the bow shock is
expanded poleward in response to the shape change in the magnetopause. Increasing the
northward IMF strength causes additional erosion of the dayside magnetopause without
significantly changing the height of the polar magnetopause [Walker et al., 2005].
In order to gain further insight into the response of the magnetosphere to different
solar wind conditions, the simulation was run for a variety of north-south field strengths
at two values of the solar wind dynamic pressure. Table 2.3 shows the location of the
system boundaries as the IMF is varied and Table 2.4 shows how the width of the
magnetosheath responds to these changes. Early simulation runs at the nominal dynamic
pressure used the smallest simulation box (600 x 450 x 225 RJ) of any in this analysis. In
these runs, the bow shock exited the simulation box sunward of the dawn-dusk meridian
so that some of the sizes and ratios can only be expressed as lower (upper) limits and the
dawn-dusk asymmetry can’t even be bounded. When a boundary exits the simulation box
before it reaches the plane of measurement, the value in Table 2.3 is set to greater than
the box dimension (>225 RJ). Simulation boundary conditions correctly handle cases
when the bow shock exits the simulation box at the top or sides but this is not the case for
the magnetopause where boundary currents make the simulation result suspect. We omit
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those results from our analysis. Later simulation runs employed a larger simulation box
to avoid these problems.

Magnetopause
B=Bz
nT

Bow Shock

X

Yavg Z

Z/
Yavg

Ydawn/
Ydusk

0.84

87

110

117

1.06

0.42

90

137

119

-0.42

94

146

-0.84

95

122

X

Yavg

1.01

106

189

Ydawn/ Standoff
Ydusk ratio
X /X
>225 >1.19 0.91
1.22

0.87
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1.05

125

0.87

0.94

142 >225
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<0.88

1.51

123

1.00
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223
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1.59

Z

Z/
Yavg

1.01

1.28

dynamic pressure decreased to 0.011 nPa
0.105

117

159

149

0.94

0.95

144

231

250

1.08

0.96

1.23

-.105

130

178

152

0.85

1.00

165

280

245

0.88

1.0

1.27

Table 2.3 Distances (RJ) from Jupiter to the magnetopause and bow shock for north-south IMF of various
strengths (after Walker et al., 2005). Values in the rows at the top of the table are reported for the nominal
dynamic pressure of 0.090 nPa.

B=Bz nT

Pd nPa

∆X

∆Y

∆Z

∆X/ ∆Z

∆X/ ∆Y

∆Z/ ∆Y

0.84

0.090

19

79

>108

<0.18

0.24

>1.37

0.42

0.090

25

46

73

0.34

0.54

1.59

-0.42

0.090

48

>79

75

0.64

<0.61

>0.95

-0.84

0.090

56

>103

100

0.56

<0.54

>0.97

0.105

0.011

27

72

101

0.27

0.38

1.40

-.105

0.011

35

102

93

0.38

0.34

0.91

Table 2.4 Magnetosheath widths and width ratios (RJ) for various north-south field strengths. In the top
rows, the solar wind dynamic pressure was set to the nominal value of 0.09 nPa while the bottom rows are
for 0.011 nPa.

Table 2.3 shows that for northward IMF (0.84 nT), the magnetosphere is eroded
in all dayside dimensions at both nominal (0.090 nPa) and low (0.011 nPa) solar wind
dynamic pressures. At nominal pressures, this erosion diminishes as the southward field
strength is reduced and the system continues to expand as the field becomes northward
and strengthens. Polar flattening and dawn-dusk asymmetry of the magnetopause is
greatest when the IMF BZ is small, regardless of its sign. These results are consistent
with erosion of the dayside magnetosphere by anti-parallel reconnection in the sub-solar
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Figure 2.4 Simulation response to the inclusion of an IMF with a small BY component (after Walker et al.,
2005) with the bow shock (solid) and magnetopause (dased) fit to the B = 0 nT IMF result.

region and the draping of the purely north-south reconnected field lines over the pole into
the magnetotail. The bow shock location does not respond quite as systematically as does
the magnetopause in the dawn-dusk meridian but the stand-off distance increases with
increasing magnetopause standoff distance. The ratio of the standoff distances (Xb / Xm)
increases as the field becomes more strongly northward and the magnetopause cross
section is nearly circular (Z / Yavg ~ 1) as predicted by gas dynamics [Slavin et al., 1985].
Lastly we present that results from a simulation run where the IMF strength was
set to 0.42 nT and the orientation was taken to be in the +Y (towards dusk) direction at
the nominal solar wind dynamic pressure (0.090 nPa). Figure 2.4 shows contours of the
thermal pressure in the dawn-dusk plane (X=0). The fit to the bow shock (solid line) and
magnetopause (dashed line) locations from the B=0 case for the same upstream dynamic
pressure are shown to illustrate the differences in the boundary location as a result of the
duskward IMF. The entire magnetosphere rotates about the Sun-Jupiter line (X-axis) for
BY ≠ 0 [Walker et al., 2005]. In the rotated system, the boundaries are further from
Jupiter at high latitude and closer to Jupiter near the equator. As a result of the rotation
of the magnetopause when the IMF points in the BY direction, anti-parallel reconnection
can occur on the equatorial flanks of the system further changing the shape of the
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obstacle. The addition of IMF BY does not change the standoff distance of either the bow
shock or the magnetopause [Walker et al., 2005].
2.4.

Jovian bow shock and magnetopause shape models

The previous sections have shown that the responses of the bow shock and
magnetopause to solar wind dynamic pressure changes are clearly systematic and that the
inclusion of an IMF significantly complicates the system response. In the absence of
relevant solar wind data and for simplicity, this study uses only simulation results with
vanishing IMF to characterize the boundary shapes. The magnetopause and bow shock
are identified in the simulation results at different dynamic pressures and are used to
obtain dynamic pressure dependent shape models. Points on the bow shock or
magnetopause surface in a simulation result at a single pressure were fit to a second order
polynomial of the form:
z2 = A + Bx + Cx2 + Dy + Ey2 + Fxy

(2.1)

This form was selected because it allows both dawn-dusk asymmetry and polar flattening
or steepening. It imposes north-south symmetry because that is an assumption of the
simulation. This function reduces to the conic forms (paraboloid, hyperboloid, ellipsoid)
depending of the constants. In order to reduce numerical errors associated with the least
squares fitting process all lengths were scaled by 120 (RJ / 120) to keep the dimensions
on the order of one. The model boundary surfaces should not be extended beyond 250 RJ
in the anti-solar direction from Jupiter. The bow shock exits the simulation box within
100 RJ for most pressures. Beyond this distance, the shock can be approximated by a
Mach cone that is tangent to the model surface at about X = -100 RJ (see Slavin et al.
[1984] or Petrinec and Russell [1997] for a discussion of the method and equations used
for fitting asymptotic Mach cones in an obstacle tail region). The magnetopause remains
within the simulation box beyond 250 RJ in the tailward direction, but it becomes more
difficult to identify. The selected functional form cannot reproduce both the blunt nose
of the magnetopause and bow shock and their behavior at large distances in the tail.
Therefore, in fitting the model surfaces, we weighted the simulation input more heavily at
the nose than along the flanks in order to ensure a good fit in the region of greatest
observational density at Jupiter. All of the boundary surfaces from the fits to the
individual simulations close in the distant tail, and this also dictates that the fits be used
only sunward of -250 RJ.
After fitting the boundaries in the individual simulations run at four values of
dynamic pressure (Pd), to equation (2.1), the coefficients A-F were fit to power law
functions of Pd thereby providing models of the magnetospheric boundaries as continuous
functions of Pd.
z2 = A(Pd) + B(Pd)x + C(Pd)x2 + D(Pd)y + E(Pd)y2 + F(Pd)xy

(2.2)

Observed sub-solar bow shock standoff distances have been found to vary as a power law
between Pd-1/4 and Pd-1/5 [Slavin et al., 1985, Huddleston et al., 1998]. The magnetopause
standoff distance varies slightly less with pressure than the bow shock standoff distance
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Figure 2.5 Contours of the flow diversion criterion used to identify the magnetopause in the MHD
simulation (after Joy et al., 2002). Model boundaries (magnetopause -dashed, bow shock - solid) generated
by evaluating equation (2) at 0.090 nPa are included.
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but is in the same range of power laws [Slavin et al., 1985]. The stand-off distances in
equation (2.1) are controlled by the coefficients A, B, and C. We performed linear fits to
these coefficients for both Pd-1/4 and Pd-1/5 and found that the RMS error in the fit was
smaller when Pd-1/4 was used. The remaining polynomial coefficients (D, E, F) for both
bow shock and magnetopause, are well described as linear functions of Pd. The
magnetopause impinges on the sides of the simulation box in the result for the Pd = 0.045
nPa. As previously discussed, the simulation boundary conditions correctly handle the
situation where the bow shock passes through the edge of the box however they are
unsatisfactory for the magnetopause. For this reason, this low-pressure case was used to
determine only the pressure response of the coefficients that control the standoff distance,
not the flaring angle. Figure 2.5 shows contours of the gradient in the flow velocity
magnitude (MP identification criterion) from the nominal dynamic pressure simulation
result with the bow shock (dashed) and magnetopause (solid) surface fits to equation (2)
evaluated at 0.090 nPa. The equations for the pressure dependence of the coefficients in
equation (2) are given in Table 2.5.

Bow Shock

Magnetopause

A = -1.107 + 1.591Pd(-1/4)
B = -0.566 - 0.812Pd(-1/4)

A = -0.134 + 0.488Pd(-1/4)
B = -0.581 – 0.225Pd(-1/4)

C = 0.048 - 0.059Pd(-1/4)

C = -0.186 – 0.016Pd(-1/4)

D = 0.077 - 0.038Pd

D = -0.014 + 0.096Pd

E = -0.874 - 0.299Pd

E = -0.814 – 0.811Pd

F = -0.055 + 0.124Pd

F = -0.050 + 0.168Pd

Table 2.5 Dynamic pressure variations in the coefficients of the equation defining the Jovian boundary
shapes and locations.

Figure 2.6 shows cross sections of the bow shock (left) and magnetopause (right)
family of curves in a compressed, nominal, and expanded state. The boundaries are
shown in the equatorial, noon-midnight, and dawn-dusk planes respectively. The crosssections in Figure 2.6, as summarized in Table 2.1, are quite symmetric in the equatorial
plane and nearly circular in the dawn-dusk plane. Although asymmetry exists in the
model boundary surfaces, it is not as pronounced in the simulations at steady state as
might be expected given the flow shear on the dawn side that is not present at dusk. It
has been shown in the previous sections that additional asymmetries are introduced into
the system for non-vanishing IMF which is not present in the model used. We have
developed simple models of the system boundary shapes that can be used to determine
the most probable boundary locations from the observations. The functional forms of the
boundary surfaces presented here are representative only of the steady-state simulation
results in the absence of an IMF. The true system boundaries are much more complex.
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Figure 2.6 Bow shock (left) and magnetopause (right) surfaces generated by evaluating equation (2) at the
10th, 50th, and 90th percentiles of the observed solar wind dynamic pressure in the three principal planes
(rows, after Joy et al., 2002).

2.5.

Most probable Jovian bow shock and magnetopause surfaces

In the previous section, the families of steady-state bow shock and magnetopause
surfaces possible under steady state solar wind conditions were determined from a set of
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MHD simulations. Spacecraft observations can establish the probability of finding the
bow shock or magnetopause at different locations. Observed boundary crossings occur
as a result of a combination of the transient response of the system to a change in the
solar wind and spacecraft motion and are by necessity observed on the spacecraft
trajectory. Therefore, typical boundary locations cannot be determined from the spatial
distribution of observed crossings. However the fraction of the total observation time at
any location in each magnetospatial region (magnetosphere, magnetosheath, or solar
wind) provides additional information about the boundary locations. For example, when
the spacecraft is in the magnetosheath, the magnetosphere must be closer to the planet
than the spacecraft and the bow shock must lie beyond the spacecraft. The probabilistic
models developed here are based on such information and not on the locations of
observed boundary crossings.
Our approach to establishing the standoff distances of the observed boundaries
was to identify the spatial region of a spacecraft along its trajectory sampled every ten
minutes. Each sample was characterized as being in a magnetospatial region based on
the published boundary crossings or direct analysis of the recent Galileo data. Appendix
A provides a tabulation of the boundary crossing times observed by the Galileo
spacecraft. A ten-minute sampling rate was chosen in order to resolve short duration
traverses through a given region with at least two samples. Only data acquired in the
regions of model applicability that could be clearly assigned to a magnetospatial region
were retained (see Figure 2.1). This requirement excluded some of the observations from
Voyager 2 outbound beyond 250 RJ in the anti-solar direction and some of the Galileo
data from its capture orbit pass. Data were assigned to regions bounded by a family of
surfaces defined by equation (2.2) with standoff distances separated by 4 RJ.
Observations within the shell between two such surfaces were assigned to a bin identified
by the average sub-solar standoff distances of the two bounding surfaces. The fraction of
the ten minute intervals that was either inside or outside the magnetosphere (or solar
wind) was then computed.
As described above, ten-minute samples along the spacecraft trajectories were
used in this study so that multiple, closely spaced boundary crossings could be resolved
in the data. In order to verify that our results are not corrupted by over-sampling the data
in time (samples not independent), the analysis was repeated using different sampling
rates. Sample rates of 10, 60, and 600 minutes were tested. The observed distributions of
magnetopause and bow shock locations are unaffected by changing the sampling rate.
This does not prove that the ten-minute samples are independent but it does show that the
results are not compromised by over-sampling.
Sampling bias can also arise from the nature of the spacecraft trajectories. In
some of the Galileo orbits, the spacecraft apogee may fall near a possible location of a
boundary (MP or BS). Because the spacecraft is moving very slowly at these times, a
large number of consecutive or nearly consecutive observations may map to a small
number of sub-solar distance bins, especially if solar wind conditions (IMF, dynamic
pressure, etc.) remain steady instead of varying over the full range of possible conditions.
Similar bias is introduced by segments of trajectories that are nearly parallel to the
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boundary models. Cassini observations (which have not been included in this analysis)
would be subject to this type of bias since the trajectory closely parallels the bow shock
family of curves for the portion anti-sunward of the dusk meridian. Since the objective is
to determine the most probable boundary locations over all solar wind conditions, a large
number of values from a single solar wind condition can bias the result. It is not possible
to selectively remove samples from the data set to prevent these types of bias without
risking the introduction of a systematic bias associated with the exclusion criteria. The
number of points in each bin is shown on the probability distribution plot (Figure 2.7) so
that the regions affected by this type of bias can be identified. Panel 2.7e shows that the
bins centered at 56 and 72 RJ contain many more samples than the adjacent bins. If the
solar wind remained steady during the segments of the trajectory that contributed the
excess samples, then the mean value of the bin could be biased by those conditions.
Since the error of the mean, and the range of the sub-samples (discussed in the next
paragraph) for each of these bins is small, the likelihood that the mean values are biased
is low.
Figure 2.7 summarizes the characteristics of observations made within the region
of model applicability for each standoff distance bin. Figure 2.7a shows the fraction of
observations that were in the solar wind at each nose standoff distance (based on the bow
shock family of surfaces). Figure 2.7d shows the fraction of data in the magnetosphere
versus the nose standoff distance (using the magnetopause surfaces). The confidence
intervals for these data points were generated by taking ten independent random samples,
each including ten percent of the total sample, to determine the range of values that might
be obtained in each bin under different sampling conditions. The bounding error bars
show the range of values obtained for each bin while the inner error bars (broader lines)
mark the standard error of the mean obtained from the subsets of the sample. The solid
lines are fits to Gaussian probability distributions and the dashed lines are fits to bimodal
distribution functions (sums of two Gaussians). The middle panels (b and e) show the
number of samples in each bin.
From the fits to the observations we obtain the cumulative probability functions.
To show that the fraction of observations inside or outside a boundary measures the
cumulative probability of the location of the boundary, we use the magnetopause data.
We measure a conditional probability that the magnetopause is more distant than the
current bin, given that the observing spacecraft lies within the bin P(A|B). If P(A) is the
probability that the magnetopause lies beyond the bin and P(B) is the probability that the
spacecraft is within the bin, then Bayes’ theorem (equation 2.4) allows us to convert the
conditional probability into a joint probability P(A & B).
(2.3)

P(A & B) = P(A | B) / P(B)

However, since the location of the magnetopause is independent of the position of the
observing spacecraft, the joint probability is just the product of the individual event
probabilities. Thus:
P(A & B) = P(A|B) / P(B) =( P(A) • P(B))/P(B) = P(A)
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(2.4)

Figure 2.7 Top panels show the fraction of observations, which can be interpreted as the cumulative
probability outside the bow shock (a) or inside the magnetopause (b) versus standoff distance (after Joy et
al., 2002). Distribution function moments and fits are also given. The middle panels show the number of
samples in each 4 RJ bin of standoff distance. The bottom panels show the probability density estimates
generated by numerical differentiation of the observations in the top panels (squares) and their fits (dashed
lines).
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The probability density distribution of the location of magnetopause or bow shock
is the derivative of the cumulative probability. Figures 2.7c and 2.7f show the probability
densities for the bow shock and magnetopause versus distance along the Jupiter-Sun line.
The derivatives (points) shown in Figure 2.7 (e and f) were computed numerically from
the smoothed data shown in panels a and d. The probability density for the
magnetopause location has two well-defined peaks, i.e. it is a bimodal distribution. The
observed bow shock probability density also appears to be bimodal (or polymodal) but a
single distribution function cannot be ruled out within the uncertainties of the fit. In
panels c and f, the dashed line shows the fit of a bimodal distribution (sum of two
Gaussian distributions) to the data while the solid line shows a Gaussian distribution fit.
The moments of the fit distributions appear as legends in panels a and d. Subscripts
identify the moments of the bimodal distribution. Values without subscripts are the
moments of the single distribution. For the magnetopause, both distributions are
weighted evenly. For the bow shock, the “compressed state” distribution is weighted
more heavily (70%) than the “expanded state” in order to fit the observations. The
distribution weights were free parameters of the bimodal fit. The weighting factor
determines the probability at which the fit transitions from one distribution function to
the other (break in slope).
The quality of the fits of both the Gaussian distribution and bimodal distribution
was investigated in a variety of ways. The Kolmogorov-Smirnov (K-S) test compares the
maximum difference in an observed cumulative probability of a variable with that of the
fitted probability distribution function as a measure of the “goodness” of the fit. For the
magnetopause model, the K-S test indicates that the maximum deviation between the
observed bin means and the fitted bimodal distribution function is expected more than
99.9% of the time. However, for the Gaussian distribution function, deviations of the
observed size would occur through sampling errors only 37.8% of the time. For the bow
shock, the K-S test shows that the observed deviations would be expected 99.9% of the
time for either the bimodal or Gaussian distribution functions which seems
counterintuitive given the poor fit to the observations. The K-S test allows the deviations
to be large when the number of samples is small. The F-test was used to compare the
variances in the deviations from the Gaussian distribution to those of the bimodal
distribution. The results show that the improvement in the fit to the magnetopause
obtained by using the bimodal distribution is significant at greater than the 99.9%
confidence level. However, the F-test indicates that the additional free parameters
introduced by fitting a bimodal distribution for the bow shock data are not statistically
significant. The improvement to the fit obtained by using the bimodal distribution is
significant at only the 89.8% confidence interval which means that the null hypothesis
(single distribution function) cannot be rejected.
Although a bimodal distribution of the magnetopause positions is supported by
the above analysis, it is worth verifying that such a distribution does not arise because of
a sampling bias related to the bin size. Consequently, the data were analyzed by using
different bin sizes from 2-20 RJ. The bimodal signature persists for all bin sizes up to 15
RJ or half of the separation of the means of the two distributions that form the bimodal

36

signature. In other words, the bimodal distribution signature persists in the data until the
scale size of the bin approaches the scale size of the system.
Percentile
10th
25th
50th
75th
90th

Outside Magnetopause
Pressure
Stand-off
(nPa)
Distance (RJ)
0.030
56
0.048
60
0.209*
68*
0.383
89
0.518
96

Inside Bow Shock (nPa)
Pressure
Stand-off
(nPa)
Distance (RJ)
0.063
57
0.111
68
0.258
78
0.382
98
0.579
110

Table 2.6 Observed boundary surface occurrence probabilities and pressures (after Joy et al., 2002)

The polynomial coefficients of the bow shock and magnetopause shape models
vary with solar wind dynamic pressure. Table 2.6 provides the dynamic pressure values
of the surfaces with standoff distances corresponding to different probabilities of being
inside the magnetopause or inside the bow shock, respectively. These probability
surfaces are defined by equation (2.2) with the coefficients corresponding to pressure
values from Table 2.6. Because the probability varies monotonically with distance from
Jupiter, the bow shock location is usefully described in terms of the percentage of time an
observer would be inside the bow shock at a given distance. On the other hand, the
bimodal distribution of the magnetopause location makes the probability of observing the
magnetopause near the 50th percentile surface low. If the subscript (i) is used to
distinguish the compressed and expanded sub-solar distances in the bimodal distribution,
then the magnetopause location is more accurately described by using one standard
deviation (σi) bands about the means (µi). The range of dynamic pressures that
correspond to the compressed magnetopause location are 0.306 (+0.108, -0.078) nPa.
For the expanded state, the pressures are 0.039 (+0.020, -0.014) nPa. Similarly, the bow
shock locations of the somewhat speculative bimodal distribution are generated from
equation (2) by using pressures of 0.315 (+0.148, -0.104) nPa for the compressed and
0.070 (+0.041, -0.028) nPa for the expanded states.
The reason for the bimodal distribution in the magnetopause standoff distance is
not fully understood at this time. From the steady-state simulation, a dynamic pressure
increase of a factor of ~8 is required to compress the magnetopause from its most
probable expanded state to its most probable compressed state. Joy et al. [2002] show
that on average, the difference of the dynamic pressure between quiet and disturbed
intervals is only a factor of ~3, with maximum changes at solar minimum, when the
difference is a factor of ~4. Although many of the observations used in this analysis were
acquired near solar minimum when the pressure differences were large, this result
suggests that differences in the solar wind dynamic pressure alone are insufficient to
cause the observed bimodal distribution in the standoff distance. Fukazawa, Ogino, and
Walker [2006] demonstrated that the Ogino-Walker MHD simulation could produce
changes in the magnetopause standoff distances similar to those found in this study
purely by changing the source rate at the inner boundary condition (i.e. increased plasma
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outflow from Io). Since energetic heavy ions, primarily Sn+, dominate the plasma
pressure that supports the magnetodisk [Mauk et al., 2004], processes that add or remove
energy from these ions in the middle magnetosphere are likely to significantly influence
the location of the magnetopause. In particular, if compression of the magnetosphere by
a pressure pulse leads to an increase in the average energy of magnetospheric particles,
then the particle pressure inside the magnetosphere will be high when the magnetosphere
is compressed and when the external pressure drops the magnetopause is free to expand
further than it would have if the internal pressure were lower. While most authors agree
that global Jovian magnetospheric dynamics are primarily driven by Jupiter’s rapid
rotation [Brice and Ioannidis, 1970; Vasyliunas, 1975; Khurana et al., 2004; Krupp et
al., 2004; Kivelson and Southwood, 2005], there have been some recent studies that the
solar wind and IMF may influence some magnetospheric dynamics [Mauk, Williams, and
McEntire, 1999; Kurth et al., 2002; Kivelson and Southwood, 2003; McComas and
Bagenal, 2007]. Both additional external factors, including shape changes introduced by
a finite IMF, particularly BY, and internal factors, such as changes in magnetospheric
thermal pressure, must also be considered as potential contributors to the observed
bimodal distribution.
2.6.

Comparisons to Previous Boundary Models

Figure 2.8 compares the models developed here with the Huddleston [Huddleston
et al, [1998] and Voyager [Lepping et al., 1981a] magnetopause and bow shock models.
In all panels, the Huddleston models (high, low solar wind dynamic pressure) are
represented with solid lines and the Voyager models with dashed lines; the newly
developed models are shaded to show a range of probabilities in the boundary location.
Open circles indicate actual boundary crossings observed. In places where there are
multiple closely spaced crossings, the open circles appear to be filled. There is a
substantial spread in the dawn-dusk dimension of the observed dayside crossings
suggesting that the upstream boundary is rather blunt. The Huddleston models of the
bow shock and magnetopause for high solar wind dynamic pressure conditions are both
slightly closer to Jupiter at the nose than the models presented here but are otherwise
quite similar in shape. However, for the magnetopause at low pressure, the Huddleston
models are displaced significantly planetward on the dayside relative to our models under
similar conditions. Magnetopause crossings are observed well upstream of the low
pressure Huddleston model. The Voyager models are less blunt on the dayside and are
more flared throughout, than either our models or the Huddleston models. The Voyager
magnetopause models do not fit the distant dayside crossing observations. In addition,
the Voyager models suggest that as the standoff distances increase the flaring angles
decrease, causing the models to cross. Both the Voyager bow shock and magnetopause
models have this characteristic, which is not observed in the Ogino-Walker MHD
simulation. Figure 2.9 shows the probabilistic models of the bow shock developed here
in the same format as Figure 2.1 with all of the currently available data. The boundary
crossing locations for the late orbits of Galileo (after the apojove of orbit 29 in 2001) that
were not used in the development of the model are statistically consistent with it. The
Cassini observations seem to require some expansion of the bow shock model. The
Cassini magnetospheric entry is not predicted by the statistical model. There is no
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Figure 2.8 Comparison of the probabilistic bow shock (left) and magnetopause (right) models with
previous models (after Joy et al., 2002). The area between the 25th and 75th percentile of being in the solar
wind are shaded in panel a. One sigma bands about the most probable inner and outer magnetopause
surfaces are shaded in panel b. Solid lines show the high and low pressure models of Huddleston et al.
[1998]. Dashed and dotted lines show the Voyager models (Lepping et al., 1981a) previously shown in
Figure 2.1.

realistic dynamic pressure that allows the magnetopause to expand to the location where
it was observed by Cassini. Boundary dynamics such as short term bulging at the flanks
during compression at the nose as postulated by Kurth et al. [2002], or large scale
boundary waves are required to displace the magnetopause to the location of Cassini.
2.7.

Solar Cycle Variation of the Size and Shape of the Jovian Boundaries

It seems plausible that the magnetopause and bow shock statistics may depend on
the phase of the solar cycle. The Pioneer spacecraft observed the Jovian magnetopause
over a larger range of stand-off distances near solar minimum than the Voyager
spacecraft observed near solar maximum. Consequently, the data used to locate the bow
shock and magnetopause positions in this study were separated into solar minimum and
solar maximum components to identify solar cycle variations in the boundary locations or
location variability. Galileo data from the Jupiter approach period in 1995 and the
Pioneer results formed a solar minimum data set. Galileo observations from March 2000
to February 2001 and the Voyager observations formed a solar maximum data set.
Figure 2.10 shows the cumulative probability distributions for the bow shock and
magnetopause standoff distances at solar minimum, maximum, and for all observations.
The bimodal magnetopause standoff distance distribution remains a persistent feature for
all solar cycle conditions and the solar cycle variations appear to be small. The primary
differences in the probability distributions are in the weighting factor required for the two
components of the bimodal distribution. At solar minimum, the compressed distribution
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Figure 2.9 Summary of observations of the Jovian system boundaries to date color coded as in Figure 2.1.
One sigma bands about the two most probable magnetopause surfaces are shaded light gray and the region
between the 25th and 75th percentile bow shock location is shaded dark gray. Galileo orbits are shaded
black where no data are available to determine the magnetospatial region of the spacecraft.
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is observed 55% of the time while at solar maximum it is observed only 40% of the time.
This result is counterintuitive given the relatively higher fraction of disturbed, highpressure solar wind at solar maximum. On the other hand, the compressed distribution is
more compressed and the expanded distribution is less expanded at solar maximum than
at solar minimum, which is consistent with expectations.
The bow shock distribution strongly reflects solar cycle variations. At solar
maximum, the occurrence rate of a dominant (compressed) distribution is as high as 85%.
At solar minimum, a statistically significant bimodal distribution develops in the data.
The compressed distribution found in the complete data set remains present but at a much
lower occurrence rate (30%) while the expanded distribution around 105 RJ occurs 70%
of the time. The higher occurrence rate of the expanded distribution is consistent with the
observation of a larger fraction of quiet solar wind at solar minimum. For most of the
spacecraft flyby and the Galileo observations, many more observed bow shock crossings
than magnetopause crossings have been observed. This is evidence that the bow shock
moves more freely in response to changing solar wind and IMF conditions than does the
magnetopause. Similar responses have been observed at Earth [Fairfield, 1971]. It is
possible that under average and solar maximum conditions, the rapid motion of the bow
shock smears the distribution function because the rapidly moving bow shock is
encountered over a large range of possible standoff distances, or because it doesn’t reach
its equilibrium locations. However, when the solar wind has long quiet periods during
solar minimum, the expanded shock position may become more stable allowing the
bimodal distribution to be resolved.
The reduced number of points in each bin decreases the statistical confidence in
the results of this analysis of solar minimum and maximum subsets. This is particularly
evident in the larger errors bars for both the error of mean and bin ranges associated with
the solar cycle extrema subsets. However, the fitted magnetopause bimodal distribution
functions for both the solar minimum and maximum subsets are statistically significant at
greater than 99% confidence when analyzed by both the K-S test (overall data fit) and the
F-test (improvement over simple Gaussian distribution fit) methods. When the bow
shock data are analyzed in a similar manner, the single Gaussian distribution function is
preferred at solar maximum and the bimodal distribution is favored at solar minimum.
2.8.

Summary of Results

The locations and shapes of the magnetopause and bow shock surfaces in the
Ogino-Walker MHD simulation of the Jovian system have been used to study the
influence of the solar wind and the IMF on size and shape of the magnetosheath. In
general, when the solar wind dynamic pressure is high, the boundaries move inward
towards Jupiter, the magnetosheath is thin, dawn dusk asymmetry is large, and polar
flattening of the magnetopause is not present. At low pressures, the system boundaries
expand away from Jupiter, the outer magnetosphere is more disk-like, and the
magnetopause is flattened but has less dawn-dusk asymmetry. The inclusion of an IMF
complicates the response of the Jovian system. For northward IMF, anti-parallel
reconnection occurs on the dayside. Magnetic flux eroded from the dayside is
transported to the nightside, changing the shapes of the boundaries, particularly in the
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Figure 2.10 Solar cycle variation of the most probable bow shock (left) and magnetopause (right) locations
(after Joy et al., 2002). Top panels repeat results presented in Figure 2.7. Middle panels show the
distribution of observations near solar maximum and the bottom panels show the distributions near solar
minimum.
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cusp region. During southward IMF, the boundaries move away from Jupiter, as though
there were a reduction in dynamic pressure. When an azimuthal IMF is present, the
system boundaries rotate about the Sun-Jupiter line and reconnection occurs on the
equatorial flanks but there is no change in the standoff distances.
Spacecraft data, in conjunction with the simulations allow us to develop new
magnetopause and bow shock models. Our approach may prove applicable not only to
Jupiter but also to other planets where observational data are sparse. Rather than simply
identifying boundary crossings and determining a least squares fit to the events, the
boundaries are defined in terms of the probability of being inside or outside boundary
surfaces whose shapes were approximated by characterizing the simulation response to
changes in solar wind dynamic pressure. The complete set of observed magnetospatial
regions from all of the spacecraft that have encountered Jupiter that were available in
early 2001 (excludes Cassini, New Horizons, and Galileo after the outbound portion of
the 29th orbit) were then used to determine most probable boundary surface locations.
Although the boundary shape models we have presented are described as
functions of solar wind dynamic pressure, they should not be used to infer the properties
of the ambient solar wind. The shape models of the equilibrium magnetopause position
have a plausible dependence on solar wind dynamic pressure, but the IMF strength and
orientation influence the shape and the location of the system boundaries. In particular,
these models are based on simulation runs with vanishing IMF. However, as a
comparison of values in Tables 2.2 and 2.3 shows, the bow shock and magnetopause
shapes at some low values of IMF Bz values are similar to those found at other pressures
with no IMF present. In other words, the boundary shapes that are found at small values
of IMF Bz are well described by our families of bow shock and magnetopause surfaces.
Lastly, the models presented here are derived from the locations of the boundaries under
steady-state conditions. Under dynamic solar wind conditions, the boundary shapes are
likely to become distorted as they respond to changes in the solar wind and IMF.
Examination of simulation results before a steady state has been achieved shows that the
boundary surfaces become distorted and that boundary waves may be present.
The simulation results that we use to derive our boundary surface shape models
are limited in size and spatial resolution. The bow shock surface exits the sides and top
of the simulation box in the near tail region less than 150 RJ downstream of the planet.
The bow shock shape models based on the shapes inferred from the simulations should
not be extended beyond about 150 RJ downstream. The magnetopause surface does not
exit the simulation box (except out the back at 450 RJ) but is not well fit by our models
beyond 200 – 250 RJ downstream. It is also possible that the shape of the magnetopause
is not well determined in the simulation at distances beyond those at which the bow
shock is present. In order to fit the distant magnetopause, a different functional form is
required. In the north-south dimension the model is not a good representation of the
magnetopause at values of Z >100 RJ. In order to obtain a good fit to the simulation in
the equatorial plane, data near the equatorial plane were more heavily weighted than
those at large values of Z. There are additional shape considerations at high latitude
associated with the cusp region that are not well represented by this functional form.
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There are no observations of the Jovian system in the regions at high values of Z where
our shape model breaks down so these deficiencies have not affected our statistics.
This study has found that the magnetopause at Jupiter has two preferred locations,
one representing a compressed magnetosphere and the other an expanded magnetosphere.
Differences in the solar wind within and between disturbed regions are presumably
responsible for setting up this bimodal distribution. In particular, the large differences in
the solar wind dynamic pressure between quiet and disturbed regions are likely to
contribute to the tendency of the magnetopause to have two preferred locations.
However, Joy et al. [2002] concluded that internal pressure changes or system responses
to other external influences such as IMF BY must contribute to the boundary
displacements because the observed pressure differences are not large enough by
themselves to account for the large difference in standoff distances between the
compressed and expanded states of the magnetosphere. Variations associated with solar
cycle differences in the magnetopause location have been investigated but the effect is
small. A bimodal distribution of the magnetopause standoff distance is present, and
nearly constant, throughout the solar cycle. The magnetosphere appears to be
compressed more frequently at solar maximum than at solar minimum. The bow shock
location distribution can also be described as bimodal but this description is not
statistically rigorous. The speed with which the bow shock can adjust to solar wind
conditions tends to smear out the distribution. At solar maximum, there are few
observations of an expanded shock location. The distribution is well described by a
single Gaussian distribution function with a standoff distance of about 78 RJ that is
consistent with the compressed state location in the complete data set. At solar
minimum, a bimodal distribution in the shock location is clearly observed. The
compressed state location still persists but the expanded state location (near 105 RJ) that
is hinted at in the complete data set becomes fully resolved.
The dynamic pressures associated with the most probable locations of the
magnetopause and bow shock surfaces can be used to define the most probable sizes and
shapes of the steady state magnetosheath. The compressed states of both surfaces are
found for simulation dynamic pressures near 0.31 nPa. At this pressure, the
magnetosheath is relatively small (see the result for 0.36 nPa in Table 2.2) and the subsolar magnetosheath is particularly thin as indicated by the small bow shock to
magnetopause standoff distance ratio (~1.24). Dawn dusk asymmetry is maximum
(Ydawn/Ydusk ~0.87) and there is polar steepening (Z/Yavg < 1) rather than polar flattening.
In the dawn-dusk meridian, the average equatorial and polar magnetosheath thicknesses
are the same. Overall, the magnetosphere, and thus the magnetosheath, is equally like to
be in a compressed or expanded state. The likelihood of observing a compressed
magnetospheric configuration increases slightly to a 55-60% probability at solar
minimum and decreases to 40-45% probability at solar maximum. When the system is in
its expanded state (simulation Pd ~ 0.04 nPa), the magnetopause exhibits polar flattening
that is not observed in the bow shock so the polar magnetosheath is thicker than the
equatorial magnetosheath. The sub-solar magnetosheath is relatively thick, as indicated
by the ratio (1.31) of the standoff distances of the bow shock and magnetopause.
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Chapter 3
The Solar Wind in the Vicinity of Earth and Jupiter
Planetary bow shocks form in order to divert the supersonic solar wind around
planetary obstacles. In the case of magnetized planets such as the Earth and Jupiter, the
obstacle is not the planet but the magnetosphere of the planet. The region between the
magnetosphere and the bow shock is the magnetosheath. The size and shape of the
magnetosheath depend both on the shape and size of the obstacle and on the properties of
the solar wind. The Jovian magnetosphere is rapidly rotating and full of plasma where
the Earth’s magnetosphere has neither of these properties. Likewise, the solar wind is not
the same at the Earth and Jupiter. The solar wind continuously evolves as it expands
away from the Sun. This chapter compares the statistical distributions of several solar
wind properties measured in the vicinity of the Earth and Jupiter and comments on how
the expected and observed differences influence the size, shape, and plasma properties in
the magnetosheaths of the two planets.
For a large fraction of the solar cycle, the low order moments of the solar
magnetic field are well approximated by a dipole that is tilted with respect to the solar
spin axis [Gosling and Pizzo, 1999]. Over the course of the eleven year solar cycle, the
tilt of the solar field varies from being nearly spin-aligned near solar minimum
[Hundhausen, 1977] to being highly inclined in the declining phase of the cycle. Near
solar maximum the field is complex (less dipolar) but is still reasonably well
approximated by a dipole away from the Sun [Jones, Balogh, and Smith, 2003]. The
streamer belts associated with closed field lines near the solar magnetic equator generate
slow, dense solar wind while the coronal holes associated with open field lines are the
source of fast, tenuous, solar wind. Coronal holes occur primarily at high solar latitude at
solar minimum but they may extend to low latitudes at solar maximum. Both fast (>550
km/sec) and slow (<450 km/sec) solar wind are observed near the ecliptic plane by the
time it reaches the orbit of Mercury.
Figure 3.1 is a schematic diagram showing the elements of a solar wind stream
interaction region (SIR) originally drawn by Pizzo [1978], although modified here to
show that the compression regions are sometimes bounded by shocks. Fast solar wind
overtakes and piles up behind the slower solar wind forming a SIR (shaded gray) creating
a compressed region of high pressure and a rarefaction region forms where the fast solar
wind runs away from the slow solar wind that follows [Pizzo, 1978]. If the velocity
difference between the SIR and the solar wind in which it is embedded is larger than the
fast mode speed at the interfaces, shocks form. A forward shock will form on the leading
edge of the SIR that causes the velocity and the ion temperature and density to increase.
Reverse shocks often form at the trailing edge of the SIR beyond heliocentric ranges of 23 AU [Hundhausen and Gossling, 1976]. This shock separates the slow, dense, hot
plasma within the SIR from the fast solar wind on the trailing side of the interaction
region. If the SIR is approximately stationary in the rotating frame of the Sun, and it
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Figure 3.1 Stream interaction regions (after Pizzo, 1978).

persists for more than two solar rotations, the region is called a corotating interaction
region or CIR [Smith and Wolfe, 1979].
In Chapter 2 we found that the most probable stand-off distance for the Jovian
magnetopause has a bimodal distribution and in Chapter 4, we analyze the mirror mode
content of the Jovian magnetosheath. In this chapter we consider the differences between
the solar wind when it passes by the Earth and when it reaches Jupiter, focusing on
parameters that influence the size and shape of the magnetosphere that could explain the
observed bimodal distribution at Jupiter and those that affect the formation of
magnetosheath mirror mode structures. Because of the large size of the Jovian
magnetosphere, the solar wind and IMF must remain fairly steady for many hours if it is
to have much effect on the size and shape of the system. At a nominal solar wind speed
of 400 km/sec and a magnetopause stand-off distance of 90 Jovian radii (RJ = 71492 km),
the solar wind takes about 4 hours to propagate from the nose to the terminator. On the
other hand, mirror mode structures have much shorter periods and their formation and
evolution in the magnetosheath are influenced by variations in the solar wind that are on
the order of minutes or tens of minutes. Unfortunately, high time resolution solar wind
data are not available from most of the spacecraft that that have passed by Jupiter. We
begin our analysis by examining solar wind prediction models and comparing them to
observations made by Ulysses at the Jovian heliocentric range and in its orbital plane.
We then develop statistics that characterize the observed long and short period variations
of the solar wind near Jupiter and the Earth.

50

3.1.

Model predictions of the near-Jupiter solar wind

ENLIL is an MHD model of the large scale solar wind structures in the
heliosphere including ICMEs and SIRs [Odstrcil and Pizzo, 1999]. It solves equations
for plasma mass, momentum and energy density, and magnetic field by using flux
corrected transport (FCT) scheme [Boris and Book, 1973]. Its inner radial boundary is
located beyond the sonic point, typically at 21.5 or 30 solar radii. It can accept boundary
condition information from either the Wang-Sheeley-Arge (WSA [Wang and Sheeley,
1990; Arge and Pizzo, 2000; Arge et al., 2003] or Magnetohydrodynamics Around a
Sphere (MAS) [Linker and Mikic, 1995] coronal models. The model covers all azimuthal
directions between ±60o heliocentric latitude. The outer radial boundary can be adjusted
to include planets or spacecraft of interest. In particular, this model has been used to
predict the solar wind and IMF configuration at Jupiter and Saturn in lieu of actual solar
wind monitors.
The WSA model combines empirical results with a physical model to predict the
quasi-steady solar wind flow. It can be used to predict the solar wind speed and IMF
polarity anywhere in the heliosphere [Arge et al., 2004]. For the empirical component,
WSA uses observations of the Sun’s surface magnetic field as input. Line-of-sight
observations from the Mount Wilson Solar Observatory (MWO) magnetograph are used
to construct synoptic maps that are updated daily as new regions of the solar surface
become visible. The maps are then used as input to a magnetostatic potential field source
surface (PFSS) model [Schatten, Wilcox, and Ness, 1969; Altschuler and Newkirk, 1969]
of the coronal expansion. Radial outflow is approximated at an inner boundary for
ENLIL at 3.5 solar radii by computing the relative expansion of the magnetic field from
the photospheric base to the boundary.
Figure 3.2 (courtesy of L. Jian) shows output from the ENLIL model for May
2004 propagated first to the ACE (top) and then to the Ulysses (bottom) spacecraft. The
inner boundary condition has been set to match the WSA model by using Mount Wilson
Solar Observatory magnetograms for its source data. The red dots are hourly averaged
data observed by the spacecraft and the blue traces are the model output. The time period
plotted at Ulysses is time-delayed to allow for the solar wind propagation time. Since
Ulysses is moving in heliocentric latitude as it crosses the ecliptic plane, the model data
are provided at the central plus nearest adjacent latitudinal grid points. Even though the
ACE spacecraft is effectively stationary in heliocentric latitude, all three model traces are
shown for consistency. From top to bottom within a panel the traces are: solar wind
speed V (km/s), proton number density Np (cm-3), proton temperature Tp (K), magnetic
field strength B (nT), thermal pressure Pt (pPa), and dynamic pressure Pdyn (nPa).
In general, the model fits the largest scale (background) trends in the observations
reasonably well. The exceptions are that the model underestimates the field strength at
ACE and the temperature at Ulysses. At ACE, the model does a good job of predicting
the solar wind speed and density variations on time scales of days but does less well
predicting the other parameters on this time scale. At Ulysses, structures with periods
less than a week that are observed on top of the background are present but not fit
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Figure 3.2 ENLIL model predictions of the solar wind at ACE (top) and later at Ulysses (bottom) for
May/June 2004 when Ulysses was near the ecliptic plane.
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particularly well in amplitude, onset time, or duration with predictions from the model.
Also, the model does not appear to contain the forward/reverse shock pair in the event
centered near June 1, 2004 in the Ulysses data. The model predicts a stream interaction
region but the boundaries, particularly in B and Pt, are not as steep as observed by
Ulysses. Presumably, these structures have not fully evolved into the observed shocks.
3.2.

Solar Wind Data Sets

While solar wind models such as ENLIL do a reasonable job of predicting the
largest scale solar wind structures at Jupiter, further insight into the processes that affect
the size, shape, and mirror mode content of the Jovian and terrestrial magnetosheaths can
be obtained by statistically analyzing observations of the near-Jupiter and near-Earth
solar wind. The data for the near-Jupiter analysis are hourly averaged solar wind
parameters acquired from the Coordinated Heliospheric Observations (COHO) database
[Cooper, Hills, and King, 1991]. The choice of input data rate is dictated by the
availability of solar wind data near Jupiter. Near-Earth solar wind data from the ACE
spacecraft are available at higher rates, but are averaged to one hour samples to provide
uniform input to the analyses. The available solar wind input data sets do not completely
describe the plasma. They typically contain only proton densities, bulk temperatures,
velocities, etc., so that the contributions of electrons, helium, and other heavy species
must be approximated. The approximations described by Slavin et al. [1985] are used
here to systematically compensate for these deficiencies. These approximations neglect
the contributions of electrons and heavy ions and assume that the solar wind has a
polytropic index (γ) of 5/3 and contains 4% He with a temperature that is 3.5 times the
proton temperature. Under the Slavin et al. [1985] approximations the mass density (ρ),
dynamic pressure (Pd), plasma beta (β), and sound speed (cs) are given by:
ρ = 1.16n p m p
(3.1)
Pd = ρV 2

β = 2µ o n p k (1.14T p ) / B
c s2 =

(3.2)
2

(3.3)

5
n p kT p
3

(3.4)

The solar wind plasma and IMF properties vary over the eleven year solar cycle
and we try to characterize that variation by analyzing data over all of the various phases
of the cycle. Figure 3.3 shows the monthly averaged sunspot number versus time for the
time period from 1970 to present with the time of the various flybys indicated with
vertical lines. As the figure shows, the two Pioneers (1974) and New Horizons (2007)
were in the neighborhood of Jupiter near solar minimum, the two Voyagers (1979) and
Cassini (2001) were there near solar maximum, and Ulysses (1992, 2004, 1998) in the
descending and ascending parts of the cycle. There are insufficient data near Jupiter to be
able to completely characterize the solar cycle variations, but the combined Pioneer data
give an estimate of the conditions near solar minimum and the combined Voyagers
provide an estimate near solar maximum. Ulysses gives an estimate of the mid-cycle
solar wind. Other spacecraft have encountered Jupiter but their data sets are incomplete
and could not be included in this analysis. The Cassini and Galileo data are not included
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Figure 3.3 Monthly averages of sunspot number versus time, 1970 to 2009.

in the analysis because plasma moment data are not available and New Horizons data are
not included because there are no magnetometer data. The blue vertical bars show
periods during which ACE data have been used to determine statistical parameters near 1
AU. The intervals were selected to provide data at times during the solar cycle similar to
those analyzed for the near-Jupiter solar wind.
The spacecraft that have acquired solar wind data near Jupiter were all traveling
rapidly as they passed through the Jovian system. Only solar wind data acquired in the
heliocentric range of 4.9 and 5.5 AU Astronomical Units (AU) or within ~0.3 AU of
orbital distance of Jupiter are considered to be near-Jupiter. Ulysses and Pioneer 11 data
were further constrained to lie within six degrees of the ecliptic plane by selecting data
primarily from the inbound to Jupiter portion of the trajectory. Since the solar wind is
ordered by solar rotation, all statistics are computed over an integral number of solar
rotations where each rotation was required to contain at least 70% data coverage for each
of the key parameters. Four solar rotations of data were analyzed from the two Pioneers,
four and five rotations from Ulysses, and only three solar rotations of data met the
selection criteria for the two Voyager spacecraft. Because Pioneer 11 was moving so
quickly when it passed by Jupiter and left the Jovian system with increasing heliocentric
latitude, the 6o degree constraint on heliocentric latitude was relaxed to 8o in order to
have four complete solar rotations of data for this analysis. ACE data intervals were
selected to match the relative solar cycle periods represented in the near-Jupiter data set.
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Since the ACE data are nearly continuous since launch, more are available for analysis
than are available near Jupiter. Table 3.1 lists the time intervals used in these analyses.

Spacecraft

Start

Stop

Solar Phase

Notes

Pioneer 10

02-25-1974

06-08-1974

Minimum

Pioneer 11

10-01-1974

02-04-1975

Minimum

Jupiter (11/23-12/13) excluded

Voyager 1

01-07-1978

04-17-1978

Maximum

Jupiter (2/28-3/23) excluded

Voyager 2

04-15-1978

07-01-1978

Maximum

Ulysses

11-14-1991

02-01-1992

Descending

Ulysses

10-18-1997

02-24-1998

Ascending

Ulysses

01-02-2004

05-13-2004

Descending

ACE

02-01-1998

01-19-1999

Ascending

ACE

01-02-2001

12-18-2002

Maximum

ACE

01-02-2004

12-17-2004

Descending

ACE

01-02-2006

12-18-2006

Minimum

Table 3.1 Time intervals included in the statistical analyses for each spacecraft.

As previously noted, the interplanetary medium in the vicinity of Jupiter consists
of two types of corotating regions (quiet and interaction), separated by sharp boundaries
[Smith and Wolfe, 1979]. Compression effects dominate the interaction regions which
have relatively high field strength, density, and temperature and enhanced fluctuation
levels. Quiet regions are dominated by rarefaction effects so that the field strength,
density, and fluctuations levels are low [Smith and Wolfe, 1979]. During solar minimum,
compression regions are typically associated with stream interaction regions (SIRs).
Interplanetary Coronal Mass Ejections (ICMEs), which are most common near solar
maximum [Webb and Howard, 1994], are another type of interaction that compresses and
disturbs the quiet solar wind. More than half of the ICMEs at 5.3 AU include a forward
shock and compressive sheath region that has properties that are similar to those of the
SIR [Jian et al., 2008].
Figures 3.4 – 3.6 show plots of the time series of the near-Jupiter data set with the
disturbed periods shaded. There are several traces plotted in each panel of these figures.
From top to bottom are the field strength (B, nT), dynamic pressure (Pd, nPa), proton
number density (N, cm-3), solar wind speed (V, km/s), Alfvén speed (VA, km/s), Alfvén
Mach number (MA), magnetosonic Mach number (Ms), and plasma beta (β). Figure 3.4
shows the data acquired near solar minimum by Pioneers 10 and 11 in panels A and B
respectively. Similarly, Figure 3.5 shows data acquired near solar maximum by
Voyagers 1 and 2 while Figure 3.6 shows the Ulysses data from the descending and
ascending phases of the solar cycle. Given the clear separation into quiet and disturbed
regions in the near-Jupiter solar wind, one might expect to obtain bimodal statistical
distributions for many solar wind parameters, particularly near solar minimum where the
distinction between quiet and disturbed regions is most apparent. In this analysis of the
near-Jupiter solar wind the distributions are obtained for the full data set for each
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Figure 3.4 Hourly averages of the near-Jupiter solar wind data as observed by Pioneer 10 (top) and
Pioneer 11 (bottom) acquired near solar minimum. Shaded regions are identified as disturbed solar wind
intervals.
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Figure 3.5 Hourly averages of the near-Jupiter solar wind as observed by Voyager 1 (top) and Voyager 2
(bottom) acquired near solar maximum. Shaded regions are identified as disturbed solar wind intervals.
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Figure 3.6 Hourly averages of the near-Jupiter solar wind data as observed by Ulysses in 1991/1992 (top)
and 1997/1998 (bottom) acquired during the descending and ascending portions of the solar cycle
respectively. Shaded regions are identified as disturbed solar wind intervals.
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spacecraft as well as for subsets of quiet and disturbed intervals. Disturbed regions are
identified as time intervals with high fields and dynamic pressures with large fluctuations
while quiet regions are those with smaller fields, pressures, and fluctuations in these
quantities. The boundaries between regions are shocks or shock pairs if they are present,
or discontinuities in the solar wind speed if shocks are not clearly resolved.
One of the striking features in the time series plots of the near-Jupiter solar wind
of Figures 3.4 through 3.6 is the apparent correlation between the solar wind dynamic
pressure and the magnetic field strength. Since outer solar system data sets are often
incomplete, containing only plasma (New Horizons) or magnetic field (Galileo) data, it
may be possible to exploit such a correlation if it can be used to reliably predict the
missing parameter. Figure 3.7 shows the correlation between the six hour averages of
field strength (horizontal axis) and the dynamic pressure (vertical axis), the computed
Pearson’s correlation coefficient (R), and the linear equation relating the two parameters.
Increasing the averaging window reduces the uncorrelated high frequency content of the
hourly averages and does not reduce the usefulness of the result since the size and shape
of the magnetosphere requires many hours to respond to changes in the solar wind. The
top panel shows data acquired near solar minimum by the two Pioneer spacecraft, the
middle panel shows data from solar maximum acquired by the two Voyager spacecraft,
and the bottom panel shows the correlation obtain by using the entire near-Jupiter data
set. The correlation is near solar minimum and solar maximum (70.1 %) is slightly
smaller than in the entire data set (73.3 %). Dynamic pressure is less well correlated with
magnetic pressure (α B2, 59.7%) because squaring the field strength magnifies
fluctuations. Although the correlations are not strong, we have used the relationship
between dynamic pressure and field strength derived from the entire data set:
P d (nPa) = 0.104 ∗ B(nT ) − 0.002

(3.5)

to compute dynamic pressure from the magnetic field strength (B). Figure 3.8 shows the
observed dynamic pressure (Pd) in black and the derived pressure in red with data from
Pioneer 10 in the top panel, Voyager 2 in the middle panel, and Ulysses (1991-92) in the
bottom panel. Despite the low correlation coefficient, the derived dynamic pressure
values follow the lowest frequency structures of the observed values, particularly those
associated with the stream interfaces. This result suggests that the magnetic field strength
can be reasonably used as a proxy for dynamic pressure in the absence of ICMEs,
particularly near solar minimum.
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Figure 3.7 Correlation between the near-Jupiter magnetic field strength and solar wind dynamic pressure
near solar minimum (a), solar maximum (b), and for all near-Jupiter observations (c).
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Figure 3.8 Observed six hour averages of the near-Jupiter solar wind dynamic pressure (black traces) and
the values computed from the magnetic field strength by using Equation 3.5 (red traces) at solar minimum
(top), solar maximum (middle) and during the descending phase of the solar cycle (bottom).

3.3.

Statistical Analysis of the Data near Jupiter’s Orbit

Thus far we have shown that low frequency fluctuations of the solar wind near
Jupiter can be predicted by using models and that the dynamic pressure and IMF strength
are somewhat correlated. In this section we examine the statistical properties of the solar
wind and IMF including their probability density distributions and moments. We
statistically characterize the solar near-Jupiter and near-Earth environs in order to
determine if the differences can affect the size, shape, and mirror mode content of the
magnetosheaths of these two planets. We will consider both the statistics of the complete
dataset and those of subsets when the data are separated into quiet and disturbed states
and by the solar cycle phase.
We begin our analysis by considering the relative fraction of the time that the
near-Jupiter solar wind is quiet versus disturbed. Differences in the relative fraction of
the data set that is quiet versus disturbed may well influence the parameter distributions
that we will consider in the sections to come. Table 3.2 gives the relative fraction of the
data set for each spacecraft that occurs in disturbed and quiet intervals. The Pioneer,
Voyager, and Ulysses 1992 and 2004 data sets are then combined to give the percentages
near solar minimum, maximum, and descending phases respectively. Ulysses solar wind
data from 1997 are the only ones acquired near-Jupiter during the ascending phase of the
solar cycle. It is clear from examining Table 3.2 that the relative fraction of the time
when the solar wind is disturbed is near its maximum during the ascending and solar
maximum phases of the solar cycle (~ 46%), near its minimum at solar minimum
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(~ 33%) and at an intermediate percentage during the descending phase (~ 40%). This
result is not unexpected. At solar maximum there are many ICMEs that disturb the solar
wind in addition to the sector boundaries [Gossling, 1997].

Data set

Quiet

Disturbed

Pioneer 10

71.3%

29.7%

Pioneer 11

64.0%

36.0%

Voyager 1

53.0%

48.0%

Voyager 2

57.9%

43.1%

Ulysses 1991-92

56.3%

43.7%

Ulysses 1997-98

53.3%

46.7%

Ulysses 2004

63.9%

36.1%

Solar Maximum

54.9%

45.1%

Descending Phase

60.1%

39.9%

Solar Minimum

68.2%

33.8%

Ascending Phase

53.3%

46.7%

Table 3.2 Relative percentage of the near-Jupiter solar wind data sets classified as disturbed or quiet.

Tables 3.3 to 3.6 summarize the results of the statistical analysis of the one hour
averages of the near-Jupiter solar wind for the parameters IMF field strength (B),
dynamic pressure (Pd), ion number density (n), speed (V), ion temperature (T),
magnetosonic and Alfvén Mach numbers (Ma and Ma respectively), and plasma beta (β),
the ratio of thermal plasma to magnetic pressure. As discussed in the previous section,
samples are taken over an integral number of solar rotations. The entire sample from
each spacecraft is analyzed as well as sub-samples of the quiet and disturbed solar wind.
The numbers beside the labels disturbed, quiet, all indicated the total number of hours in
the complete (all) and sub intervals. Comparing this number to the number of samples of
each parameter provides a measure of the percent data coverage for each of the
parameters. The arithmetic mean (µ) standard deviation (σ) and other characteristics of
the distribution including the median (µ½), mode (M), and number of samples (N) are
tabulated. Table 3.3 shows the individual and combined Pioneer 10 and Pioneer 11
results where the data were obtained near solar minimum. Table 3.4 shows the same
information for Voyagers 1 and 2 near solar maximum, Table 3.5 shows the Ulysses
results (descending phase 1991-1992; ascending phase 1997-1998) within 3 degrees of
the ecliptic, and finally, Table 3.6 shows the results from all 5 spacecraft combined. The
information density in these three tables is quite high so shading is used to call out some
of the more important results. For example, mean and standard deviations of the solar
wind velocity observed by Ulysses during the 1997-1998 ecliptic crossing are anomalous
so the cells that contain those data have been shaded orange to allow the reader to quickly
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Table 3.3 Properties of the near-Jupiter solar wind at solar minimum.
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Table 3.4 Properties of the near-Jupiter solar wind near solar maximum.
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Table 3.5 Properties of the near-Jupiter solar wind observed by Ulysses.
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|B| nT
Pd nPa
n cm-3
V m/s
T eV
Ms
Ma
β

|B| nT
Pd nPa
n cm-3
V m/s
T eV
Ms
Ma
β

|B| nT
Pd nPa
n cm-3
V m/s
T eV
Ms
Ma
β

Table 3.6 Properties of the solar wind in the vicinity of Jupiter
All Spacecraft Disturbed (7282)
µ
µ½
σ
M
N
1.40
1.25
0.74
1.12
7015
0.15
0.11
0.14
0.07
6508
0.42
0.32
0.37
0.22
6508
446
443
65
430
6508
4.62
3.00
3.93
2.07
6508
9.9
9.7
1.5
10.6
6508
10.3
9.3
5.5
6.0
6452
0.46
0.26
0.80
0.09
6452

µ
0.44
0.05
0.14
442
1.58
11.0
19.6
0.59

All Spacecraft Quiet (10167)
µ½
σ
M
0.39
0.23
0.20
0.04
0.04
0.02
0.10
0.13
0.06
433
74
440
1.20
1.29
0.69
10.8
1.8
10.6
17.8
9.3
16.0
0.39
0.84
0.07

N
9816
9148
9148
9148
9148
9148
9095
9095

µ
0.85
0.08
0.24
453
2.72
10.5
14.7
0.49

All Spacecraft (17449)
µ½
σ
M
0.62
0.70
0.20
0.05
0.10
0.03
0.15
0.26
0.06
449
70
451
1.83
3.05
0.69
10.3
1.7
10.6
13.2
8.3
8.0
0.29
0.75
0.07

N
16919
15672
15672
15672
15672
15672
15563
15563

Table 3.6 Properties of the near-Jupiter solar wind observed at Pioneers 10 and 11, Voyagers 1 and 2, and
Ulysses during the ecliptic plane crossings in 1991-92, 1997-98, and 2004.

locate the information. The reason for the shading of other cells will be discussed in the
sections that follow.
3.3.1

Near-Jupiter Solar Wind: Quiet vs. Disturbed

The differences between quiet and disturbed solar wind parameter statistics from
a given solar cycle merely reflect the selection criteria. There is very little difference
between the mean quiet solar wind parameters (cells shaded pale yellow) measured near
solar minimum and maximum (P10-P11; VG1-VG2; respectively). The differences

66

among the mean quiet solar wind parameters taken in the ascending and descending
phases of the solar cycle by Ulysses intervals are, however, much larger, often near to or
greater than the standard deviations of the parameters. By definition, the disturbed solar
wind is highly variable and the mean values recorded by the various spacecraft show
large differences regardless of the solar cycle phase. The values that show the combined
results for all spacecraft quiet, disturbed, and total are given in Table 3.6. In general, the
mean and standard deviations of the field strength, density, temperature, and dynamic
pressure are a factor of three larger in disturbed periods than in quiet intervals. On the
other hand, the mean values of the magnetosonic Mach number, beta (20-25%), and
Alfvén Mach number (50%) are all reduced in disturbed periods relative to quiet times.
3.3.2

Near-Jupiter Solar Wind: Solar Cycle Variations

The means, medians, and standards deviations differ with the phase of the solar
cycle; however, it is difficult to assess whether these variations are purely physical or if
they have an instrumental component. The Ulysses observations during the descending
and ascending phases of the solar cycle do not fit sinusoidally between the solar
minimum and maximum observations of the other spacecraft (Pioneers and Voyagers
respectively), even if one allows for a phase shift. Tables 3.3 - 3.5 show that the
individual Ulysses plasma moments (density, temperature, velocity) do not compare well
to the Voyager and Pioneer moments but combined parameters (dynamic pressure,
magnetosonic Mach number) are similar. In particular, the solar wind speed measured by
Ulysses during the ascending phase (shaded orange) is much lower (µ = 366 km/s) and
less variable (σ = 23) than the average (µ = 453 km/s) and standard deviation (σ = 70) of
the entire near-Jupiter data set. It is unclear whether the differences in the Ulysses data
set are related to solar cycle variations or calibration/sensitivity differences between the
plasma instruments on the various spacecraft. Substantial effort has been put into cross
calibrating the plasma data sets of the Pioneer and Voyager spacecraft [Gazis et al., 1995]
but this has not been done for the Ulysses data set.
Focusing on the Voyager and Pioneer observations (cells shaded pink), near solar
maximum the observed mean field strength is higher (0.89 vs. 0.70 nT), while the
temperature (1.97 vs. 3.41 eV), velocity (453 vs. 474 km/s), Alfvén Mach number (13.8
vs. 20.1), and β (0.30 vs. 0.56) are lower than near solar minimum. Richardson and
Chang, [1999] report a factor of two variation in the dynamic pressure over the solar
cycle with the minimum at solar maximum, the peak during the descending phase of the
cycle, and gradual decline in pressure over the remainder of the 11 year cycle. Our study
is consistent with the Richardson and Chang, [1999] phasing, but the ratio of the
observed peak and trough pressures is somewhat smaller (1.6 = 1.3 nPa / 0.8 nPa).
Lastly, the observed differences between quiet and disturbed (shaded green) field
strengths and dynamic pressures are larger at solar minimum (factor of 4 and 5
respectively) than at solar maximum (factor of 3.5 for both) and these differences may be
important in modulating the size and shape of the Jovian magnetosphere.
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Figure 3.9 Examples of lognormal probability density distributions on linear (left) and logarithmic (right)
scales.

3.4.

The Lognormal Distribution Function

One of our primary interests in studying the near-Jupiter solar wind lies in trying
to understand if the bimodal distribution of the Jovian magnetopause stand-off distance is
externally driven by the solar wind. In order to accomplish this goal we must look in
detail at the probability distribution functions of the parameters that control the standoff
distance. As will become apparent shortly, many of the probability distributions of solar
wind parameters are non-Gaussian, and are in fact well represented by using lognormal
distributions [Burlaga and King, 1979; Campbell, 1995; Joy, 1997]. According to
Aitchison and Brown [1957], the lognormal distribution arises when the variate in time
arises from a large number of causes that act simultaneously. We inspected the observed
distribution of each solar wind parameter and then fit the data by using either a Gaussian
or lognormal probability density distribution function. Figure 3.9 shows families of
lognormal probability density distributions for arbitrarily selected fixed mean and
standard deviation (µ and σ respectively) values plotted against both linear and
logarithmic scales. On the logarithmic scales, the distributions appear normal, while on
the linear scale they are highly skewed positive. The positive skew diminishes as the
mean increases for a fixed standard deviation and increases for increasing standard
deviation for a fixed mean. If the observations show a large positive skew when binned
on a linear scale they are reprocessed on a natural log scale and compared to lognormal
distribution functions.
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The lognormal probability density (PD) and cumulative probability (P) functions
are given by:
 − (log e ( x) − m )2 
1

PD ( x; m, s ) =
exp
(3.6)
2

2
s
s x 2π


1 1
 (log e ( x) − m ) 
P( x; m, s ) = + erf 
(3.7)

2 2
s 2


where m and s are the mean and standard deviation of the variable's natural logarithm
(ln(x)). The relationships between expected value (mean), variance, standard deviation,
mode, and median are of the variable x in terms of s and m are:
2
Mean( x) = µ
= exp m + s
(3.8)
2

)

(

Var ( x)

=σ2

StdDev( x) = σ
Mode( x)

[exp(s ) − 1]exp(2m + s )

=

[exp(m + s 2 )] (exp(s ) − 1)

2

2

2

(

=M

Median( x) =

=

= exp m − s 2

2

)

(3.9)
(3.10)
(3.11)

~

x = exp(m )

(3.12)

Note that in a lognormal distribution the mean is always greater than the median for s > 0.
In a lognormal distribution the geometric mean (µgeo = em) and geometric standard
deviation (σgeo = es) are used to estimate confidence intervals in the same way that the
arithmetic mean and standard deviation are used to estimate confidence intervals for
samples from a normal distribution. The n-sigma confidence interval bounds for a
lognormal distribution and integer n are given by the ratio of the geometric mean to the
nth power of geometric standard deviation:
m
n
(3.13)
Confidence Interval (nσ ) = e s n = e ( m− s )
e
3.5.

Near-Jupiter Solar Wind: Probability Density Distributions

All observed parameters are compared to single distribution function
characterized by the observed means and standard deviations in Table 3.6 and to the sum
of two distribution functions which are fit to the data. The Kolmogorov-Smirnov (K-S)
test is then used to determine if a given distribution function adequately describes a set of
observations. The K-S test compares the maximum difference between the observed
cumulative probability function of a variate to the null-hypothesis probability function. If
the K-S test shows that the deviations between the observed and expected function is
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Number Density (cm-3)
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Plasma Beta

Figure 3.10 Probability density functions for the near-Jupiter solar wind. In all panels, the black
histograms are the observations, the red lines are a distribution function parameterized by the sample mean
(µ) and standard deviation (σ), and the blue lines are the least-squares fit to the sum of two distribution
functions. All distribution functions except the solar wind speed (Gaussian) are lognormal. Each panel
contains a legend that gives the mean and standard deviations, those with subscripts are the associated with
the bimodal fit. The parameter fq is the weighting factor for distribution function associated with the quiet
solar wind. Panels are dynamic pressure (top left), field strength (top right), solar wind speed (middle left),
Temperature (middle right), ion number density (bottom left) and plasma beta (bottom right).
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greater than expected to occur through sampling errors at the 95% confidence level, then
the null hypothesis that data are properly fit is accepted, otherwise the K-S test is
computed for the bimodal fit. If the bimodal distribution passes the K-S test above the
95% confidence level, then the F-test is used to determine the statistical significance of
the additional three parameters (degrees of freedom) in the fitting function (mean,
standard deviation, relative weights of the two distributions). Bimodal distributions
areonly indicated when the F-test indicates that the probability that the decrease in χ2
associated with the additional 3 degrees is due solely to chance can be rejected at the 95%
confidence level.
Some of the probability density distributions seem to be approximately bimodal
but statistical tests indicated that the bimodal structures are not statistically significant.
The K-S test indicates that the data are fit by the distributions characterized by the sample
means and standard deviations (Table 3.6) for all parameters at greater than the 95%
confidence level and therefore bimodal distribution functions are not indicated. In all
fits, one of the distribution functions has a large standard deviation (probably associated
with the disturbed solar wind) that does not allow the distributions to be individually
resolved. This result differs from the result presented in Joy et al. [2002] which reported
a statistically significant bimodal distribution in the solar wind dynamic pressure.
However, this data set is also different from the one used in the Joy et al. [2002] study in
that it contains data from the Ulysses 1997-1998 and 2004 passes through the ecliptic
plane.
We next consider the possibility that by increasing the averaging intervals and
thereby reducing some of the high frequency fluctuations we will be able to demonstrate
that bimodal distributions in the solar wind dynamic pressure and field strength are
statistically significant. Data for these two parameters were averaged to six hour samples
and reanalyzed. The duration of the periods of quiet solar wind are greatest at solar
minimum so we also consider solar cycle phase in this analysis. Figure 3.11 shows the
observed and fit log-normal probability density functions of the dynamic pressure in the
left column and the IMF strength in the right column. The top row shows the complete
data set, the middle row shows the results at solar maximum, and the bottom row for
solar minimum. The traces and legends on the panels follow the same conventions as in
Figure 3.10. Once again, bimodal distributions are not found to be statistically significant
for the complete data set, nor are they indicated for the subset of data taken at solar
maximum. At solar minimum, the K-S test indicates that differences between
observations and expectation are too large to be consistent with a single log-normal
distribution function. However, the F-test results tell us that the additional 3 degrees of
freedom required for the bimodal fit are statistically significant only for the dynamic
pressure distribution. The bimodal distribution of B at solar minimum is suggested, and
nearly qualifies as statistically significant (91.3%).
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Figure 3.11 Probability density distribution of dynamic pressure (right), field strength (left) for all
observations (top), at solar maximum (middle), and solar minimum (bottom).
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3.6.

Statistical Analysis of the Data near Earth

Having completed our analysis of the near-Jupiter solar wind data set without
finding compelling evidence that a bimodal distribution in a solar wind that could be the
source of the bimodal distribution of the magnetopause stand-off distance we begin our
analysis of the near-Earth solar wind data set. Figures 3.12 and 3.13 plot the time-series
data acquired by the ACE spacecraft near the L1 Lagrange point during various phases of
the solar cycle (ascending and maximum 3.12; descending and minimum 3.13) versus
time for 189 days (seven solar rotations as observed at Earth). These figures are
formatted identically to Figures 3.3 - 3.5 with panels from top to bottom showing the
field strength, dynamic pressure, proton number density, solar wind speed, Alfvén speed,
magnetosonic and Alfvén Mach numbers, and plasma beta respectively. These data
cannot be separated into quiet and disturbed intervals by using the same criteria that were
applied to the data acquired at a heliocentric range near 5 AU. There are few if any well
defined periods of low, steady magnetic field strength that qualify as “quiet” times.
Inspection of the time-series data does not yield any reason to suspect that the solar wind
parameter probability density distribution functions could be bimodal as was initially
suspected for the near-Jupiter solar wind data.
Table 3.7 gives the raw moments of the distributions of the ACE data, separated
by solar cycle phase, and formatted to match the results presented in Tables 3.2 – 3.4. For
all solar wind parameters included, the median value is greater than the mean value
which is inconsistent with the expectation for normal distributions but expected for
lognormal distributions. The maximum mean (and median) values are shown in boldface type. Most of these maxima are observed in the declining phase of the solar cycle.
The exceptions are plasma beta and Alfvén Mach number which peak during solar
minimum, and the proton number density which peaks during the ascending phase. The
peak in the variance of many parameters occurs during solar maximum (shaded yellow),
not when the means peak. During solar minimum, the mean field strength and dynamic
pressure minimize (shaded green).
The field strength and dynamic pressure in the near-Earth solar wind are
correlated, but less well than near Jupiter. The maximum in correlation (41%) occurs at
solar minimum. The correlation is weaker when the entire data set is considered. Figure
3.14 shows the observed dynamic pressure (black trace) and the dynamic pressure
calculated from the field strength (red trace) by using:
P d (nPa) = 0.324 ∗ B(nT ) + 0.251

(3.14)

which is derived from the fit of the entire data set. However, the constants in equation 14
do not vary much with the solar cycle (slope: 0.32 to 0.37; intercept: -0.22 to 0.25). At
solar minimum, the derived Pd matches the observed values fairly well for Pd < 2 nPa, and
correctly predicts the pressure increases, but under predicts the pressure maxima and does
not match the pressure fluctuations during the high pressure intervals. At solar
maximum, the derived pressure is often greater than the observed pressure at low values
(< 2 nPa) and the pressure peaks are not predicted well.
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Figure 3.12 Solar wind data acquired near-Earth at the L1 Lagrange point by the ACE spacecraft during
the ascending (top) and maximum (bottom) phases of solar cycle 23
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Figure 3.13 Solar wind data acquired near-Earth at the L1 Lagrange point by the ACE spacecraft during
the descending (top) and minimum (bottom) phases of solar cycle 23.
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Table 3.7 Properties of the near-Earth solar wind observed at the ACE spacecraft.
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Figure 3.14 Observed near-Earth solar wind dynamic pressure (black traces) and the values computed
from the magnetic field strength by using Equation 14 (red traces) during the ascending (top), maximum
(above middle), descending (below middle) and minimum (bottom) phases of solar cycle 23.

The probability density distributions for the various solar wind parameters of the
entire ACE data set are plotted in Figure 3.15. As with the near-Jupiter data set, most of
the parameters are well represented by lognormal distributions except the solar wind
speed which has a normal distribution. In all panels, the black histogram shows the
observed data bins (normalized) and the smooth red trace shows a probability density
function characterized by the sample moments given in Table 3.5 for the entire data set.
While the distribution of beta is clearly lognormal (panel D), the observations are not fit
well when described by using the sample mean and standard deviation. The distribution
is negatively skewed and has a narrow peak that is inconsistent with the large sample
standard deviation. The blue trace in panel D is computed by fitting two lognormal
distributions characterized by the moments (µ1, σ1) and (µ2, σ2) where the higher beta
distribution (subscript 1) is weighted 3 times more than the low beta distribution. This
bimodal distribution fits the observations better than the single distribution with the
observed moments but is not statistically significant. The source of the bimodality is not
immediately obvious. The distributions of the number density and field strength are well
fit by a single lognormal probability density function having the observed moments.
However, the temperature observations do show a slight negative skew and the observed
peak (9 eV) appears to be displaced towards higher temperatures than the sample mean
(6.9 eV). The skewness in the observed temperature distribution not large enough justify
fitting the data by using a bimodal distribution

77

Dynamic Pressure (nPa)
µ = 0.71
σ = 0.60

Speed (km/sec)
µ = 450
σ = 106
µ1
σ1
µ2
σ2

A

=
=
=
=

400
55
550
100

B

Field Strength (nT)
µ = 1.77
σ = 0.45

µ1
σ1
µ2
σ2

Beta
=
=
=
=

-0.55
0.5
-1.75
1.15

µ = -0.99
σ = 0.94

C

D

Number Density (cm-3)

Temperature (eV)
µ = 1.93
σ = 0.78

µ = 1.60
σ = 0.65

E

F

Figure 3.15 Probability density functions for near-Earth solar wind parameters: A) dynamic pressure, B)
solar wind speed, C) field strength, D) plasma beta, E) proton number density, F) proton temperature.
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The near-Earth solar wind speed data are normally distributed as indicated by the
linear abscissa in Figure 3.15 panel B. These data show a large positive skewness and are
not well characterized by a single probability density function characterized by the
observed mean and standard deviation (432, 94 km/s respectively). It has been known
since the early days of space flight that the solar wind contains both high and low speed
streams. This data set shows that over solar cycle 23, the solar wind had a mean slow
speed of 400 km/s and high speed of 550 km/sec (blue trace) with the high speed stream
having a standard deviation twice as large as the slow stream. The weights of the
individual components of the bimodal distribution indicate that slow solar wind was
observed over 60% of the solar cycle.
3.7.

Summary

There are no surprising results in our analysis of the evolution of the solar wind as
it propagates outward from the Sun from the near-Earth region at 1 AU to the nearJupiter region near 5 AU. The solar wind expands, cools, and distributes its energy over
an increased volume in a predictable manner. Using the mean values averaged over the
solar cycle, dynamic pressure (r2.1) and number density (r2.0) fall approximately like r2
where r is the heliocentric range. The magnetic field strength falls like r1.2 which is
approximately the 1 + r 2 / r 2 rate expected when the radial field component falls like r2
and an azimuthal component that follows an Archimedian spiral falls like r1 [Smith and
Wolfe, 1979]. The interfaces associated with leading and trailing edges of stream
interaction regions have steepened into shocks. The fast (>550 km/sec) and slow (<550
km/s) streams have merged and thermalized by the time the solar wind reaches 5 AU so
that the speed distribution is no longer bimodal (Figure 3.9b and 3.15b). The near Jupiter
solar wind data set contains no samples of solar wind speeds greater than 700 km/sec or
any slower than 300 km/sec. At ACE, ten percent of the data set had speeds outside of
these limits (3% above the upper limit and 7% below the lower limit). Temperature falls
more slowly (r3/4) than expected for adiabatic expansion (r4/3) but this result is expected
given the heating associated with the conversion of kinetic energy to thermal energy that
occurs during the stream mixing process. Both Mach numbers increase as the solar wind
propagated outward and beta is effectively unchanged.
The effect of these changes on the properties of the magnetosheaths can be
assessed individually, although the cumulative result may be more complicated than a
simple summing of the contributing factors. At Jupiter, the solar wind is well organized
into quiet and disturbed periods, where the disturbed regions are associated with SIRs and
ICMEs. Both quiet and disturbed winds tend to have durations on the order of a few
days, the duration of the quiet intervals being longest at solar minimum. Because of the
enormous size of the Jovian magnetosphere, it is unable to respond to solar wind changes
that are not persistent for several hours. We analyzed 6 hour averages of the dynamic
pressure and field strength to see if the distributions of these parameters on time scales
similar to the response time of the Jovian magnetosphere might explain the observed
bimodal distribution of the magnetopause stand-off distance. The statistics show that
bimodal distributions appear to occur at solar minimum but they are not statistically
significant at other times during the solar cycle.
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The very high Mach numbers suggest that Jupiter should have mostly strong bow
shocks with large overshoots [Leroy et al., 1982]. High Mach number bow shocks
produce thinner magnetosheaths (i.e. smaller ratio between the bow shock and
magnetopause stand-off distances) and smaller Mach cones [Sprieter et al., 1966; Slavin
et al., 1984] than those generated at lower Mach numbers. The magnetodisk
configuration at Jupiter should also result in a thinner magnetosheath as compared to the
more blunt, dipolar magnetosphere of the Earth [Sprieter et al., 1966; Stahara et al.,
1989].
Another consequence of the high Mach number solar wind near Jupiter is the
instability of the bow shock in the very high Mach number (MA > 10 -15) solar wind
[Kennel et al., 1982]. When the Mach number is sufficiently high, it is no longer possible
to maintain a steady ion reflection rate and an unsteady shock results [Quest, 2002]. The
energization of the reflected ions results in a bimodal distribution in the downstream ions
in which the energy in the direction perpendicular to the field far exceeds that in the
parallel direction [Quest, 2002]. The anisotropy downstream of high Mach number
shocks provides a source of free energy for the growth of various ion instabilities
including the ion cyclotron and mirror instabilities. Whereas Mach numbers greater than
10 are only occasionally observed near Earth, the mean value of MA observed at Jupiter is
14.7.
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Chapter 4
Mirror Mode Structures in the Jovian Magnetosheath
Mirror mode structures are commonly observed in naturally occurring, high β
(ratio of plasma to magnetic pressure) plasmas. They have been identified in numerous
planetary magnetosheaths [Kaufmann et al., 1970; Tsurutani et al., 1982; Russell et al.,
1989; Balogh et al., 1992; Erdös and Balogh, 1996; Bavassano Cattaneo et al., 1998;
Richardson, 2002], planetary magnetospheres [Russell et al., 1998;] cometary magnetic
environments [Yeroshenko et al., 1986; Russell et al., 1987], and interplanetary space
[Tsurutani et al., 1992; Winterhalter et al., 1994]. High β (β >1), thermally anisotropic
[ β ⊥ (T⊥ / T|| − 1) > 1 ] plasmas are unstable to the growth of mirror structures [Tajiri, 1967;
Hasegawa, 1969; Hasegawa and Chen, 1987; Southwood and Kivelson, 1993]. Other
instabilities, most notably ion cyclotron waves, may also grow under these conditions
[Gary, 1992]. High β, anisotropic plasmas are frequently found downstream of shocks or
in regions where the ion pickup process provides a source of plasma anisotropy
[Southwood and Kivelson, 1993].
Mirror modes are compressional structures, non-propagating in the rest frame of
the plasma [Tajiri, 1967]. In the rest frame of a uniform plasma, theory predicts nonoscillatory structures that are purely growing or decaying in time depending on the local
plasma conditions [Johnson and Cheng, 1997]. The observed field and plasma pressure
variations associated with these structures appear to oscillate either quasi-periodically or
aperiodically in time because they are rapidly convected past the observing spacecraft.
When high time resolution plasma data are available the structures are observed to be in
pressure balance with anti-correlated magnetic and plasma pressure fluctuations
[Tsurutani et al., 1982].
In their investigation of the magnetosphere boundaries at Jupiter, Joy et al. [2002]
found that mirror mode waves were nearly always present on the magnetosheath side of
both the bow shock and magnetopause. The wave power in the magnetometer data that
was used to identify entries of the Galileo spacecraft into the magnetosheath was mostly
compressional. The waves were assumed to be mirror mode structures. In this chapter
instead of using the waves to identify the magnetosheath, we examine the structures and
their distribution within the magnetosheath. Previous studies have analyzed waves
observed on single spacecraft flybys over a limited range of local times and plasma
conditions [Tsurutani et al., 1982; Erdös and Balogh, 1996; André et al., 2002]. In this
study we use magnetic field data from all of the spacecraft that have sampled the Jovian
environment (Pioneer 10 and 11, Voyager 1 and 2, Ulysses, Cassini, and Galileo). In
particular, we characterize the differences between the mirror structures observed near
the bow shock and the magnetopause, and consider how the structures change with local
time and differing plasma conditions. The magnetosheath boundary locations vary over
wide distances relative to Jupiter in response to changing solar wind dynamic pressure
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[Slavin et al., 1986; Huddleston et al., 1998], IMF orientations [Kivelson and Southwood,
2003; Walker et al., 2005], and magnetospheric thermal pressure [Joy et al., 2002]. Here
we generalize earlier work to cover a wide range of local times and solar wind conditions
that affect magnetosheath properties. Most of the work presented in this chapter has been
published as Joy et al., [2006].
In describing the forms of the mirror mode waves identified in our survey, we
categorize the structures in relation to the following different field signatures:
•

dips – regions where intermittently the magnetic pressure suddenly drops from a
relatively high, slowly varying background value to a much lower and less regular
value for a brief time;

•

peaks – regions where intermittently the magnetic field strength rises suddenly
from a slowly varying low background level (opposite of dips), and;

•

other – regions where there is no clearly defined high or low field background
state.

Examples of the various mirror structural forms found in the Galileo magnetometer
observations (black trace) are shown in Figure 4.1. In many of the “other” intervals,
the signatures appear to vary nearly sinusoidally but sometimes they are aperiodic.
Previous analyses of mirror structures in the terrestrial and outer planet magnetosheaths
have identified similar classes of magnetic variations [Leckband et al., 1995; Erdös and
Balogh, 1996; Bavassano Cattaneo et al., 1998; Lucek et al., 1999b; Génot et al., 2001;
Tátrallyay and Erdös, 2005] although the terminology has varied somewhat among
authors. Several authors have put forth models that describe the evolution of mirror
mode structures as the plasma carries them through the magnetosheath. Bavassano
Cattaneo et al. [1998] developed a model (BC model) based primarily on Voyager
observations made on the dayside of Saturn. In the BC model, quasi-periodic mirror
structures form near the bow shock. These structures increase in amplitude and
decrease in apparent frequency as residence time in the magnetosheath increases. The
waveform changes as the magnetopause is approached. Initially the waves evolve into
large amplitude, aperiodic structures. Finally, in the plasma depletion layer near the
magnetopause, the form further evolves into large amplitude field depressions (dips).
Tátrallyay and Erdös [2002] report that in the terrestrial magnetosheath, mirror
structure amplitudes grow with sheath residence time but there is no observed change in
the apparent wave period (TE model). Here we develop a new model that incorporates
our observations and relates our findings to these two models.
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Figure 4.1 Examples of peaks (top), dips (middle), and “other” (bottom) mirror mode structures (after Joy
et al., 2006). Each panel shows 3 hours of Galileo magnetometer data (solid black trace), appropriate
quartiles (solid blue line), and the median value (dotted red line) computed by using 20 minute sliding
windows with single sample shifts.

4.1.

Identification and Classification of Mirror Modes

Plasma data at Jupiter with sufficient time resolution to resolve 20 – 120 second
duration mirror structures, such as those typically found in the Jovian magnetosheath
[Erdös and Balogh, 1996], are not generally available. Thus, the expected anticorrelation in the field and plasma pressure fluctuations associated with mirror structures
cannot be used as a mirror mode identification criterion. Furthermore, plasma
temperature anisotropy data are not available so the conditions for mirror mode stability
cannot be verified. Given these limitations, we identify mirror mode structures using
only magnetic field data, recognizing that the structures that we refer to as mirror modes
could represent other types of plasma/field perturbations [Stasiewicz et al., 2003].
In our analysis of the properties of mirror modes in the magnetosheath we make
use of magnetometer measurements from Pioneer 10 and 11 [Smith et al., 1975], Voyager
1 and 2 [Behannon et al., 1977], Ulysses [Balogh et al., 1992], Galileo [Kivelson et al.,
1992], and Cassini [Dougherty et al., 2004]. The Galileo measurements are the only ones
that cover a wide range of post-noon, pre-dusk local times. Unfortunately, only low time
resolution magnetic field data were acquired when the spacecraft was in the
magnetosheath. In order to achieve some consistency in comparison of data from Galileo
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and the other spacecraft used in the study, the high time resolution vector magnetic field
data from the Pioneer (4/3 sec), Voyager (1.92 sec), and Cassini (32 Hz) spacecraft were
averaged to 24-second samples. Ulysses magnetic field data, publicly available as oneminute averages, were also included in our analysis. The low sample rate of the complete
data set limits our ability to use some of the standard techniques for identifying mirror
structures in the data set, as will be discussed later.
In magnetic field data, mirror structures appear as large amplitude perturbations in
the field strength that are generally linearly polarized with a maximum variance direction
that is closely field aligned [Lucek et al., 1999a; Génot et al., 2001]. We use these
properties to identify mirror structures in the field data. The first step in our procedure is
to determine the background field level. When mirror peaks or dips are present, the
background field is not well described by its mean or median values. In each region, the
background field is more appropriately described by upper (dips) or lower (peaks)
quartiles. In order to determine the background level, we compute the difference
between observed field strengths and the field magnitude quartiles determined using
sliding 20-minute windows with single time increment (24 sec.) shifts. Thus:
ai = Bi – Bi75 bi = Bi25 – Bi

(4.1)

where the subscript i indicates individual samples, B is the field magnitude, and the 75
and 25 superscripts indicate upper and lower quartiles respectively. Negative values of ai
(above) and bi (below) are eliminated and the remaining values are averaged by using the
same sliding window. If the ratio of ai to bi is greater than 3 (a/b > 3) the background
field is well described by the upper quartile. If the inverse is true (ai/bi < 1/3), then the
lower quartile tracks the background field. If neither condition is met, the median field
strength (Bi50) is considered to be the background field level. The selection of the critical
ratio 3 was arbitrary. It was found by inspection of the data that the intervals selected by
using this value effectively sorted data into the different types of waves that had been
identified by inspection. The selection results are insensitive to the choice of the
reference ratio 3. Values between 2.5 and 3.5 work nearly as well. The choice of twenty
(20) minute sliding windows for the statistics is also arbitrary. It was chosen to satisfy
the requirements that the window be long enough to track mirror structures of 4-5 minute
duration, short enough to track slow changes in the background field strength and
orientation, and to be an integral number of 24 second data points.
After establishing the background field level we determined the amplitude of the
field perturbations (δB). If the background level corresponds to one of the quartiles, δB
is determined by subtracting the observed field from the background (or vice versa);
otherwise the difference between field upper and lower quartiles is used. We require that
the magnitude of the field perturbation be at least 1 nT or be at least one quarter of the
field magnitude (δB ≥ 1 nT or δB/B ≥ 0.25) to be considered a candidate mirror structure.
Given that Jovian magnetosheath field strengths are generally 2-8 nT, this corresponds to
a change of field pressure of at least 25% (1 - [B -δB] 2/B2) at the high end of observed
magnetosheath field strengths.
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Once field compressions are determined to have amplitudes large enough to be
considered as mirror mode candidates, their field-alignment must be verified. A
commonly used test [Erdös and Balogh, 1996; Bavassano Cattaneo et al., 1998; Lucek et
al., 1999a; Tátrallyay and Erdös, 2002] of this condition applies the minimum variance
technique of Sonnerup and Cahill [1967] to establish the maximum variance direction,
and the angle between this direction and the field direction. Previous work has required
that the angle thus determined should be less than ~30o for mirror structures [Bavassano
Cattaneo et al., 1998; Tátrallyay and Erdös, 2002]. Unfortunately, the minimum
variance technique does not work well with the low time resolution data used in this
study. Instead, we require that the variations of the field direction lie within a π/4
steradian solid angle (45o cone angle) of the median background field direction.
In this study, compressional perturbations that meet the above specified amplitude
and directional requirements are considered to be mirror mode structures. Mirror modes
whose background field state is defined by the upper quartile are identified as dips.
Those where the background is defined by the lower quartile are peaks, and the
remainder are “other”. Figure 4.1 shows examples of the magnetic signatures of each of
the three types of mirror mode structures, as well as the upper and/or lower quartiles
computed as described above. The plot shows that the quartiles (dotted red lines) define
the background field level during periods of peaks and dips better than the median (blue
line), and the separation of the quartiles provides a slight underestimate of the amplitude
of the “other” structures.
The mirror mode structures identified by these criteria do not necessarily match
the interpretations of previous authors. In particular, our use of quartiles in the selection
criteria for peaks and dips effectively imposes an additional requirement that individual
events are clearly separated in time. For instance, Erdös and Balogh [1996] report mirror
dips in the Ulysses magnetometer data during the magnetosheath portion of the interval
between 14:00 UT February 12 until 03:00 UT on February 13, 1992. Our criteria
identify 83% of the interval as dips, but the remainder as quasi-periodic. André et al.
[2002] report dips between 06:00-08:00 UT on January 8, 2001 where our criteria
identify dips only at the beginning and end of this interval, with the central section
identified as quasi-periodic. The use of low resolution data can also impact the
identification of some structures. Erdös and Balogh [1996] report observing peaks in the
one second magnetic field data between 20:40 and 22:20 UT on February 13 but these
fluctuations are mostly lost in the one minute averaged data that are publicly available.
Our criteria identify only two 5 minute segments of this interval as peaks with the
remainder identified as quasi-periodic structures but we cannot characterize the higher
frequency waves that are present in the data.

4.2.

Analysis

In this section, we examine properties of mirror mode waves identified in the
magnetosheath of Jupiter, focusing on the nature of the waves, the spatial distribution of
waves of different types within the magnetosheath and the background field and plasma
conditions in which they are found. Magnetosheath intervals for the Galileo spacecraft
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Figure 4.2 Magnetic field strength (nT) observed during dayside passes through the magnetosheath (after
Joy et al., 2006). Each panel is from a different pass: (top) Galileo outbound orbit 29, 1630 local time (LT);
(upper middle) Galileo outbound orbit 33, 1310 LT; (lower middle) Pioneer 11 inbound, 0910 LT; (bottom)
Voyager 2 inbound, 1015 LT. The intervals with dips are colored yellow, peaks are colored blue, are other
are unshaded. Red shading indicates time periods that do not satisfy the mirror mode identification criteria,
either because the fluctuations are rotating (labeled R), of because they fail to meet the amplitude criterion
(label A). Dotted vertical lines mark the bow shock (BS) and magnetopause (MP) crossings.

were determined independently by using the plasma wave [Gurnett et al., 1992] and
magnetometer data sets and then differences in the timing were resolved by
simultaneously analyzing the two data sets. Boundary crossing times for the earlier
spacecraft were obtained from the literature [Pioneer 10 and 11: Intriligator and Wolfe,
1976; Voyager 1 and 2: Lepping et al., 1981; Ulysses: Bame et al., 1992; Kurth et al.,
2002; Szego et al. 2003]. Compressional wave power in the Jovian magnetosheath is
generally much greater than in the surrounding plasmas of the magnetosphere and the
solar wind. More than 80% of the magnetosheath observations at Jupiter contain waves
that meet our amplitude requirement for mirror modes. Some compressional fluctuations
fail to satisfy the identification criterion on the variance of the field orientation. This
reduces the fraction of time in the magnetosheath for which mirror mode waves are
present to 61.5%. Two-thirds of the mirror structures are identified as quasi-periodic or
aperiodic, while 19% are dips and 14% are peaks.
4.2.1

Distribution relative to the bow shock and the magnetopause

In analyzing the properties of the mirror mode structures present in the Jovian
magnetosheath, we examined the ways in which they change with distance from the bow
shock. Earlier studies have come to differing conclusions on the evolution of the mirror
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mode waves. Figure 4.2 shows the field magnitude (nT) observed during four dayside
passes through the Jovian magnetosheath. Near the bow shock (BS) the field
perturbations typically have smaller amplitudes and shorter periods than they do as time
from the shock crossing increases. On average, one can link increasing time to increasing
distance, although shock motion may make this a poor assumption in individual cases.
Between the shock and the magnetopause, the fluctuations appear to increase in
amplitude and decrease in frequency. In some passes (panels 1, 2) the amplitude of the
perturbations appears to saturate (remain fixed for a few hours) while in other passes (3,
4) no amplitude saturation is observed. Peaks (blue colored regions) are observed in all
of these passes. Time intervals that contain fluctuations that do not meet our mirror mode
identification criteria are colored red. The failed criterion is identified above the shading
(A for amplitude or R for rotational).
We have visually analyzed the relative amplitude (δB) of the mirror mode
structures in each of the 29 complete traversals of the magnetosheath (from the solar
wind to magnetosphere or vice-versa). Increases in amplitude from the bow shock (BS)
towards the magnetopause (MP) were identified in 17 cases. No statement can be made
about amplitude changes in ten of the crossings because the mirror structures are
intermittent and two have amplitudes near the bow shock that are equal or greater in
amplitude than the structures observed near the MP. Of the 12 crossings that do not fit
the model of amplitude increasing with distance from the bow shock, all but two occur
more than five hours away from local noon. The two traversals near local noon that do
not match the previous models expectation of amplitude growth occur in passes where
the magnetosheath appears to be highly disturbed. These passes have intermittent mirror
mode waves separated by periods containing both large field rotations and compressions.
The events where the mirror amplitudes near the BS were equal to or larger than the
amplitudes near the MP (Pioneer 10 outbound, Cassini) both occurred near the
terminator. The Pioneer 10 field data have small amplitude fluctuations at both the MP
and BS, with several regions in the middle magnetosheath having larger compressions.
Cassini observed large amplitude fluctuations (δB ~ 0.8 nT, B ~ 2 nT) immediately
following the BS crossing on the dusk flank of the bow shock at approximately 16:30 UT
on January 3, 2001, which persisted for about a day, after which the mirror mode
amplitude diminished, and remained relatively small (δB ~ 0.2-0.5 nT; B ~ 1.2-1.5 nT)
for several days. As Cassini approached the MP, the mirror mode amplitude increased to
values equal to or greater than those observed near the shock (δB ~ 0.8 – 1.0 nT).
The Bavassano Cattaneo et al. [1998] and Tátrallyay and Erdös [2005]
observations that dips (yellow colored regions) are found near the magnetopause are
supported by the results of this study. Dips are observed within three hours of the MP
crossing in two thirds (80 of 121) of the crossings analyzed. This association is found for
both inbound and outbound magnetosheath traversals at all local times examined and for
all 7 spacecraft. Mirror modes are observed within 3 hours of the bow shock crossing in
only 52.4% (54 of 103) of the available events. Of the intervals that contained mirror
modes, “other” forms were observed 96% of the time, peaks 17%, and dips 13% (Note
that because a single 3 hour interval may contain more than one mirror structure form, the
percentage can add up to more than 100%). Shock crossings that did not have mirror

90

40
Percent

Dips
20

0
60
Percent

Peaks
40
20
0
70
Percent

Other
50
30

Hundreds

10
120

Samples
80
40
0
0

5
10
15
20
25
30
Hours from Nearest Boundary Crossing

Figure 4.3 Distribution of dips, peaks, and other mirror mode structures relative to the nearest bow shock
(blue trace) or magnetopause (red trace) crossing (after Joy et al., 2006). Gaps indicate bins with no
observed peak or dip mirror structures. The bottom panel shows the number of observations (in hundreds)
in each bin.

structures in close temporal proximity primarily occur on the flanks. Of the twenty-eight
shock crossings that occurred within four hours of local noon, mirror structures were
identified within 3 hours in 82 % (23 of 28) of the crossings.
In order to establish whether the various mirror structures are associated with
proximity to the magnetosheath boundaries, we compute the time separation between the
individual magnetic field samples and the nearest boundary crossing. Time is used as a
proxy for distance without correcting for spacecraft velocity. Large, rapid boundary
motions are likely to be more important than spacecraft velocity in converting time to
distance from the magnetopause or bow shock. Data were collected into one-hour bins
relative to the nearest boundary crossing time and normalized by the total number of
observations within each bin. The top panel of Figure 4.3 shows the percent of the bins
that contain dips versus the time to the nearest boundary crossing. The red line shows the
time offset from the magnetopause crossing time and the blue line shows the offset from
the bow shock crossing time. The fraction of dips falls as the time from the
magnetopause increases. Throughout the magnetosheath, dips are found more often than
peaks for observations closer in time to the magnetopause than the bow shock. The
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middle panel in Figure 4.3 shows the relationship between the occurrence of peaks and
the nearest boundary crossing by using the same line-style convention as in the top panel.
Peaks are found only a small percentage of the time when the spacecraft is within a few
hours of either the magnetopause or the bow shock. As the time from the bow shock
increases, the fraction of the data that contains peaks within each bin increases.
Throughout the interval plotted, peaks are always found more frequently than dips when
observations are nearer (in time) to the bow shock than magnetopause. Peaks are
primarily “middle-magnetosheath” structures at Jupiter.
Mirror mode structures are found in close temporal proximity to the bow shock at
all local times for which observations are available. Solar wind with nominal Parker
spiral IMF field orientation at Jupiter forms a quasi-perpendicular shock in the subsolar
region creating the temperature anisotropy required for mirror mode growth.
Unsurprisingly, mirror mode structures are observed near 82% of the shock crossings
within four hours of local noon, and a similar fraction of the entire magnetosheath near
local noon is found to have mirror modes. However, the appearance of mirror mode
waves close to the bow shock at all local times implies that mirror mode structures do not
form exclusively near the subsolar bow shock. Tátrallyay and Erdös [2005] report that in
the terrestrial magnetosheath, pressure anisotropy associated with field line draping at the
magnetopause may be important source of mirror modes. Alternatively the IMF
orientation occasionally gives rise to quasi-perpendicular shock jump conditions along
the flanks of the magnetosphere, thus providing the anisotropy required for mirror mode
growth. Indeed, Achilleos et al. [2004] report that Cassini passed through a quasiperpendicular bow shock on day 18, 2001 in the post-dusk magnetosheath. We observe
mirror modes near 34% of the bow shocks on the flanks of the Jovian system and mirror
structures are found in 40-60% of the flank magnetosheath observations. This result is
consistent with a combination of mirror mode transport from the high probability
subsolar region plus a lower rate of local production.
4.2.2

Local time distribution

Mirror structures are observed at all local times for which magnetometer data are
available. Figure 4.4 shows the percentage of observations in each one-hour local time
bin that contain dips, peaks, other (quasi-periodic) or any of the identified forms of mirror
structure. Mirror structures are most frequently observed near the sub-solar point and
gradually diminish in occurrence frequency as the local time departs from noon. Peaks
are observed at all local times examined but they are most commonly observed near local
noon. Similarly, dips are observed at all local times; however, on the flanks of the
magnetosphere, dips comprise a larger fraction of the total observed mirror structures
than they do near local noon. The “other” MM form is the most commonly observed for
at all local times.
4.2.3

Background field and plasma conditions

The instability condition for mirror mode waves ( T⊥ / T|| > [1 + 1 / β || ] ) is most
readily satisfied for high values of plasma β. Ideally one would examine both plasma and
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Figure 4.4 Occurrence distribution of MM structures versus local time (after Joy et al., 2006). Shading
indicates regions with no data. Values indicate the percentage of observations within each bin containing
MM structures of a given form.

field properties throughout the magnetosheath, but the magnetic field itself can serve as a
reference quantity to organize the conditions for the appearance of each of the three types
of waveforms we have identified. In this section, we first consider how the form ofmirror
mode waves changes with the magnitude of the background field, and then examine some
passes for which Galileo plasma data were available.
On Galileo’s G29 orbit outbound pass near 16:30 LT, (Figure 2, panel 1) all types
of mirror mode structures were clearly observed. Figure 4.5 shows the distribution of the
field magnitude (0.1 nT bins) for each of the three types of waveforms we have
identified. When dips were observed, the field strength remained near 2.5 nT; the field
minima within the dips were variable with small event clusters near 0.5 nT and 1.0 nT.
Peaks were observed when the background field strength was lower (~1.4 nT); the field
maxima were distributed around 2.3 nT. “Other”, mostly quasi-sinusoidal mirror
structures range from 1.6 to 2.3 with little clustering. The distributions are similar to
those found by Bavassano Cattaneo et al. [1998] for both dips and quasi-sinusoidal
regions. The Erdös and Balogh [1996] distribution result for dips showed two separate
and distinct maxima in the distribution; one associated with the field minima and the
other with the higher background field. The mirror structures analyzed by Erdös and
Balogh [1996] appear to have saturated in amplitude such that the δB associated with
field depressions remained nearly constant for an extended time interval. When there is
amplitude saturation, the separation between the minimum and maximum field is
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constant and clear maxima are observed in the distribution of B. The field distributions
plotted in Figure 4.5 (top two panels) do not have clear maxima at the field extrema
because amplitude saturation occurs in only a small fraction of the interval as indicated
by the solid black lines. Bavassano Cattaneo et al. [1998] had poorly resolved maxima
in their reported distributions of B because the amplitude of the structures they analyzed
was not saturated either.
Galileo plasma moments in the magnetosheath (ion density, ion temperature, and
velocity) are available at low time resolution (~5 minutes) for only a few select time
intervals. Similar Voyager plasma parameters are available for some sheath passes at
slightly higher sampling rate (96 seconds). When only ion temperature data are
available, we compute β by neglecting the electron contribution and assuming 4% He++ at
3.5 times the proton temperature ( β = 2µ 0 n p k (1.14T p ) / B 2 ). Neglecting the electrons leads
to a systematic underestimate of β. Typically Ti >> Te , in which case our approximate
pressure estimate is good, but the error could be larger if the temperatures are
comparable. Figure 4.6 shows the percentage of the observations within each 0.5 β-bin
that contain the identified mirror structure type. Dips are primarily observed in relatively
low (<3) β plasma; peaks are observed when β is higher (3-6). Pantellini [1998] showed
that dips form preferentially when β is relatively small (≥1) and peaks form when the
anisotropy and β are relatively high ( R = T⊥ ≤ 0.5, β || ≥ 10 ). Other mirror structures
T||
re observed over a wide range of β values with the distribution peaking at β values of
about three. Regions where our criteria do not identify mirror modes (none) are
independent of the value of β in the range shown. Noting that at fixed density, high β
implies low B for a given solar wind dynamic pressure, these results are consistent with
the distributions shown in Figure 4.5. The full range of β values observed (0.3E-7 –
1.4E2) in the data set is much larger than shown in Figure 4.6. However, the events at
large β that are not shown are rare and do not impact the distribution shapes shown,
except to extend the high β tails, particularly on the “none” distribution.
We considered the possibility that the difference between peaks and dips might be
purely geometrical with dips being observed if the magnetic bottle structure was crossed
transversely and peaks observed if crossed longitudinally. We analyzed the distribution of
the various MM structural forms relative to the angle between the plasma flow vector and
the background field orientation to test for this possibility. MM structures are
presumably aligned with the background field, regardless of the structural form. The
local angle between the magnetic field and plasma flow vector defines the orientation of
the MM structures as they are convected past the observing spacecraft. Figure 4.7 shows
the distributions for dips, peaks, and other quasi-periodic structures.
Each of the forms is observed over a wide range of flow-field angles and there is
significant overlap in the occurrence distributions of the various forms. This implies that
the different structural forms are not merely an artifact of the observation geometry. The
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Figure 4.7 Occurrence distribution of MM structures versus the cosine of the angle between the plasma
velocity vector and the background magnetic field orientation (after Joy et al., 2006).

distribution functions of both dips and the quasi-periodic forms have mean and most
probable values near 45o. The distribution of peaks is skewed towards slightly larger
flow field angles (mean = 55o, mode = 60o). This result is consistent with the
observation that dips and quasi-periodic forms are found throughout the magnetosheath
where a wide range of flow–field angles is possible. In the middle magnetosheath near
local noon where peaks are found, the field and flow are not as closely aligned.
Next we show specific examples in order to demonstrate the influence of the
plasma beta on the waveform type. Figure 4.8 shows the magnetic field data plotted in
Figure 4.2, panel 1 on an expanded time scale, along with the plasma β. Shading
conventions again indicate mirror mode structural forms and magnetospheric boundaries.
Dips are identified in the data beginning shortly after the outbound magnetopause
crossing at 20:52 [Kurth et al., 2002] when β is low (1-3). From Jan 10 23:18 UT until
Jan 11 01:28 UT, β is relatively high (2-4) and dips are no longer observed. When β falls
back into the 1-2 range (January 11, 01:27 - 05:51 UT) dips are identified again.
Between January 11 (010) 06:14 and 07:10 UT, β rises into the 4-7 range and peaks are
observed. Several intervals with peaks are observed on January 11 and 12, 2001 when β
rises into the 3-6 range. Plasma β is mostly in the 2-4 range for the remainder of Jan 11,
2001 and quasi-periodic mirror structures are observed. Quasi-periodic structures are
also identified on Jan 12 from 00:16 until the bow shock crossing at approximately 06:35
UT. The structures appear to grow in amplitude away from the shock until the amplitude
saturates (indicated by the solid black bar in the lower set of panels).
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4.3.

Summary of Observations

Peaks
• Least common of the three identified structural forms of mirror modes.
• Associated with plasma β>3.
• Usually found only within a few hours of local noon.
• Mostly found in the middle magnetosheath.
Dips
• Commonly found in close proximity to the magnetopause.
• Associated with plasma β between 1 and 3.
• Probability of observation higher on the flanks of the magnetosphere than near local
noon.
Other
• By definition, either quasi-periodic or aperiodic mirror structures
• Most common of the three structural forms at all local times.
• Observed over the full range of plasma β sampled (1 to > 6).
• In intervals near shock crossings, this is usually the only type of structure observed.
• Amplitude (δB) is typically small near the bow shock and grows for the first few
hours following the crossings.
All
• Amplitudes both increase and decrease during a typical magnetosheath pass.
• Amplitudes can saturate (remain fixed) for long periods of time.
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4.4.

Discussion

The low frequency compressive magnetic fluctuations analyzed in the previous
section are consistent with the expected magnetic signatures of mirror modes. The field
perturbations are generally field aligned and are always within 30o of the background
field direction. Even though we systematically underestimate the thermal pressure by
ignoring electron contributions, the observed values of β are greater than 1 for nearly all
of the fluctuations we identify as mirror mode waves. However, our hypothesis that these
are mirror mode structures cannot be confirmed without plasma data. Temperature
anisotropy measurements are needed to test whether the plasma is marginally stable to
mirror growth and high rate plasma data are needed to confirm constancy of total
pressure and convective transport of the structures. Despite the limitations imposed by
the unavailability of high time resolution plasma data we believe that we have correctly
identified mirror mode structures in the magnetic field data from all of the Jovian
magnetosheath passes. Furthermore, we believe that our identification criteria are overrestrictive, eliminating some structures that may well be mirror modes rather than risk
including non-mirror mode compressions in our statistical analysis.
In order to significantly improve the local time coverage of the magnetosheath,
we included all relevant Galileo data, despite its poor time resolution. Use of Galileo
data has not been without cost. For the sake of consistency among cuts at differing local
times, we had to average all the data down to Galileo’s 24 seconds/sample resolution.
Previous mirror mode studies [Erdös and Balogh 1996; Bavassano Cattaneo et al., 1998]
have shown that the individual structures can last less than 24 seconds, therefore we
cannot analyze the amplitude and frequency distributions of mirror structures with our
data set. We do find that for the range of frequencies that we can investigate, mirror
mode amplitudes appear to be larger near the magnetopause than near the bow shock as
reported by Erdös and Balogh [1996] and Bavassano Cattaneo et al., [1998]. However,
visual inspection of our data shows that the amplitude of any given series of mirror
structures can be variable.
Erdös and Balogh [1996] analyzed all of the mirror mode waves observed in
Ulysses 1 second resolution magnetometer data and observed both peaks and dips. From
this data set Erdös and Balogh were able to provide estimates of the duration, separation,
and amplitude distributions of mirror structures between the magnetopause and bow
shock using the nearly continuous mirror mode wave train that occurred Feb 12, 1992
14:00 UT and Feb 13 03:00 UT. They identified mirror dips throughout the interval. Our
analysis identifies 83% of that interval as containing dips, with the remainder being
quasi-periodic and thus categorized as “other” mirror mode structures. Erdös and Balogh
found that the field decreases have an average duration of ~30 seconds with an
exponential fall-off in occurrence frequency for periods greater than 20 seconds. The
separation between what we would call “dips” also falls off exponentially for separations
greater than 20 seconds, with an average duration of about a minute. The authors
computed the width of the dip structures in proton gyroradii (Rg) and found that the
distribution peaked near 15 Rg and fell off exponentially, but argued that the proton
temperature used in the computation was likely an overestimate. Correcting the
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temperature could reduce the width of dips by a factor of about three. Bavassano
Cattaneo et al. [1998] reported similar widths (10-30 Rg) for both quasi-periodic and dip
structures in the Saturn magnetosheath. We do not believe that the removal of the quasiperiodic structures would substantially impact the distributions of the durations and
widths of dips reported by Erdös and Balogh [1996]. However, eliminating the short
duration separations between “dips” in the quasi-periodic intervals would lengthen the
average separation time between dips in their analyses.
Plasma β clearly is important in determining both the presence and type of mirror
structures that develop in the Jovian magnetosheath. Figure 4.9 shows contours of
plasma β and flow streamlines in the equatorial plane at Z=0 derived from the Ogino et
al. [1998] MHD simulation of Jupiter. The run was carried out with a small southward
interplanetary magnetic field and nominal [Joy et al., 2004] dynamic pressure conditions
(B = Bz = -0.42 nT, Pdyn = 0.90 nPa, Vsw = 300 km/s). Bright (white) contoured areas
indicate regions of high β and dark regions are relatively low β. In this plot, Jupiter is at
X=Y=0. The heavy black curve marks the bow shock location, and the innermost flow
streamline marks the approximate magnetopause location. The colored lines show the
approximate locations of Galileo’s 29th and 33rd (Figure 4.2) orbits, the outbound
Ulysses pass projected into the equatorial plane, and the Voyager 1 (March 1, 1979) and
Pioneer 11 (November 28-29, 1974) inbound passes. The Voyager and Pioneer passes
are mirrored about Y=0 for display in this quadrant. The color-coding on the trajectories
shows the approximate locations where mirror structures were observed. Pink indicates
dips, cyan is used for peaks, yellow is used for “other” mirror mode structures, and gray
indicates no mirror structures were observed. All trajectories have been linearly stretched
so that the observed magnetopause and bow shock crossings match the locations in the
simulation result. Flow streamlines are color-coded to indicate the magnetosheath
residence time of the plasma flowing along each streamline.
In the simulation, symmetric regions of high β plasma form slightly away from
the sub-solar bow shock. In Figure 4.9, the maximum β region in the magnetosheath is
found at approximately 13:15 local time. When the simulation is run by using different
upstream conditions, particularly those including a finite By (azimuthal) component of the
IMF, the region of maximum β moves slightly towards or away from the subsolar point.
With the exception of the details in the sub-solar region (~11:00-13:00 LT) region, all of
the simulation results examined show similar flow patterns and β distributions in the
magnetosheath in the plane about which the simulation displays approximate north-south
symmetry [Walker et el., 2005]. As the plasma flows from the bow shock towards the
magnetopause in the sub-solar region, plasma β diminishes as the magnetic field piles up.
When a spacecraft passes through the magnetosheath from the bow shock towards the
magnetopause at local times away from the sub-solar region (G29 in Figure 4.9) the flow
streamlines it encounters originate closer and closer to local noon and their lengths
(within the magnetosheath) increase. The streamlines encountered close to the
magnetopause have crossed the bow shock near the sub-solar point. The plasma flowing
on these streamlines has been in a low β state for a significant fraction of the
magnetosheath transit.
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Figure 4.9 Plasma β contours (as a percent of the solar value) and flow streamlines from an Ogino et al.,
[1998] Jupiter MHD simulation (after Joy et al., 2006). Flow streamlines are color coded to indicate the
time elapsed as the plasma flows to any magnetosheath location following the bow shock crossing.
Spacecraft trajectories cut across the streamlines and are color coded to indicate the type of mirror
structures observed. Voyager and Pioneer trajectories are mirrored about the Sun line. Note that the
simulated magnetosphere is in an expanded state.

If we assume that the MHD simulation provides a reasonable model of the
magnetosheath plasma flow and β configuration, then we can use the result to try to
understand the conditions that allow mirror structures to form and later appear as dips and
peaks. Mirror structures found near the bow shock in all of the passes shown in Figure
4.9 are quasi-periodic (yellow). The proximity to the bow shock suggests that it is the
source of temperature anisotropy required to initiate mirror mode growth. In addition,
the initial form of mirror modes appears to be quasi-periodic. Peaks are seldom observed
on the flanks (Figure 4.4). Figure 4.9 shows that the regions where peaks are observed
(cyan) occur on streamlines that have passed through regions of relatively high β after
crossing the bow shock and have just entered regions of lower β. Under steady-state
conditions, the highest β region is found in the middle magnetosheath on the dayside.
Dips, on the other hand, are observed after the plasma carrying the mirror structures has
traveled extensively through a relatively low β region. On the dayside, this condition is
seldom met except near the magnetopause. The fraction of the magnetosheath that
contains streamlines that meet this criterion increases as the flanks are approached.
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Our observations, as well as those of Bavassano Cattaneo et al. [1998] and Erdös
and Balogh [1996] show that near the bow shock mirror structures are primarily small
amplitude and quasi-periodic. As the time from the shock crossing increases, the mirror
structures grow in amplitude but remain quasi-periodic. These observations are
consistent with a model of mirror structure formation near the bow shock followed by a
growth phase; however other interpretations are possible [Tátrallyay and Erdös, 2002;
Tátrallyay and Erdös 2005]. The linear theory of mirror mode growth has been
extensively studied since the pioneering work of Tajiri [1967] and Hasegawa [1969].
Leckband et al. [1995] observed quasi-periodic mirror structures in the Earth’s
magnetosheath with ion distribution functions in the form predicted by the linear theory
of Southwood and Kivelson [1993].
Tátrallyay and Erdös [2002] computed mirror mode growth rates from the ISEE 1
and 2 spacecraft at Earth by assuming that the observed mirror modes formed at the bow
shock. The growth rate that they determined was nearly an order of magnitude less than
theoretical rate calculated by Gary et al. [1992]. Tátrallyay and Erdös [2005]
statistically analyzed more than 33,000 individual mirror structures identified in ISEE-1
data and found no dawn-dusk asymmetry in their local time distribution. If mirror modes
form out of the temperature anisotropy introduced at a quasi-perpendicular bow shock,
then there should be significantly more mirror structures on the dusk side of the terrestrial
magnetosheath than at dawn. Tátrallyay and Erdös [2005] concluded that pressure
anisotropy caused by magnetic field draping at the magnetopause provides a more likely
source for the development of the mirror instability.
Tsurutani et al. [1993] reported observing large amplitude magnetic pulses
approximately one hour downstream of the Jovian bow shock (quasi-parallel) on the
inbound pass of the Ulysses flyby. Our classification criteria would likely identify these
structures as mirror mode peaks whereas the authors argue that these structures are
similar to short large-amplitude magnetic structures (SLAMS) observed downstream of
quasi-parallel bow shocks at Earth [Thomsen et al., 1990] and at comet Giacobini-Zinner
[Tsurutani et al., 1990]. SLAMS are circularly polarized magnetosonic plane waves.
Schwartz et al. [1992] proposed that SLAMS form in the foreshock region of quasiparallel shock and are then transported into the magnetosheath. We have analyzed
numerous individual peaks within the Voyager (1 and 2) and Pioneer (10 and 11) datasets
for which high time resolution magnetic field data are available by using minimum
variance analysis. All of the peaks we have analyzed are linearly or nearly linearly
polarized which is consistent with the expectation for mirror modes and not SLAMS. In
addition, under nominal IMF conditions at Jupiter, the dayside bow shock is quasiperpendicular not quasi-parallel. Although a small fraction of the events that we have
identified as mirror mode peaks may indeed be SLAMS, we believe that they do not
significantly impact our statistics or their interpretation.
Leckband et al. [1995] observed isolated large amplitude structures in the
AMPTE-UKS data that our criteria would identify as peaks during intervals of
exceptionally large β (~30). The AMPTE ion distribution functions during these
intervals were consistent with those predicted by non-linear saturation theory of Kivelson
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Figure 4.10 Cartoon showing our model of the evolution of MM structures in the Jovian magnetosheath
(after Joy et al., 2006). All panels show a time evolution of field lines beginning with the dotted trace.
Panel 1 shows the onset and linear growth of mirror modes. A quasi-periodic waveform oriented along the
background field grows in amplitude while preserving its wavelength. Panel 2 shows the effects on the
waveform as non-linear saturation proceeds. The perturbation amplitude diminishes slightly as the trapped
particles cool while losing energy to the increased curvature of the field. The magnetic bottle structures
elongate without changing their wavelength. Panel 3 shows the relaxation of MM bubble from a quasiperiodic structure back towards a uniform field with individual bubbles decaying stochastically. Dips are
preserved in the “solid line state” where some of the bubbles remain while most have collapsed or mostly
decayed.

and Southwood [1996] and the observed β was consistent with the Pantellini [1998]
result. Particles trapped in the field minimum of a mirror mode structure deliver
momentum to the field at their mirror points. This momentum transfer deforms the shape
of the magnetic bottle so that it changes from a sinusoidal structure to a sausage-like
structure. Loss of trapped particle energy reduces the pressure of the trapped particles
and consequently the minimum field increases (Figure 4.10, panel 2). Kivelson and
Southwood [1996] conclude that stability occurs by the combination of the field decrease
between the magnetic mirrors and the motion of magnetic mirrors away from the
minimum in the trapped particle well.
Our model of the growth and evolution of mirror structures in the Jovian
magnetosheath is summarized in Figure 4.10. We describe mirror mode waves as quasiperiodic structures that form along the background field in isolated flux-tubes (see the
wire frame model of Constantinescu [2002] and discussion therein). Linear growth
increases the amplitude (δB) of the structures while preserving the waveform (panel 1).
In the Constantinescu model [Constantinescu, 2002], linear growth occurs if either β o⊥
(background component of β normal to the background field direction) increases or if the
anisotropy of the plasma (Ao) increases. However, for a given value of Ao the bottle
wavelength to radius ratio (L/R) becomes nearly insensitive to increasing β o⊥
[Constantinescu et al., 2003] and linear growth cannot proceed. If Ao is taken as 1.5,
then the critical value of β o⊥ ≈ 4 . If the plasma along a streamline remains unstable to
mirror growth long enough and the plasma β and anisotropy are sufficiently high
[Pantellini, 1998], non-linear growth saturation may occur. During this phase, the
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individual mirror bottles elongate into sausage-like structures that are observed as mirror
mode peaks (panel 2). As the plasma cools and its anisotropy diminishes, the mirror
structures begin to collapse under magnetic tension. If this process is stochastic, then
individual structures decay at different rates. Since the particles that are responsible for
the existence of the magnetic bottles are trapped within individual bottles, there is no
communication between bottles.
Therefore stochastic relaxation is a plausible
mechanism for the collapse of mirror mode structures (panel 3). Inflated bottles (those
that collapse later) appear as dips while the collapsed bottles become indistinguishable
from the background field.
This model is consistent with our observations of the spatial distribution of mirror
mode structures and the simulated distribution of plasma β. Near the bow shock, we
commonly observe quasi-periodic mirror mode structures but seldom observe either
peaks or dips. Mirror mode wave trains that extend from near the bow shock into the
middle-magnetosheath tend to have amplitudes that increase away from the bow shock.
These observations suggest that mirror mode structures form near the shock and grow as
they move through the sheath. Linear growth increases the field perturbation amplitude
while preserving the quasi-periodic waveform. Changes in longitudinal wavelength
resulting from plasma acceleration or deceleration, and changes in the transverse
wavelength related to evolving plasma parameters (anisotropy, β ⊥ ) in the linear regime,
do not change the quasi-sinusoidal nature of the mirror mode waveform [Constantinescu
et al., 2003]. Peaks are found primarily in the middle magnetosheath on the dayside
where plasma β remains high for tens of hours along typical flow streamlines (Figure
4.9). Under these conditions, mirror structures may undergo nonlinear growth saturation.
During this process, individual magnetic bubbles elongate along the background field
direction into sausage-like structures. In a space-filling geometry, the sausage-like
structures fill the volume with a significantly higher fraction of low field than high field.
As the structures are convected past the observing spacecraft, the field appears to “peak”
in the high field regions while mostly remaining in a low field state. While truly space
filling geometries are not supported by the Bessel function form of the Constantinescu
model [Constantinescu, 2002], the most closely packed spacing is achieved by truncating
the Bessel function at the first zero crossing. Finally, as plasma β approaches unity, the
instability criterion is no longer met and the mirror structures begin to decay away.
Lower β plasmas are commonly found near the magnetopause and on the flanks of the
magnetosheath where dips are most commonly observed. As individual bottles collapse,
the bottles that have not yet collapsed are observed as dips in the magnetic field.
4.5.

Conclusions

We observe compressive magnetic field fluctuations that are consistent with
mirror structures throughout the magnetosheath of Jupiter. These structures appear to
form near the bow shock and evolve with the plasma that carries them. Our observations
are generally consistent with the evolution model put forth by Bavassano Cattaneo et al.
[1998]. The BC model has quasi-periodic mirror structures forming near the bow shock
that increase in amplitude and transverse wavelength as they move away from the shock.
As the plasma β decreases and the plasma becomes mirror stable, the field enhancements
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decay leaving only field reductions or dips. Bavassano Cattaneo et al. [1998] correctly
interpret the Kivelson and Southwood [1996] model that “predicts that the fully evolved
mirror modes do not have a sinusoidal spatial structure, but consist mainly of holes.” A
spatial structure consisting mostly of holes can produce a time series that appears to have
peaks rising up from a low “background” level (Figure 4.9).
However, the BC model does not explain the formation of peak structures of the
sort we observe in the dayside middle magnetosheath. Their model is based on a very
limited set of pre-Cassini Saturn observations. In the data set that Bavassano Cattaneo et
al. [1998] analyzed, our identification criteria at Saturn find only two short time intervals
that contain mirror peak structures. Our criteria identify peaks in the Voyager 2 data set
on day 237, 04:15-04:25 UT and in the Pioneer 11 data set on day 243, 19:41-20:02 UT.
These intervals may have been too short to have been included in the BC analysis. The
BC model of evolution of mirror structures explains the most commonly observed
structures (quasi-periodic and dips) but does not include an explanation of the formation
of mirror mode peaks.
We have extended the BC model to include the formation of mirror mode peaks
through the process of nonlinear saturation as described by Kivelson and Southwood
[1996] but we have not explained why mirror structures in the form of peaks are seldom
reported in the magnetosheaths of planets other than Jupiter. It is possible that the
presence of peaks results from a particularly favorable variation of plasma β and
temperature anisotropy with distance along the streamlines. Figure 4.6 shows that the
peaks appear most often in regions where β values are of order five. Another possibility
is that the wave growth in the nonlinear regime is extremely slow and that fully
developed structures are only found in plasmas that have had many hours to develop
these structures. Figure 4.3 shows that peaks are preferred when the nearest
magnetosheath boundary is the bow shock, when the observing spacecraft is 5-30 hours
away from crossing this boundary. The simulation result shown in Figure 4.9 is
consistent with this observation. Only at Jupiter are magnetosheath dwell times
commonly on the order of tens of hours. Lastly, most of the studies of mirror modes in
the terrestrial magnetosheath have focused on the more common mirror dips and quasisinusoidal forms. It may well be the case that peaks represent about the same fraction
(~10%) of the total terrestrial magnetosheath mirror modes but that authors other than
Leckband et al. [1995] and Lucek et al. [1999b] have focused their analyses on the more
common forms. None of these explanations is particularly satisfying. Even slow plasma
processes typically develop much faster than the 1000+ ion gyroperiods we observe,
plasma β commonly is as large as five in other planetary magnetosheaths without peaks
being reported, and authors generally try to explain all of their observations, not just
those that are the most obvious and commonly occurring.
Since Joy et al., [2006] was published, several authors have tested its results and
conclusions numerically [Hellinger et al., 2009; Califano et al., 2008] and analytically
[Horbury and Lucek, 2009; Soucek, Lucek, and Dandouras, 2008]. Soucek, Lucek, and
Dandouras [2008] analyzed Cluster data and reported that mirror mode peaks are found
mostly in the middle magnetosheath where the plasma satisfies the mirror instability
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condition and the dips were found near the magnetopause and on the flanks where the
plasma was either marginally unstable or stable with respect to mirror mode growth.
These authors suggest that peaks form due to a non-linear evolution from quasi-periodic
structures formed near the bow shock and that dips form from peaks as plasma conditions
evolve toward mirror stability but they do not agree with our interpretation of the
mechanism of dip formation (stochastic relaxation). Horbury and Lucek [2009] suggest
that mirror dips observed along the flanks may be the result of plasma isotropization
associated with the continued growth. Califano et al., [2008] conclude that non-linear
saturation is associated with the formation of magnetic peaks and that the diffusion of
particles in the longitudinal velocity space leads to a flattening of the distribution
function near its maximum. This is inconsistent with the Kivelson and Southwood [1996]
postulate that non-linear saturation leads to trapped particle cooling in magnetic troughs.
However, the Califano et al. [2008] simulation results in the linear growth regime are
consistent with the predictions of Southwood and Kivelson [1993], i.e. that at the
maximum (minimum) of δB, the density of resonant particles (v|| ≈ 0) increases
(decreases) whereas the density of non-resonant particles decreases (increases). These
authors also conclude that a positive growth rate remains even as beta becomes small,
and that this may contribute to the formation of magnetic dips as suggested by Soucek,
Lucek, and Dandouras [2008]. For the most part, these recent studies have confirmed the
phenomenology reported here, although some issues have been raised with respect to
model of mirror mode evolution as it pertains to the formation of dips on the flanks and
near the magnetopause. Further studies of mirror mode structures in the terrestrial
magnetosheath where high time resolution magnetometer and plasma data are available
and multipoint observations are possible may lead to resolving some of the issues relating
to the formation of magnetic dip structures.
In addition, Cassini Saturn observations may provide additional insight into the
processes that form mirror mode structures and control their evolution in the
magnetosheaths of the outer planets. Cassini has a high time resolution magnetometer
and can acquire fairly high time resolution plasma measurements when the spacecraft is
properly oriented. Finally, the orbit of Cassini will take it through the magnetosheath at a
large range of local times, radial distances, and presumably solar wind conditions which
will provide opportunities for this and other models to be tested.
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Chapter 5
Mirror Mode Structures and Evolution:
Case study of a mirror mode train observed in data acquired by the
THEMIS spacecraft
In the previous chapter we analyzed magnetic field data acquired in the Jovian
magnetosheath and identified mirror mode structures based on criteria derived from their
magnetic field signatures (large amplitude, linearly polarized compressions). We found
that mirror structures could be further classified into three forms based on the observed
magnetic field perturbations: dips, peaks, and other. The low frequency plasma
properties and spatial distribution of each of the forms were characterized. Dips were
most commonly observed in low beta (β is the ratio of the thermal plasma pressure to the
magnetic pressure) plasma (β < 2) in the magnetosheath near magnetopause crossings
and on the flanks of the magnetosheath. Peaks were the least frequently identified form,
found mostly in the middle magnetosheath, on the dayside, in high β (> 3) plasmas. The
mirror mode form most frequently observed was “other”, a signature that was often
quasi-periodic. This form was observed throughout the magnetosheath, over the full
range of observed plasma beta, and it was the only mirror mode form consistently
identified near bow shock crossings. Near the bow shock, growth in the amplitude of
other mirror structures with time (presumably distance) is frequently but not always
observed.
A phenomenological model of mirror mode formation and evolution was
developed to explain the observations in the Jovian magnetosheath. Anisotropic heating
of the plasma at a quasi-perpendicular bow shock destabilizes the plasma such that the
mirror mode instability condition [ β ⊥ (T⊥ / T|| − 1) > 1 ] is met. Our model suggests that the
initial form of mirror mode structures is quasi-periodic, identified as “other” in our
classification scheme. If the plasma that carries the mirror structures continues to heat
such that β increases, mirror structures can undergo a non-linear growth phase that
transfers energy from the trapped particle population to the magnetic field at the mirror
points. This process widens the troughs and steepens the sides of the magnetic field
perturbations such that mirror mode peaks are observed in magnetic field time series data.
When the plasma cools and the mirror mode instability condition is only marginally met
or not met at all, then the structures begin to decay and are observed as dips. In our
model magnetic tension relaxes the magnetic field lines once the plasma pressure is
insufficient to maintain curvature. We postulated that it is plausible that the process is
stochastic with individual structures decaying at different rates. If some structures
remain after most have decayed back to an unperturbed field state, the magnetometer
time series data will appear to contain isolated field depressions or dips.
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At Jupiter, all of the mirror mode identification and analysis was based solely on
magnetic field data. There are no plasma data available at Jupiter with high enough time
resolution to be useful in the analysis of structures with durations of a few tens of
seconds. The plasma instrument cycle time during the magnetosheath passes was 192
seconds for Voyager, about 600 seconds for the Pioneers. Ion moments (density,
velocity, bulk temperature) at 300 second sampling are available from Galileo for only a
few orbits. No ion moments are available from the Jupiter flybys of Ulysses, Cassini, and
Ne w Horizons. In order to develop an understanding of the processes acting on the
plasma on the time scales of individual mirror mode structures, we analyze data sets
acquired in Earth’s magnetosheath by spacecraft from the THEMIS mission.
THEMIS is a NASA Medium-class Explorer (MIDEX) mission led by Principal
Investigator Dr. Vassilis Angelopoulos and Project Scientist Dr. David Sibeck. It is
managed by Mission Manager Frank Snow out of the Goddard Space Flight Center. The
THEMIS mission consists of five identical satellites that are flown in a configuration that
brings each of the spacecraft into alignment in the near-midnight, equatorial magnetotail
between about ten and thirty Earth radii (RE) every four days [Angelopoulos, 2008]. The
mission is designed to study magnetic substorm onset location and timing in the
magnetotail. However, the spacecraft could not be launched from a single vehicle into
trajectories having the desired geometry. Instead, the spacecraft were launched with each
spacecraft in a nearly identical orbit but with slight differences in orbital phasing. These
trajectories were referred to as the “string of pearls” configuration [Angelopoulos, 2008].
Later, the trajectories were adjusted to place the spacecraft into their final configuration.
While in the initial orbital configuration, the THEMIS spacecraft were ideally positioned
to make simultaneous observations of the Earth’s magnetosheath at several locations
from just inside the bow shock to near the magnetopause. We have selected an event
from this time period that has all five spacecraft located in the dayside magnetosheath
with increasing distances from the bow shock and with mirror mode structures identified
in the data from all of the spacecraft.
5.1.

THEMIS Instrumentation and Data Sets

Each of the five THEMIS spacecraft carries a science payload designed to
characterize the fields and particles of near-Earth space environment.
The
instrumentation includes an Electric Fields Instrument (EFI), Fluxgate Magnetometer
(FGM), Search Coil Magnetometer (SCM), Electrostatic Analyzer (ESA), and Solid State
Telescope (SST). The spacecraft all spin with a period of approximately three seconds to
allow the particle detectors to measure the full 3-D distribution and the magnetometer to
easily distinguish between fields associated with the spacecraft and instruments from
those of the surrounding environment. We analyze data from the FGM and ESA
instruments so here we provide some additional information about their capabilities. The
FGM uses standard ring-core sensors to measure magnetic fields with an accuracy of 0.01
nT at frequencies below 64 Hz [Auster et al., 2008]. ESA consists of two fan-shaped
sensors with 180o x 5o field of view mounted orthogonal to the spacecraft spin axis with
ions and electrons measured by separate sensors [McFadden et al., 2008a]. Spacecraft
spin allows the instrument to detect particles over the full 4π steradian solid angle once
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every three seconds. Each sensor consists of two hemispherical plates that are charged to
selected voltages that allow particles with energies between ~3 eV and 30 keV to reach
the detector.
The THEMIS mission has an open data policy and data are publicly available
within a few days pf acquisition. The data are stored in Common Data Format (CDF)
files in a project database. Data are typically accessed by using project provided software
that is coded by using the IDL toolkit from IIT Visual Information Solutions; however,
an Application Programming Interface (API) is provided that allows programmers to
code alternative data access methods. Direct access to the CDF files is also provided by
NASA’s Virtual Magnetospheric Observatory [Walker et al., 2006; Merka et al., 2007]
FGM and ESA plasma moment data were extracted from the project database using the
IDL software into simple ASCII data tables for further analysis. ESA 3-D distribution
function data were analyzed by using the THEMIS project provided software.
All data are analyzed in the Geocentric Solar Magnetospheric (GSM) coordinate
system [Russell, 1971]. As its name implies, this coordinate system is Earth centered
with the X-axis taken along the instantaneous Earth-Sun line, positive towards the Sun.
The Y-axis is defined to be orthogonal to the Earth’s dipole as defined by the
International Geomagnetic Reference Field (IGRF) such that the X-Z plane contains the
dipole on a given date. This is a non-inertial coordinate system that useful for organizing
magnetospheric boundary positions, the magnetosheath fields and flows, and magnetotail
data because the dipole axis alters the otherwise cylindrical symmetry of the solar wind
flow [Russell, 1971].
5.2.

Mirror Mode Event Description

We have studied an event on May 19, 2007 between approximately 02:39 and
02:51 UTC. At this time all five of the THEMIS spacecraft observed a set of mirror
mode structures in the magnetosheath near the GSM Z=0 plane at a local time near 15:30
at radial distances from the Earth between 11 and 13 RE. Figure 5.1 shows the locations
of the five spacecraft in the GSM X-Y plane at 02:44 UTC on May 19, 2007 and a model
of the Earth’s magnetopause. At this time all of the THEMIS spacecraft were on
outbound trajectories with THEMIS-C being the furthest from the magnetopause and
with spacecraft B, D, E, and A progressively closer to the boundary. This event was
selected for detailed analysis because all three of the mirror mode structure forms are
observed by various spacecraft and the event is clearly bounded by a pair of field
rotations. These field rotations allow us to infer that each of the spacecraft was observing
the same set of mirror mode structures at different locations within the dayside
magnetosheath at different stages of the mirror mode development.
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Figure 5.1 Location of the five THEMIS spacecraft at 02:44 UTC on May 19, 2009. The mesh shows and
idealized magnetopause surface with a stand-off distance of 9.8 RE.

Figure 5.2 shows the magnetometer data from all five spacecraft organized
according to their distance from the Earth with THEMIS-C at the top and THEMIS-A at
the bottom. Each panel shows the three GSM components of the magnetic field color
coded with BX red, BY green, BZ blue, and the field magnitude black. The line showing
the BZ of component is thicker than the others to call attention to the field rotation. The
field magnitude (black line) has been offset by +5nT from its observed value in order to
separate it from the BZ component so that the compressional fluctuations are not
obscured. During the event BZ is positive and is the dominant component. We define the
event as the time period between the BZ zero crossings on either side of the strongly
positive region and shade it gray to indicate that quasi-periodic and/or peak mirror
structures are identified or yellow when only dips are identified.
Prior to the event onset and after its conclusion there are only low frequency
(below ~ 0.04 Hz) compressional fluctuations observed at spacecraft B, C, and D. Figure
5.3 shows the dynamic spectra of the magnetic field strength calculated by using 128
point fast Fourier transforms shifted by a single sample for the time interval between
02:30 UTC and 03:00 UTS on May 19, 2007 with the event interval marked by vertical
lines. About a minute after the event onset, higher frequency (~0.1 Hz) fluctuations
appear in the data from these three spacecraft. When the event ends, the fluctuations
return to their pre-event levels. At THEMIS A and E the compressional fluctuation
levels do not appear to change in response to the field rotations; however, the low
frequency transverse fluctuation amplitudes are reduced (see Figure 5.2). We will show
that the compressional power increase during the event results from the presence of
mirror mode structures.
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|B|
Bz
By
GSM: Bx
Figure 5.2 Magnetic field data (nT) from all five THEMIS spacecraft for the mirror mode event on May
19, 2007 between 02:39 and 02:51 UTC. The letters to the left of the panels identify the observing
spacecraft. Each panel contains the color coded magnetic field GSM components BX (red), BY (green), BZ
(blue) and |B| (black). The BZ traces are plotted with a thicker line in order to highlight the field rotation
that defines the event. The field magnitude is offset by 5 nT so that the compressional fluctuations are not
completely obscured by the BZ component. Annotations giving the UTC time, radial distance from the
Earth, and the local time of THEMIS-A are provided at the bottom of the plot. Gray (C, B, D) and yellow
(A, E) shading defines the event time interval at each spacecraft.
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Figure 5.3 Dynamic amplitude spectra of the field strength at each of the THEMIS spacecraft. The panels
are in the same order as in Figure 5.2 and have the same event intervals marked with vertical bars in each
panel.

Figure 5.4 expands the magnetic field observations from the THEMIS D and A
spacecraft and shows time intervals where mirror mode structures were identified by
automated identification criteria. Quasi-periodic (other) and peaks were identified in the
THEMIS-D data while dips were identified at THEMIS-A. The automated mirror mode
identification applied at Jupiter (Chapter 4) needed to be modified prior to using them
with the THEMIS data set for magnetosheath conditions at Earth. We have higher time
resolution data (3 second averages) available from THEMIS than we had at Jupiter (24
second averages) so we have shortened the averaging window used to determine the
background field in order to identify structures with shorter periods. At Jupiter, the
background field was determined by computing quartiles from sliding 20 minute
windows with single time increment (24 second) shifts. Here we preserve the number of
samples per window (50) by reducing the window duration to 150 seconds. The field
strength in the terrestrial magnetosheath is much larger than at Jupiter so the field
fluctuation amplitude criterion was increased. Here we require the field perturbation to
be at least 5 nT or a quarter of the background field strength (δB > 5nT or δB/B > 0.25),
the latter criterion being unchanged from Jupiter. The final mirror mode identification
criterion used at Jupiter was that the variations of the field direction fall within a π/4
steradian solid angle (45o cone angle) of the background field direction and this criterion
is also unchanged in this analysis.
The identification criteria applied here and at Jupiter rely solely on magnetic field
observations because of the lack of high time resolution plasma data at Jupiter. However,
these criteria may misidentify other compressional MHD waves as mirror mode
structures. Mirror modes are compressional structures that are stationary in the plasma
rest frame [Tajiri, 1967]. Theory predicts non-oscillating structures in pressure balance
with the surrounding plasma that either grow or decay depending on the local plasma
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Other Peaks

Dips

Figure 5.4 Expanded view of the select event on May 19, 2009 at THEMIS D (top) and A (bottom).
Shading and line coloring follow the conventions of Figure 5.2. Intervals identified as containing mirror
mode structures are indicated on each panel.

conditions [Johnson and Cheng, 1996]. Song et al. [1994] presented a set of
identification criteria for distinguishing among various forms of high β MHD waves, with
mirror modes having the properties:
1) Compressional fluctuations

r
r
(δ B • δ B − δ B||2 ) / δ B||2 < 1

(5.1)

2) Anti-correlated δPi and δPB

δ Pi / δ PB < 0

(5.2)

3) Stationary in plasma rest frame

r
r
r rr
δ v • δ v  δ B • δ B 

 
≈0
vo2  
Bo2 


(5.3)

Song et al. [1994] refer to the last criterion as the Doppler ratio and use it to distinguish
between slow mode waves (value ≥ 1) and mirror modes (value near zero). In practice,
this ratio is difficult to compute accurately. Errors in the computation of the plasma
velocity components (5-10 km/s) are typically as large as the short period (seconds to
tens of seconds) velocity fluctuations that might be associated with slow mode waves.
We compute the parameter but our result is unstable (ratio of two small fluctuating
numbers) and has large fluctuations. However, the computed Doppler ratio is typically
less than 1 in the troughs of the structures that we have identified as mirror modes.
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Other

Peaks

Figure 5.5 Mirror mode event as observed by THEMIS C, the most distant from the magnetopause of the
five spacecraft. Panels from the top are: 1) |B| (nT); 2) pressure perturbations (nPa) with total pressure
perturbations cyan, thermal ion pressure perturbations blue, and magnetic pressure perturbations red; 3) β
red, average β green, anisotropy black; and 4) the Doppler ratio as specified by Song et al., [1994]. The
dashed blue reference lines are placed at 1.0 in the bottom two panels. Vertical reference lines are provided
across all panels in some of the mirror structure troughs and peaks.

Figures 5.5 through 5.7 show the event as observed by THEMIS C, B, D, E and A
respectively moving earthward from the most distant of the spacecraft. All of the figures
have the same organization and annotation conventions. From the top, the panels in each
figure are: 1) magnetic field strength (|B| nT); 2) perturbations of the total pressure
(cyan), ion thermal pressure (blue), and magnetic pressure (red) all in units of nPa; 3)
anisotropy ( T⊥ / T|| , black), β (red), βavg (green); and 4) the Doppler ratio as provided by
Song et al., [1994]. Mirror structure form identification is provided in the top panel with
the field strength. Sliding 2.5 minute windows with single sample shifts were used to
generate the average plasma beta (βavg) and average pressures that were subtracted from
the total, ion thermal, and magnetic pressures to compute the pressure fluctuations. Peaks
are observed when βavg is increasing. The plasma is only weakly anisotropic (1.3 – 1.5)
at each of the spacecraft. Each figure has the event shaded as in Figure 5.2 and includes
black vertical reference lines across all panels through mirror structures and dashed blue
references lines at the value 1 in the bottom two panels.
Near the beginning of the event in the three spacecraft at the greatest geocentric
ranges (C, B, D), we find that condition 5.1 is not met and those fluctuations are not
identified as mirror mode structures (see Figures 5.2 and 5.4). The time intervals
identified as containing mirror mode structures all contain field-aligned perturbations that
are much larger than the transverse perturbations and therefore meet the condition of
Equation 5.1. The vertical reference lines in Figures 5.5 – 5.7 shows that the thermal ion
and magnetic pressure fluctuations are anti-correlated (equation 5.2) and that the Doppler
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Figure 5.6 Mirror mode observations from THEMIS B (top) and D (bottom) following the conventions of
Figure 5.5. Temperature components are not available for THEMIS D so anisotropy is not calculated.
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Figure 5.7 Mirror mode observations from THEMIS E (top) and A (bottom) following the conventions of
Figure 5.5

120

ratio is less than one in the troughs of the mirror mode structures (Equation 5.3). There
are large fluctuations in the Doppler ratio. The velocity perturbations used to calculate
the Doppler ratio (~10 km/s) are on the same order as the noise level in the data. Some of
the structures are close to pressure balanced but for others the ion thermal pressure and
total pressure fluctuations are in phase indicating an excess of ion thermal pressure. We
are considering several possible explanations for the pressure imbalance including: 1)
timing errors between the plasma and magnetic field data, 2) errors associated with the
incorrect identification of the bulk plasma velocity, or 3) errors that arise when
calculating pressure from distributions that are not bi-Maxwellian. We will demonstrate
later that the distributions are not bi-Maxwellian and that the bulk velocity has not been
properly removed from the data. We conclude that the intervals where the Doppler
criterion is not met are attributable to noise but the pressure imbalances within the
structures are not fully understood at this time. However, we will proceed with our
analysis as though the magnetic field perturbations identified by our automated criteria
are also identified as mirror mode structures by the Song et al. criteria.
The mirror mode structures we identified in this event are consistent with
expectations based on our previous work at Jupiter. Structures identified as quasiperiodic (other) are the first to be observed within the event and are observed at the
spacecraft that are at largest distances from the Earth when the average plasma beta (βavg)
was between 4.1 and 5.0. Two of the three spacecraft observe peaks near the end of the
event after an increase in βavg to levels above five. The two spacecraft nearest to the
planet observe only dips in a lower βavg plasma (E: 1.7 – 2.5; A: 1.1 – 1.6). The two
innermost spacecraft (A, E) are likely to be close to the magnetopause given that they
crossed that boundary not long before observing the event. THEMIS E crossed the
magnetopause from the magnetosphere into the magnetosheath at approximately 02:18
UTC, shortly followed by spacecraft A which crossed the boundary near 02:21 UTC.
The outer three spacecraft all crossed out of the magnetosphere much earlier, all at about
01:18 UTC. Based on the timing of the crossings relative to the event (02:39 – 02:50
UTC) and the field and plasma characteristics each observed, we infer that spacecraft A
and E were near to the magnetopause and that the other three spacecraft (D,B,C) were
not. None of the spacecraft crossed the bow shock near the time of this event. The next
boundary crossing observed by all of the spacecraft was the magnetopause, inbound to
the magnetosphere.
In order to understand the state of the magnetosphere and the magnetosheath at
the time of our event we examine the characteristics of the solar wind in the time period
preceding the event. Figure 5.8 shows solar parameters measured by the Advanced
Composition Explorer (ACE) spacecraft near the L1 Lagrange point propagated to a point
upstream of the nominal bow shock location at 18 RE from the planet along the Sun-Earth
line by using the Weimer et al., [2002] method. The propagated data in GSM coordinates
were provided courtesy of Dr. J. Weygand and obtained from NASA’s Virtual
Magnetospheric Observatory at UCLA [Walker et al., 2006]. From the top the panels are
the magnetic field data (BX red; BY green; BZ blue, and |B| black, all in nT), the proton
number density (cm-3), the proton temperature (eV), and the plasma bulk velocity, color
coded using the same convention as the magnetic field data. During the interval plotted
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Figure 5.8 Solar wind data acquired at the ACE spacecraft near the L1 Lagrange point, propagated to 18
RE upstream of the Earth along the Earth-Sun line by using the method of Weimer et al.,[2002] (data
courtesy of Dr. J. Weygand). Shaded area marks a brief northward enhancement of the IMF that may be
associated with the event under investigation.

(01:00 to 04:00 UTC) the solar wind is fairly fast (~550 km/sec) and steady, the
temperature remains nearly unchanged on average but has some small fluctuations, and
the density on average slowly falls from about 5 to 3 and also has small fluctuations.
We consider the time period between 02:35 and 02:44 UTC that is shaded in
Figure 5.8 to be the most likely candidate for an upstream source of our event. The time
between the magnetic field rotations that bound our event is approximately eight minutes
so we consider events of similar duration that precede but are proximal in time to our
event. Furthermore, we define our event based on magnetic field rotations so IMF
rotations should be present in the solar wind before subsequently being modified by the
bow shock. Our event was defined by a magnetic field rotation in which BZ turned
positive and become the largest field component where BY had been largest and ended
with BY as the largest component and BZ negative again (Figure 5.2). The shaded
interval has these same characteristics except for the sign of the BZ component (BZ < 0) at
the leading and trailing rotations. In addition, the rotations in the IMF precede those we
observe in the magnetosheath by only a few minutes which is a plausible time delay for
these distances and solar wind speeds. In the propagated solar wind during the time that
we associate with our magnetosheath event there is a slight increase in the bulk speed
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Figure 5.9 Contours of plasma β in the equatorial plane normalized to the solar wind value from an OginoWalker MHD simulation of the Earth’s magnetosphere under conditions of northward and eastward IMF.
Flow streamlines have been created from the simulation velocity data along with the approximate positions
of the five THEMIS spacecraft in simulation coordinates. Spacecraft color coding and symbol legend is at
the top of the figure.

from 540 km/s to 570 km/s and the flow direction becomes more radial because the Z
component of the flow decreases. There is also a drop in temperature of approximately 8
eV and dip in the proton number density of about 0.5 cm-3. The drop in density and
temperature at nearly constant magnetic field strength tells us that the solar wind β
decreases during this time interval. The reductions in density and temperature coupled
with an increase in the solar wind velocity means that the magnetosonic Mach number
(Ms) increases during the event. The IMF rotations that bound the interval are primarily
in the BZ and BY components that determine θBN which governs the bow shock shape and
location as discussed in the Introduction.
Based on our observations in the
magnetosheath we believe that the combination of these changes created conditions that
were favorable for mirror mode growth in the magnetosheath downstream of the bow
shock when previously they were unfavorable.
We next consider the path that the plasma took as it flowed across the bow shock
to the five THEMIS spacecraft. Figure 5.9 shows contours of plasma beta and flow
streamlines in the equatorial plane that originate in the solar wind and drape around the
magnetosphere. These parameters are taken from an Ogino-Walker MHD simulation
initialized with an IMF that included positive BZ and BY components [Ogino et al., 1986;
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Ogino et al., 1992]. The scale on color bar for the β contours is normalized to the
conditions in the solar wind far from the bow shock. The approximate locations of the
five THEMIS spacecraft are also shown on Figure 5.9. The flow streamlines show that
the plasma that is observed by THEMIS A and E crosses the bow shock (heavy dashed
line) a few RE westward of the Sun-Earth line and then passes quickly to just outside the
magnetopause (heavy solid line) into the lowest beta plasma in the dayside
magnetosheath in this simulation. The plasma that reaches the other three THEMIS
spacecraft (D, B, C) crosses the bow shock further from the Sun-Earth line and passes
through a region of high beta plasma before reaching the spacecraft. The actual path
through the magnetosheath to the spacecraft is likely to have evolved during the event as
the bow shock reconfigured in response to the changing IMF orientation. If the bow
shock was displaced slightly earthward from where it is shown in Figure 5.9 during the
event, then the THEMIS C, B, and D spacecraft would have been located in a region with
higher plasma beta which would be more consistent with our observations.
5.3.

Plasma distribution functions of the mirror mode structures

The previous sections focused on the properties of the magnetic fields and plasma
distribution function moments of the observed mirror mode structures over periods of
several minutes. Now we concern ourselves with the details of the changes in those
distribution functions on the time scale of individual mirror structures (5-10 seconds). In
the Introduction chapter we showed a schematic diagram (Figure 1.3) of the plasma
distribution function predicted by the linear growth theory of Southwood and Kivelson
[1993]. Several authors have reported observing distribution functions similar to those
predicted by Southwood and Kivelson in space plamas [Leckband et al., 1995], numerical
simulations of mirror modes [Califano et al., 2008; Hellinger et al., 2009], and it their
own theoretical analysis [Pantellini et al., 1995; Pantellini, 1998]. We will review the
previous observations and theoretical work and then examine the THEMIS data in
relation to this work.
5.3.1.

Linear Growth Phase of Mirror Mode Development

Leckband et al. [1995] analyzed plasma distribution functions in data acquired by
the AMPTE-UKS spacecraft in the Earth’s magnetosheath when mirror mode structures
were observed and compared them to the distribution functions predicted by the linear
and non-linear growth theories of Southwood and Kivelson [1993] and Kivelson and
Southwood [1996] respectively. Figure 5.10 (after Leckband et al., 1995]) shows that the
magnetic field strength and density fluctuations are anti-correlated for a set of mirror
mode structures that we would identify as quasi-periodic (other) in the panel on the left
and the differences between the velocity distribution functions taken at the peaks and
troughs of the mirror mode structures shown in the left panel. Distribution functions
from 31 (26) peaks (troughs) were averaged and then the averages were differenced. If
the particles behaved as an isotropic fluid, the contours would be negative for all
velocities [Leckband et al., 1995]. The portion of the differenced distribution that has
negative contours corresponds to the particles that are not trapped (freely circulating)
within the magnetic well by the mirror force (see Figure 1.3). Most of the particles in
Figure 5.10 fall into this regime. Particles with low parallel velocity are trapped in the
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Figure 5.10 (Left) Magnetic field (solid line) and ion density (dashed line) for September 21, 1984. (Right)
Peak minus trough velocity distribution functions for 14:25 – 14:45 UTC on 1984-09-21. The dark (solid)
lines indicated positive values (fpeak > ftrough) and the lighter (dotted) lines negative values (after Leckband et
al., 1995).

magnetic troughs and not in the peaks so the difference in the distributions is positive at
the lowest parallel velocities. The difference between the velocity distributions from the
peaks and troughs observed by Leckband et al. [1995] is consistent with the Southwood
and Kivelson [1993] model of linear growth of the mirror mode instability, except at low
perpendicular velocity. Leckband et al. attribute the contours in this region to finite
electron temperature effects since the ratio of the electron to proton temperatures
(Te/Tp ≈ 0.2) was not small.
Califano et al. [2008] performed hybrid particle in cell (PIC) simulations of
plasma evolving from an initially bi-Maxwellian proton distribution function (βi,|| = 1,
βi┴ = 1.5) containing cold electrons (βe = 10-2). With these initial conditions mirror mode
structures do not develop in the simulation for nearly 1,000 ion gyro periods (Ωp) because
the growth rate (γ) is very small (γ = 5x10-3 Ωp). Distribution functions for the magnetic
peaks and troughs taken from near the onset of mirror mode growth show that “at the
field maximum (minimum) of δB, the density of resonant particles (with v|| ≈ 0) increases
(deceases), whereas the density of non-resonant particles decreases (increases).”
[Califano et al., 2008]. This result is consistent with the schematic diagrams from the
theoretical works of Southwood and Kivelson [1993] and Pantellini et al. [1995] as
shown in Figure 1.3.
5.3.2.

Non-linear Saturation of Mirror Mode Growth

Close to the mirror instability threshold, quasi-periodic mirror mode structures are
observed with velocity distributions that are consistent with the theory of linear growth
and the formation of quasi-periodic mirror mode structures. We now consider non-linear
growth saturation where mirror mode peaks are predicted by the theory of Kivelson and
Southwood [1996] in the cold electron limit. Kivelson and Southwood separately
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consider the changes to the particle velocity distribution function near the magnetic field
perturbation maxima (crests) and minima (troughs). As the field increases near the
crests, trapped particles are excluded from the distribution and the pressure drops.
Particles in this region of the field perturbation that respond adiabatically and conserve µ
cool and stability is achieved with only small (~15%) increases in the field strength. This
same mechanism cannot work in the field perturbation troughs where no particles are
excluded. Cooling in excess of adiabaticity is required to achieve stability in these
regions. Kivelson and Southwood argue that stability can be achieved by a combination
of a decrease in the field between the magnetic mirrors and an increase in the separation
of the mirror points away from the center of the trough which cools the distribution. This
combination of processes is shown in the top panel of Figure 5.11. Where the field is
decreasing with time ( ∂B / ∂t < 0 ) particles lose perpendicular energy through betatron
•

deceleration ( W = µ ∂B

) over their entire bounce path. Particles that experience a field
∂t
increase presumably do so only near their mirror points and not over the full bounce
period and therefore gain less energy than is lost by particles experiencing field
decreases. If the field perturbation is initially quasi-sinudoidal (red line) but evolves such
that the trough becomes wide and the sides steepen (blue line), then the mirror points
move further apart below a critical pitch angle and closer together above that pitch angle.
Field perturbations with wide troughs and narrow crests are identified as mirror mode
peaks by our criteria. The dashed lines in Figure 5.11 show the initial bounce paths and
the solid lines indicate the final bounce paths. Particles whose bounce paths shorten
experience Fermi acceleration and gain parallel energy while those whose bounce paths
•

lengthen lose parallel energy. The net time rate of change in energy ( W ) is found by
integrating over the full bounce path and is given by:
•

W=

1

τb

ds

∫v

||

µ

∂B
∂t

(5.4)

where τb is the particle bounce period. The critical pitch angle that separates particles
Fermi accelerated and decelerated particles is given by:

α c = sin −1  B B




max 

(5.5)

where the B is the field strength at the mirror point and Bmax is strength at the crest of the
perturbation (> Bo). The drawing at the bottom of Figure 5.11 shows the net change to
the particle velocity distribution function in the v|| , v ⊥ plane that results from the
combination of the effects of these processes. The light contours are those of an initial
bi-Maxwellian distribution. The heavy contours show the particle distribution after nonlinear growth saturation. Relative to the bi-Maxwellian, particles with low parallel
velocity are cooled while those near to but above the critical angle (mark by the heavy
line) are heated.
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Figure 5.11 The top panel describes the time evolution of the field perturbation and the processes that act
on the particles during the process. The initial quasi-sinusoidal field perturbation (red line) increases in
amplitude and steepens while the trough expands (blue line) forming mirror mode peaks. Particles that
move deeper into the trough experience a negative ∂B / ∂t and lose energy through betatron deceleration
while those moving in the other direction experience the increased field for a small fraction of their bounce
periods and gain less energy. Particles whose path lengths shorten (lengthen) decrease (increase) parallel
energy through Fermi acceleration (deceleration). The total time rate of change of energy is the
combination of these two processes. The bottom panel shows the contours of the original bi-Maxwellian
distribution function (thin lines) and the final contours after non-linear saturation (after Kivelson and
Southwood, 1996). Particles with low parallel velocity lose perpendicular energy while those above a
critical pitch angle gain energy.
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Figure 5.12 Left: Magnetic field (solid line) and ion number density perturbations from 12:00 and 12:15
UTC on October 17, 1984. Vertical reference lines help show the correlation between magnetic field and
density fluctuations. Right: Sixteen velocity distribution functions taken from field minima were averaged
and compared to the best-fit bi-Maxwellian distribution function. Contours show the ratio of the average
trough to the fit distribution functions. The dark (solid) lines indicate where ftrough > ffit and the lighter
(dotted) contour lines where ftrough < ffit (after Leckband et al., 1995). The dashed line marks the critical
pitch angle at 30o.

Leckand et al., [1995] analyzed the averaged velocity distribution functions from
an interval of AMPTE-UKS data where mirror mode peaks were observed on October 17,
1994 from 12:00 to 12:30 UTC by comparing the distributions taken at the field
minimaby to a bi-Maxwellian. The left panel of Figure 5.12 (after Leckband et al.,
[1995]) shows that magnetic field and ion density fluctuations are in anti-phase. The
right panel shows ratio of the averages of 16 individual distribution functions at the field
fluctuation troughs to the best fit bi-Maxwellian distribution. The darker (solid lines)
contours showwhere ftrough > ffit and the lighter (dotted lines) contours show where
ftrough < ffit. The most prominent feature in right panel of Figure 5.12 is the maxima in the
distribution for particles of intermediate pitch angle above the critical angle (30o, dashed
line) which is consistent with the Kivelson and Southwood [1996] prediction. However,
contours at low parallel and perpendicular velocities indicate that ftrough > ffit while the
Kivelson and Southwood model predicts the opposite in this region.
Califano et al. [2008] allowed their numeric simulation (hybrid PIC) of mirror
mode evolution near the threshold of the mirror mode instability condition to continue
into the non-linear growth phase which began after approximately 2,000 gyro periods
(Ωp) and became fully saturated after about 4,000 Ωp. The left panel in Figure 5.13
shows a slice of δB across the simulation box after 10,000 Ωp and the right panel shows
the difference between the initial bi-Maxwellian distribution function and the one taken at
this time step with dark/black being negative and light/white being positive perturbations.
The δB slice across the simulation shows wide regions of negative perturbations (B - Bo)
separated by narrow regions of strongly positive perturbations. This slice in the spatial
dimension of the simulation is equivalent to the time-series a spacecraft would observe if
the structure plasma flowed at high speed (relative to the spacecraft motion) past the
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Figure 5.13 (after Califano et al., 2008) Properties of the Califano et al. hybrid PIC simulation initialized
very close to the instability threshold after 10,000 proton gyro periods (Ωp). Left: Field strength
perturbation (δB) at different locations across the simulation box dimension (x). Right: Gray scale contours
of the proton distribution variation from the unperturbed bi-Maxwellian distribution (dotted contours).
Black corresponds to negative values (at low parallel velocity) and white to positive values (at intermediate
pitch angles).

spacecraft in the direction of the slice. Our criteria would identify these structures as
mirror mode peaks. The change in the velocity distribution function observed in the
simulation is qualitatively similar to the schematic drawing of Kivelson and Southwood
[1996]. At low parallel velocity, there is a drop in particle energy and there is a slight
enhancement in the particle energy at intermediate pitch angles, both relative to the initial
distribution function (dotted contour lines). However, Califano et al., [2008] state that
the change observed in the particle velocity distribution function in their simulation arises
from local variations in the Larmor radius rather than from trapped particle cooling as
proposed by Kivelson and Southwood [1996].
5.3.3.

Mirror Structure Decay

Mirror mode waves once developed, are expected to maintain the ambient plasma
at marginal stability  β ⊥ T ⊥ − 1 > 1  . If the plasma conditions continue to evolve and




T ||





the sense of the inequality reverses, the mirror mode structures are expected to decay. In
our model of the evolution of mirror mode structures, when the temperature anisotropy or
β ⊥ is no longer sufficient to sustain mirror mode growth, the magnetic perturbations
begin to decay due to magnetic tension. We are not aware of any theoretical work that
describes the decay of mirror structures after their formation. Califano et al. [1998] used
their numerical simulation to study the formation and stability of magnetic dips and
found that dips could be formed under conditions where the plasma was initially far from
the mirror instability threshold after several hundred ion gyro periods for a plasma whose
initial growth rate was much higher (γ = 0.156 Ωp) than those that produced magnetic
peaks. In these simulations, the mirror mode structures evolved quickly (~50 Ωp) from
quasi-periodic to peaks and then slowly (200-400 Ωp ). Califano et al. performed a
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simulation where the simulation box was initialized with an existing magnetic dip
(density peak) and with plasma conditions where the mirror mode instability criteria were
not met ( T⊥ = T|| , β || = 6) and found that the initial magnetic structure persisted with little
modification.
5.4.

Particle Distribution Functions Observed by THEMIS-D when QuasiPeriodic Mirror Mode Structures are Present

As discussed in the previous sections, the theory of linear mirror mode growth
predicts the formation of quasi-periodic magnetic perturbations. In velocity distributions
acquired near the field perturbation maxima, particles with low parallel velocity are
predicted to be hotter than those of a bi-Maxwellian distribution while the opposite is
predicted for distributions acquired in the field perturbation minima [Southwood and
Kivelson, 1993]. Figure 5.14 (top) shows contours of the velocity (± 500 km/s)
distribution function (colored, solid lines) observed at THEMIS-D and a bi-Maxwellian
distribution function characterized by T⊥ / T|| = 1.4 (dotted contours). The field strength
is shown in the bottom panel from 02:43 to 02:45 UTC when quasi-periodic mirror mode
structures are identified. The distribution function on the left is taken during the δB
maximum (δBmax) between 02:43:41 and 02:43:44 UTC while the one on the right is
taken during the δB minimum (δBmin) between 02:43:47 and 02:43:50 UTC. The bulk
speed of the plasma has not been fully removed from the distribution functions so the biMaxwellian is offset slightly from the origin to align more closely with the observations.
At δBmax the observed distribution function contours appear to be slightly elongated in
the perpendicular direction at low parallel velocity relative to the bi-Maxwellian
distribution (particularly between the inner and middle reference contours) while the
opposite is true for the distribution observed at δBmin. Although only qualitative, this
result is consistent with both the prediction of Southwood and Kivelson [1993] as shown
in the schematic diagram of the distribution functions (Figure 1.3) and the Leckband et al.
[1995] observations of the difference between distributions taken at δBmax and δBmin
when quasi-periodic mirror mode structures were observed.
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Figure 5.14 THEMIS D color contoured particle velocity distribution function in the

v ⊥ , v|| plane with

dashed bi-Maxwellian distribution ( T ⊥ / T || = 1 . 4 ) contours (top) and field strength (bottom) for the time
period between 02:43 and 02:45 UTC when quasi-periodic (other) mirror mode structures have been
identified. The distribution on the left is taken at the δB maxima from 02:43:41 to 02:43:44 UTC and the
distribution on the left is taken at the the δB minima from 02:43:47 to 02:43:50 UTC. The schematic
diagrams of the distribution functions predicted by Southwood and Kivelson [1993].
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5.5.

Particle Distribution Functions Observed by THEMIS-C when Mirror
Mode Peak Structures are Observed.

Having considered the linear growth stage of mirror mode structure development
where the predictions of Southwood and Kivelson [1995] are fairly well accepted and
confirmed in numerical simulations as well as observation, we now turn our attention to
the non-linear stage of development where the story is more controversial. Figure 5.15
shows contours of the velocity distribution function observed at THEMIS-C and a biMaxwellian distribution function characterized by T⊥ / T|| = 1.4 using the conventions
established in Figure 5.14. The field strength is shown in the bottom panel from 02:44 to
02:46 UTC when mirror mode peak structures are identified. The distribution function
on the left is taken during the δB maximum (δBmax) between 02:45:18 and 02:45:21 UTC
while the one on the right is taken during the δB minimum (δBmin) between 02:45:33 and
02:45:36 UTC. The observed distribution functions for both δBmax and δBmin appear to be
compressed relative to the bi-Maxwellian contours at low parallel velocity. During the
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Figure 5.15 THEMIS-C color contoured particle velocity distribution function in the

02:46
v ⊥ , v|| plane with

dashed bi-Maxwellian distribution ( T ⊥ / T || = 1 . 4 ) contours (top) and field strength (bottom) for the time
period between 02:44 and 02:46 UTC when quasi-periodic (other) mirror mode structures have been
identified. The distribution on the left is taken at the δB maxima from 02:45:18 to 02:45:21 UTC and the
distribution on the left is taken at the the δB minima from 02:45:33 to 02:45:36 UTC. A reference line is
drawn across the trough distribution function the critical angle (30o) of this perturbation. Reference
contours and lines are displaced from the origin by the residual bulk velocity.
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time intervals of the particle distribution functions in Figure 5.15, the critical angle is
thirty degrees. At pitch angles above the 30o reference line there are some contours in the
observed particle distribution that appear to be heated relative to the bi-Maxwellian.
There are other crest distributions near 02:44:45 and 02:45:00 UTC and a trough
distribution near 02:44:52 UTC that are qualitatively similar to those shown in Figure
5.15 but have slightly larger noise levels (wavy contours). There is a data gap in the high
resolution particle data from THEMIS-D during the time period where mirror mode
peaks are observed (02:45 to 02:47 UTC on May 19, 2007). Based on the data we have
for mirror mode peaks from this event, we believe that the observed distribution functions
from the intervals with peaks are consistent with the non-linear growth saturation theory
of Kivelson and Southwood [1996] and those observed in the hybrid PIC simulation by
Califano et al., [2008].
5.6.

Particle Distribution Functions Observed by THEMIS-A when Mirror
Mode Dip Structures are Observed.

We now consider the mirror mode dip structures that were observed at the
THEMIS-A spacecraft at a time when the background plasma β was near 1 and
temperature anisotropy was about 1.4, conditions that do not the mirror mode instability
condition. These structures satisfy the Song et al. [1994] criteria for mirror mode
structures despite being observed in plasma where mirror mode growth is not expected.
Figure 5.15 shows the observed and bi-Maxwellian contours and the magnetic field
signature following the conventions established in Figure 5.13. The distribution function
on the left is taken during the δB maximum (δBmax) between 02:43:11 and 02:43:14 UTC
while the one on the right is taken during the δB minimum (δBmin) between 02:42:56 and
02:42:59 UTC. Contours of the observed distribution functions for both δBmax (left) and
δBmin (right) are wavy, possibly indicating noisy data. The high time resolution magnetic
field data acquired during the intervals where the distributions functions are calculated
show fluctuations of 1-5 nT. It is difficult to identify systematic differences from the biMaxweillian distribution. There are asymmetries in both the parallel and perpendicular
directions. We have examined distribution functions for all of the large dip structures
observed at the THEMIS A and E spacecraft and all of the central trough distributions are
at least as irregular as the one we present in Figure 5.15. We speculate that the
irregularity in all of the mirror mode dip distribution functions that we observe in the
plasma that is below the threshold for mirror mode growth indicates that the perturbations
grew elsewhere and were observed when the plasma was in the process of transitioning to
a lower free energy state.
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Figure 5.16 THEMIS-A color contoured particle velocity distribution function in the

14
v ⊥ , v|| plane with

dashed bi-Maxwellian distribution ( T ⊥ / T || = 1 . 4 ) contours (top) and field strength (middle) for the time
period between 02:42 and 02:44 UTC when dip mirror mode structures have been identified. The
distribution on the left is taken at the δB maxima from 02:43:11 to 02:43:14 UTC and the distribution on
the right is taken at the preceding δB minima from 02:42:56 to 02:42:59 UTC. The magnetic field data
acquired concurrent with each distribution function are expanded in the bottom panels.

5.7.

Discussion

We have analyzed a single mirror mode event that was observed by all five
THEMIS spacecraft that were located at different geocentric distances from the planet in
the dayside magnetosheath. We assert that each of the five spacecraft observe the same
set of mirror mode structures because the event is bounded by clear magnetic field
rotations that are observed at each spacecraft. We modified the automated mirror mode
identification criteria that were applied at Jupiter to take advantage of the higher data
rates available from the THEMIS spacecraft by reducing the length of averaging
windows while preserving the number of samples in each average. We also increased the
minimum magnetic field strength perturbations required for identification. The modified
identification criteria were applied to the data from the five THEMIS spacecraft and
mirror mode structures were identified within the event at each of the five spacecraft
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shortly after the leading field rotation. Mirror mode structures were not identified
immediately outside of the leading or trailing field rotations that define the event.
Next we confirmed that the structures identified by our automated selection
criteria were mirror mode structures by applying the mirror mode identification criteria
described by Song et al. [1994]. We found that the Song et al. criterion that distinguishes
between compressional and rotational fluctuations (Equation 5.1) was always satisfied, as
was the criterion that requires the anti-correlation of magnetic and thermal pressure
fluctuations (Equation 5.2). The last criterion, that the structures are stationary in the
plasma rest frame (Equation 5.3) is more difficult to confirm because the parameters that
are compared are both small and their ratio may be significantly modified by small
amounts of noise in the data. We were able to confirm that the troughs of the mirror
structures all satisfied this last criterion but that it was not met continuously across all
time intervals where mirror mode structures were identified. However, we believe that
the structures identified by our automated selection and classification criteria correctly
identify mirror structures in the THEMIS data. This result increases our confidence that
the compressional perturbations that we analyzed in the Jovian magnetosheath were
indeed mirror mode structures.
The mirror mode structures we analyzed in this chapter have characteristics that
are consistent those we found in the Jovian magnetosheath. Quasi-periodic structures
were observed near the onset of mirror mode growth, followed by peak structures at the
spacecraft that observed both structural forms. At Jupiter we found mirror mode peaks in
the middle magnetosheath within a few hours of noon local time and dip structures on the
flanks of the magnetosheath and proximal in time to magnetopause crossings. The
THEMIS spacecraft that were in the middle magnetosheath (C, B, D) observed mirror
mode peaks while those near the magnetopause (A, E) simultaneously observed only
mirror mode dip structures. At Jupiter we found that quasi-periodic structures could be
found over a range of plasma β values (1-4) that were generally less than the values of β
when peaks were observed (β >3) and the dips were observed in regions of low β (<2).
THEMIS observed quasi-periodic mirror modes when the average β of the plasma was
between 4 and 5 followed by peaks when the average β increased above five. All of the
THEMIS observations for this event are consistent with model of growth and evolution
developed in the Jovian magnetosheath study. Mirror mode structures appear to grow
with quasi-periodic (other) structures near the bow shock in response to an increase in β
and thermal anisotropy downstream of the bow shock. If growth continues, the mirror
instability saturates and mirror mode peaks are observed. When the mirror instability
growth condition is not satisfied or is only marginally satisfied, the mirror mode
structures begin to decay and mirror peaks are observed.
Next we looked at the velocity distribution functions observed in the field
perturbation minima and maxima associated with each of the mirror mode magnetic
structural forms. We compared the distribution functions of quasi-periodic structures we
attribute to the onset and linear growth of mirror mode structures to the theoretical
predictions of linear growth put forth by Southwood and Kivelson [1993]. While the
comparison is only qualitative, we believe that the plasma distributions observed at
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THEMIS-D are consistent with the schematic model of Southwood and Kivelson.
Particles with low parallel velocity are cooled in the magnetic perturbation minima and
heated in the magnetic perturbation maxima relative to a bi-Maxwellian distribution.
This result also is consistent with the observations of AMPTE-UKS data by Leckband et
al. [1995] and the numerical simulations of Califano et al. [2008] and Hellinger et al.
[2009].
Continuing with our analysis of the THEMIS velocity distribution functions we
analyzed distributions associated with the mirror mode peaks and compared them to those
predicted by Kivelson and Southwood [1996] for mirror mode growth in the non-linear
saturation regime. Here the results are also consistent with the theoretically predicted
distribution functions. The velocity distribution functions observed at THEMIS-C show
cooling of particles in the magnetic field perturbation minima (opposite of linear growth)
as predicted by Kivelson and Southwood and we find a region of particle heating above
the critical pitch angle (θc = 30o for this structure) in the velocity distribution such as the
one found by Leckband et al. [1995].
Finally we concluded by analyzing the distribution functions associated with
mirror mode dips. Here there is little theory to guide us. We found that the distribution
functions observed at THEMIS A and E had contours that were asymmetric and wavy,
possibly the result of noisy data. However, the distribution functions in every dip we
observe at either spacecraft are similarly distorted and irregular which reduces the
likelihood that the distortions are the result of random noise. We speculate that the
plasma in these structures may be dynamically reverting to a lower energy state
(Maxwellian or bi-Maxwellian) and the distortions in the velocity distribution contours
may be the result of these dynamics. The results from this case study are consistent with
the evolution of mirror mode structures inferred from the spatial distribution of such
structures in the Jovian magnetosheath described in Chapter 4 and previously reported by
Joy et al. [2006].
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Chapter 6
Summary and Future Work
In this dissertation we have studied the properties of the Jovian magnetosheath
including its boundary shapes and locations and their response to the IMF and solar wind,
characterized the solar wind and IMF properties near the Earth and Jupiter in order to
better understand the differences identified in the behavior of the magnetosheath
boundaries at these two planets, and characterized the mirror mode content of the Jovian
magnetosheath. We selected the Jovian magnetosheath for this study partly because of its
large size which allows the magnetosheath to be partitioned in local time, radial distance
from the planet, and distance from the boundaries so that processes and phenomena could
be characterized according to these parameters and partly because of the variability of its
size, which has been known since the early 1970s following the Pioneer 10 flyby. It is
our expectation that knowledge gained by our study of the Jovian magnetosheath can be
applied to problems in both the terrestrial magnetosheath and to other magnetized
planets, the outer planets in particular.
We began this work by analyzing the Jovian bow shock and magnetopause shapes
and locations identified in the Ogino-Walker MHD simulation of Jupiter [Ogino et al.,
1998] under various solar wind and IMF conditions. The influence of solar wind
dynamic pressure and IMF strength and orientation were studied separately in different
simulation runs where only a single parameter was adjusted at a time. We found that in
response to an increase in solar wind dynamic pressure, the polar flattening (ratio of
height to width) in the dawn-disk meridian was reduced (ratio increased to 1) while the
dawn-dusk asymmetry in the equatorial plane (ratio of the widths at dawn and dusk)
increased, with the boundary located further from the planet at dusk. The bow shock
shape remained nearly circular in the dawn-dusk plane at all pressures but as pressure
increased the bow shock stood closer to the magnetopause (ratio of stand-off distances
becomes smaller).
When a small northward or southward IMF (± 0.42 nT) was included in the
calculation, the magnetopause was located closer to the planet in the polar direction than
in the equatorial plane and closer at dawn than dusk in the dawn-dusk plane. When the
strength of the IMF was doubled (± 0.84 nT), the magnetopause became more circular in
the dawn-dusk meridian except during northward IMF, when the height of the boundary
became larger than its width. The increase in the magnetopause height is attributed to
reconnection at the sub-solar point and the subsequent draping of the reconnected field
lines over the pole under purely northward IMF conditions. The bow shock was
displaced away from the planet in response to the inclusion of an IMF with either
northward or southward polarity. The shape of the boundary in the dawn-dusk plane
could not be assessed in most cases because the bow shock had exited the simulation
before reaching the dawn-dusk plane in one of the Y or Z dimensions. The ratio of bow
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shock and magnetopause standoff distances was smaller during northward IMF than
when it was southward.
The response of the Jovian system and its boundaries was analyzed for a single
case where the IMF was placed in the equatorial plane pointing duskward with
B = (0, 0.42nT, 0). Since the Parker spiral angle at Jupiter is 79o, this is an important
case to study. We found that relative to conditions when no IMF was present, the entire
Jovian magnetosphere rotates around the Sun line. If the data are rotated about the Sun
line into a coordinate system that reintroduces symmetry, the magnetopause and bow
shock are further from the planet at high latitude and closer to the planet in the equator
than for the case where no IMF was present. The ratio of the bow shock and
magnetopause stand-off distances was unchanged from the case with no IMF.
After characterizing the boundary shape changes in response to various dynamic
pressure and IMF conditions, we used the pressure variation results to generate boundary
shape models. These models were then used to map spacecraft observations to the subsolar point and we used those data to determine the probability of observing the boundary
at different locations. Unlike previous studies, we did not map or fit observed boundary
crossing locations. Boundary crossings occur primarily as a result of the transient
response of the system to changes in the solar wind and IMF with a small contribution
from the motion of the spacecraft along its trajectory. Typical boundary locations cannot
be determined from the spatial distribution of observed crossings. Instead we used the
fraction of the time that spacecraft spent in the different magnetospatial regions (solar
wind, magnetosheath, magnetosphere) at various locations relative to the planet to
determine the likelihood of being planetward of the bow shock or magnetopause. The
technique takes advantage of the knowledge that when a spacecraft is in the solar wind
we know that both the bow shock and magnetopause are planetward of the spacecraft
location, vice versa when the spacecraft is in the magnetosphere, and that a spacecraft is
between the boundary surfaces when it is in the magnetosheath. When all of the
magnetospatial data are mapped to the sub-solar line, we have a measure of the
probability of being inside (outside) of a boundary surface with that stand-off distance as
defined by the shape model. The development of this technique for analyzing boundary
locations in terms of their most probable locations is itself a significant contribution to
the study of planetary boundaries shapes and locations.
When we applied this analysis technique to observations at Jupiter we found a
statistically significant bimodal distribution in the magnetopause stand-off distance that is
present at all phases of the solar cycle. When data from all solar cycle phases were used,
the magnetopause standoff distance was equally likely to be at 63 ± 4 RJ and 92 ± 6 RJ
where the errors are stated at the one sigma level. At solar maximum, there is a 62%
chance that the magnetopause standoff distance will be 63 ± 5 RJ or a 38% chance that it
will be at 90 ± 5 RJ. At solar minimum, it is equally as probable that the magnetopause
standoff distance will be 66 ± 7 RJ or at 95 ± 4RJ. Our results indicate that there is a
higher probability of observing the magnetosphere in its compressed state than its
expanded state during solar maximum. At solar minimum, the compressed and expanded
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magnetopause stand-off distances are larger than the compressed and expanded stand-off
distances observed in the full data set or in the subset taken at solar maximum.
While the distribution of the bow shock stand-off distances also appears to the eye
to be bimodal, the three additional degrees of freedom required to fit the observations to a
bimodal distribution were found to be only 89% significant, and not the 95% required to
be considered statistically significant. Therefore, we characterize the most probable
location of the bow shock in terms of its quartile locations. There is a 50% probability of
the bow shock stand-off distance being between 69 RJ and 99 RJ. The bow shock standoff distance is found to have greater variability with solar cycle phase than was observed
for the magnetopause and a statistically significant bimodal distribution is only observed
at solar minimum. The bow shock is able to respond to solar wind and IMF changes
more freely than is the case for the magnetopause. Based on our characterization of the
solar wind near Jupiter we speculate that the bow shock does not have a statistically
significant bimodal standoff distance like the magnetopause both because it moves more
rapidly than does the magnetopause and it is less likely to be encountered near its
equilibrium locations except at solar minimum when there are long intervals of quiet
solar wind between SIRs and few ICMEs.
The bimodal distribution of the Jovian magnetopause stand-off distance was an
unexpected result that we tried to understand in terms of the differences between the
near-Earth and near-Jupiter solar wind. When the distribution functions of the solar wind
parameters were analyzed, all were found to be lognormal rather than Gaussian except for
the solar wind speed. We least-squares fit bimodal lognormal distribution functions to
each of the observed parameter distributions except the solar wind speed, which was fit to
the sum of Gaussian distribution functions. The ratio of the mean values (0.17, 0.05) for
the bimodal fit to the dynamic pressure is 3.4. The dynamic pressure ratio required to
produce the mean locations of the magnetopause stand-off distance at Jupiter is 7.8 or
more than double what is observed in the solar wind. We infer from this result that
changes in the magnetospheric pressure are required in addition those we can attribute to
the solar wind in order to produce the observed bimodal distribution of the magnetopause
stand-off distance.
Although the RMS error between the observations and the bimodal fits was in all
cases less than the RMS errors for single distribution functions characterized by the
sample mean and standard deviation, none of the bimodal fits to the full data set was
found to be statistically significant. We did find a statistically significant bimodal
distribution for the dynamic pressure at solar minimum. In this bimodal fit, the pressure
ratio of the means is 4 which is still insufficient to explain the wide separation of the
means of magnetopause stand-off distance. We did not find anything particularly
surprising in the differences between mean solar wind parameters observed near the Earth
and near Jupiter as summarized in Table 6.1. The fall off rates of all of the solar wind
parameters with heliocentric distance are as expected.
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mean
Dynamic Pressure
(nPa)
Field Strength (nT)
Ion number
Density (cm-3)
Speed (km/sec)
Temperature (eV)
Magnetosonic
Mach number
Alfvén Mach
Number
Beta

Near-Jupiter
standard
median
deviation

Near-Earth
mean

median

standard
deviation

0.08

0.62

0.70

2.49

1.98

2.05

0.85

0.62

0.70

6.56

5.80

3.50

0.24

0.15

0.26

6.2

4.8

5.3

453
2.72

449
1.83

70
3.05

450
9.1

427
7.3

106
7.0

10.5

10.3

1.7

8.7

8.5

1.4

14.7

13.2

8.3

8.9

8.4

3.8

0.49

0.29

0.75

0.52

0.44

0.45

Table 6.1 Comparison of the solar wind statistics from the near-Jupiter and near-Earth environments.

This led us naturally into an investigation of mirror mode structures in the Jovian
magnetosheath. In analyzing the bow shock and magnetopause crossings we found that
compressional fluctuations of the magnetic field were nearly always found in the Jovian
magnetosheath near the boundaries. In examining the wave structures, we noticed that
the “shape” of the fluctuations was not always sinusoidal but varied in different parts of
the magnetosheath. In Chapter 4 we formulated automated identification criteria that not
only determined if fluctuations had magnetic properties consistent with being mirror
mode structures but further classified them by the variation of field strength within the
signature as either dips, peaks, or other (mostly quasi-periodic). Our mirror mode
identification criteria required field perturbations be at least 1 nT or 25% of the
background field and aligned within a 45o cone angle around the background field
direction determined by using 20 minute, sliding window averages with single sample
shifts. When we applied these criteria we found that mirror structures were present
61.5% of the time that the observing spacecraft were in the magnetosheath. Our analysis
showed that other (quasi-periodic) structures were the most commonly identified form
(67%) and that this form was persent throughout the magnetosheath at all local times over
a large range of plasma beta distributed about the value 2.5. Dips were the next most
commonly observed form of mirror mode structure. Dips were observed 19% of the time
that mirror mode structures were identified, primarily in the flanks of the magnetosphere
or proximal in time to magnetopause crossings when plasma beta was small, typically
less than two. Peaks were the least often identified (14%) of the three mirror mode
structures. They were observed primarily in the middle magnetosheath, distant in time
from both the magnetopause and bow shock crossings, within a few hours of local noon,
and when plasma beta was high (>3). Quasi-periodic structures were the only form
commonly identified proximal in time to bow shock crossings.
Based on these observations we developed a model of mirror mode formation and
structural evolution. Our model has mirror mode structures forming in the thermally
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destabilized plasma behind a quasi-perpendicular bow shock. The mirror structures grow
as predicted by the linear theory. Growth by this mechanism forms quasi-sinusoidal
structures similar to those we identify as “other”. During linear growth, particles with
low parallel velocity gain energy near field perturbation maxima and lose energy near the
field perturbation minima. If the mirror mode instability criterion persists for a long time,
or if the plasma becomes further destabilized, continued growth does not result in larger
field perturbation amplitudes but in the structural change to the form we identify as
peaks. We proposed that plasma evolved according to the non-linear saturation
mechanism of Kivelson and Southwood [1996]. Under this mechanism, particles trapped
in the magnetic field perturbation minima impart momentum to the magnetic field at the
magnetic mirror points and the perturbation widens and steepens. Particles with low
parallel velocities have bounce paths that lengthen during the steepening and they lose
energy. Those with intermediate pitch angles see their bounce paths shorten during the
steeping and they gain energy. The net result of these changes is structures we identify as
peaks. When the mirror instability condition is no longer satisfied, the particles no longer
have the excess energy required to support the field line curvature of the mirror mode
structures and the structures decay due to magnetic tension. In our model, we suggested
that the decay mechanism might be stochastic with individual perturbations decaying at
different rates. The net result of such decay would be that some perturbations might have
fully returned to the background state, some might be unchanged, and others might be in
some intermediate state of decay. We proposed that in this state, the magnetic field
would develop a mixture of large and small depressions that our criteria would identify as
mirror mode dips.
One of the shortcomings of our analysis of mirror mode waves at Jupiter was that
in the absence of high time resolution plasma data we could not be certain that the
structures we analyzed were mirror mode structures. In order to overcome this
deficiency, we tested our ideas on analogous magnetic structures observed in the
terrestrial magnetosheath where high time resolution field and plasma data have been
acquired by the recently launched THEMIS spacecraft. For the analysis of waves in the
terrestrial magnetosheath, we needed to modify the quantitative aspects of the automatic
detection and classification criteria that were used to identify mirror mode structures in
magnetic field data at Jupiter. The THEMIS spacecraft acquire particle and fields data at
much higher rates than were available from the spacecraft that provided Jovian
magnetosheath data. We reduced the duration of the averaging intervals in the
identification criteria while preserving the number of points in each average. This
enabled us to identify events of shorter duration. Typical field strengths in the Jovian
magnetosheath are at least a factor of five less than those observed in the magnetosheath
at Earth. We increased the minimum field strength perturbation required for mirror mode
identification to 5 nT so that only moderately large field compressions were identified.
The criterion that is used to exclude magnetic field perturbations with a significant field
rotation was retained as specified at Jupiter.
We identified a suitable event to study courtesy of the THEMIS Principal
Investigator Vassilis Angelopoulos who brought it to our attention. The event occurred
when all five THEMIS spacecraft were in the magnetosheath. All observed
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compressional magnetic field fluctuations consistent with mirror mode structures. The
event was clearly bounded by field rotations that were observed at all five spacecraft.
This last condition allows us to infer that the mirror mode structures formed within a
single element of the solar wind event and that difference among the form present at the
different spacecraft must have resulted from changes in the plasma flowing on different
streamlines through the magnetosheath. Some of the differences in the plasma state
occurred during the bow shock crossing; however, we assume that shock related
differences are relatively small based on the relatively small differences in curvature of
the presumed bow shock shape over the distance between streamlines in the subsolar
region where the plasma crossed into the magnetosheath.
We selected intervals with different mirror mode structures. We next were able to
confirm that the structures identified by using our automated criteria were consistent with
the mirror mode classification criteria of Song et al. [1994] but some ambiguity remains.
The criterion that determines if the structures are moving in the plasma rest frame is
difficult to compute accurately because the input parameters are near the noise levels of
the data from which they are calculated.
The mirror structures we identified in this event in the THEMIS spacecraft data
have the same characteristics as those we observed at Jupiter. Figure 5.1 shows that
spacecraft A and E were located closest to the planet, near the magnetopause, and that
spacecraft (B, C, D) were further from the planet, presumably in the middle
magnetosheath. During the event, the mirror instability condition was always met at the
later three spacecraft and two of these spacecraft (B, D) measured an increase in the
average value of plasma beta from approximately four to more than five associated with
the transition of the mirror structures from quasi-periodic to peaks. The two spacecraft
located close to the magnetopause (A, E) observed plasma whose average beta was
between 1 and 2.5 and was below the mirror mode instability threshold. Both of
THEMIS A and E observed only mirror mode dips.
Having convinced ourselves that the structures we analyzed were consistent with
mirror mode structures and that their location and characteristics were consistent with the
model developed to explain the locations and plasma conditions, we proceded to analyze
their velocity distribution functions. The theories of linear growth Southwood and
Kivelson [1993] and non-linear saturation Kivelson and Southwood [1996], on which we
based our interpretation of the data, make predictions as to the shape of the distribution
function as the plasma is modified by the instability. We found that distribution
functions observed in conjunction with quasi-periodic mirror mode structures were
consistent with those predicted by the linear growth mechanism of Southwood and
Kivelson [1993]. The distribution functions associated with mirror mode peaks are also
consistent with the characteristics predicted by Kivelson and Southwood [1996]. The
distribution functions associated with mirror mode dips were found to be irregular and
sometimes asymmetric. We speculate that the disorganized distribution functions
observed in these structures indicate that the plasma is a transition state, possibly in the
process of increasing its entropy. The net result of the analysis of the THEMIS
distribution functions is that the model we developed to explain the observations at
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Jupiter are partly confirmed (linear growth forming quasi-periodic structures and peak
formation through non-linear saturation). The formation of dips remains an open issue.
The THEMIS distribution functions observed during intervals that contained dips were
difficult to interpret and neither confirm or refute our postulation that magnetic dip
structures form as the result of a decay process when the plasma no longer supports
mirror mode growth.
6.1.

Future Work

One of the disappointments of this dissertation study is our inability to find a
suitable explanation for the bimodal distribution of the Jovian magnetopause stand-off
distance. Our study of the solar wind suggests that external sources are insufficient to
displace the magnetopause by the distances required to reproduce the stand-off distance
observations. I would like to explore possible feedback mechanisms within the
magnetosphere that might couple with or be driven by the influences of the solar wind
that can produce the pressure differences at the magnetopause required to displace the
boundary by the observed amount.
Thus far it has been disappointing that nobody has applied the method of
determining the most probable locations of the boundary surfaces developed in this work
to the Saturn boundary shapes and locations by using Cassini observations along with the
earlier data from Voyager and Pioneer. I am disappointed every time I referee a paper
describing how yet another author has fit a set of observed crossing locations to a conic
section while acknowledging our work on the Jupiter boundary shapes and locations.
During our analysis of the Ogino-Walker MHD simulations of the Jovian
magnetosphere large boundary waves were observed in the time steps before the
boundaries reached an equilibrium state. At some point in time I would like to examine
Jovian boundary dynamics by using this simulation. One such analysis would be to
examine the response of the Jovian magnetosphere to a large pressure pulse from an
initially inflated state. These are apparently the conditions at Jupiter during the Cassini
flyby. Galileo observed a magnetopause compression a few hours from local noon while
Cassini observed outward motion of the magnetopause at a larger local time. It would be
interesting to see if the simulation can reproduce these observations.
Our understanding of mirror mode growth and evolution is far from complete and
our analysis of a single event in the THEMIS data is preliminary at best. A more
complete statistical analysis numerous events and distribution functions is clearly
warranted. Methods similar to those used by Leckband et al. [1995] might be fruitful.
We attempted to employee the technique of averaging multiple distributions and then
differencing or dividing them by each other but were unsuccessful. In its current state,
the THEMIS distribution function data are too noisy to perform this type of analysis
without expending substantial effort in cleaning up the data first.
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Appendix A: Identification of Jovian Boundary Crossing Times
We have identified the Galileo boundary crossing times and locations by
analyzing the magnetometer [Kivelson et al., 1992] and plasma wave [Gurnett et al.,
1992] data in order to increase the number and local time distribution of observed
boundary crossings. Boundary crossings were independently determined by S. Joy in the
magnetometer (MAG) data set and by W. Kurth in the plasma wave (PWS) data set. The
two crossing lists were then jointly analyzed resulting in the set of crossing times
presented here. This set of crossings was used in the analysis of the data in both Chapters
3 and 4.
In the magnetic field and plasma wave sets, the outer magnetosphere is
characterized by the near absence of magnetic field fluctuations, a positive Jovian System
III Bθ field component, moderate field magnitudes (generally greater than 5 nT), low
density, and the presence of continuum radiation. The magnetosheath typically has large
field fluctuations (mostly mirror mode structures), no preferred sign of Bθ, relatively high
density, and no continuum radiation. The solar wind at this distance from the Sun
typically has low field fluctuations and a low field magnitude (generally less than 2-4
nT), and a density that is intermediate between the magnetosheath and outer
magnetosphere of Jupiter. Broadband wave noise is commonly observed during bow
shock crossings. Langmuir Waves are often observed in the solar wind but are
occasionally observed in the magnetosheath. Boundary crossing times were determined
on the basis of the observed changes in the magnetic field and plasma wave data sets.
(red: magnetosphere; green: magnetosheath; blue: solar wind). Examples of continuum
radiation and Langmuir waves are show. Figure 3.9 shows the complete set of Galileo
boundary crossings listed in Table A.1.
Crossing times are assigned confidence level values ranging from 1 to 4 according
to the following criteria:
1)

A well defined boundary with the abrupt changes where the timing can be
identified within a 1-2 data samples (instruments sample at different rates). When
data exists for both instruments, both data sets identify the crossing at the same
time;

2)

A boundary whose crossing time is ambiguous or would be identified at different
times in the two data sets.

3)

A crossing identified only in the highly time averaged magnetometer data
(Optimal Averager mode, typically 32 minute averages) or by a single instrument
where the timing is ambiguous;

4)

An inferred boundary crossing that occurs in a data gap but is clearly required to
explain the data on both sides of the data gap.
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Figure A.1 Galileo plasma wave data from orbit G28 with the magnetic regions marked by the color band
across the top (Courtesy of W. Kurth).

Table A.1 is separated by orbit, with each new orbit having a new header that
identifies the orbit and year. The columns in Table A.1 are: 1) Crossing time
(DAY/SCET), Crossing type (Crossing), Identification instrument and confidence level
(Inst), PWS identification comments, and MAG identification comments. Shorthand
notation is used throughout the table. The crossing type column identifies the “from” and
“to” media as “from -> to” and makes use of the abbreviations MS (magnetosphere), SH
(magnetosheath), and SW (solar wind). Thus, an inbound magnetopause crossing is
identified as SH -> MS while an outbound crossing is MS -> SH. The instrument
identifying the crossing is listed as PWS (plasma wave), MAG (magnetometer), or
BOTH (both instruments independently identify the crossing). In the comments area, the
abbreviation “wp” is used for wave power and the symbols ↑ and ↓ are used for increase
and decrease respectively, the field strength is |B|, and the north-south field component is
Bθ. The terms MRO and OpAvg are used interchangeably to mean magnetometer data
acquired in the Optimal Averager mode and returned to ground by using the Memory
ReadOut (MRO) process. The locations of the crossings in Jupiter Solar Equatorial
(JSEq) coordinates are provided in Appendix B.
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Table A.1

Jovian boundary crossings identified in the Galileo data set.

Day/SCET
145/06:25
145/08:19
145/17:06
145/20:07
146/07:52
146/11:09

147/02:28
147/04:2408:27
147/12:38
147/14:32148/03:42
148/10:17
148/12:39
148/12:47
148/13:27
149/06:4009:25
149/14:4718:37

Crossing
SH->MS
MS->SH
SH->MS
MS->SH
SH->MS
Boundary
layer? –
Gradual
MS->SH?
SH->MS
Boundary
layer?
MS->SH

SH->SW
SW->SH
SH->SW
SW->SH

Inst
PWS 3
PWS 3
PWS 3
Both 1
Both 1
Both 2

Both 1
Both 3
Both 1
PWS 3
Both 1
MAG 1
Both 1
Both 1
PWS 3
PWS 3

150/16:1714:51

PWS 3

150/14:51
150/15:48
150/15:4817:20
150/17:20
150/17:2723:35

SH->MS
MS->SH

Both 1
Both 1
PWS 3

SH->MS
MS->SH

Both 1
Both 4

151/07:25
151/07:53
151/08:21
151/17:33
151/17:4118:48
152/09:5210:26
152/14:3715:19
152/17:5823:22

SH->MS
MS->SH
SH->MS
MS->SH

Both 2
Both 2
Both 1
Both 2
Both 3

SH->MS

Both 4

MS->SH

Both 2

SH->MS?

MAG 3

J0 Orbit - 1996
PWS Comments

Abrupt density increase at
11:09, another at 11:51,
final increase at 12:41

Elevated density

MAG Comments
Data gap
“
“
“
“
Sharp field rotation with
increased wp at 11:09, fields
rotates again at 12:41

Small |B|, multiple Bθ sign
changes.

Continuum radiation,
relatively high density
Data gap

Continuum radiation,
relatively high density
Continuum radiation,
relatively high density,
followed by data gap
Following data gap,
continuum radiation,
relatively high density

Continuum radiation,
relatively high density
Crossing occurs in a long
data gap. Data after the gap
consistent with SH.

Crossing occurs in a long
data gap. Data after the gap
consistent with SH.

Steady decrease in density
to data gap
Timing difficult due to data
gaps
Sharp density increase at
14:37 and 15:19
Data gap

Steady increase in Bθ to data
gap
Timing difficult due to data
gaps
Sharp field rotations and |B|
decreases at 14:37 and 15:19
Crossing occurs in a long
data gap. Data after the gap
consistent with MS.
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Day/SCET
153/00:01

Crossing
MS->SH?

Inst
MAG 3

J0 Orbit - 1996
PWS Comments
Data gap

153/01:2001:32
153/02:55
153/04:27
153/04:55
153/05:21
153/05:34 06:19

SH->MS

Both 1

In and out and in?

MS->SH
SH->MS
MS->SH
SH->MS
MS->SH

PWS 1
PWS 3
PWS 3
PWS 3
Both 4

153/07:07
153/07:51
153/08:01
153/08:31
153/08:41

SH->MS
MS->SH
SH->MS
MS->SH
SH->MS

MAG 1
MAG 2
MAG 2
Both 2
Both 2

Day/SCET
223/03:5704:45

Crossing
Plasma sheet
or boundary
layer?
Plasma sheet
or boundary
layer?
MS->SH

Inst
PWS

G1 Orbit - 1996
PWS Comments
Very high density region

PWS

Very high density region

PWS 3

Gradually increasing density

Check PLS

SH->MS

PWS 3

Gradually decreasing
density

Check PLS

Crossing

Inst

228/20:4121:19
229/12:4113:34
229/21:2123:13

Day/SCET

MAG Comments
Sharp field rotation and |B|
decrease following data gap
In and out and in?
Data gap
“
“

Data gap starts at 05:34.

Data gap ends at 06:19.
Crossing occurs in a long
data gap. Data after the gap
consistent with SH.

Data gap
Data gap
Data gap

Orbit I27 - 2000
PWS Comments

MAG Comments

MAG Comments

071/07:25

MS->SH

MAG 3

OpAvg, SH entry suspect

071/10:45

SH->MS

MAG 3

OpAvg

074/20:20

MS->SH

MAG 3

“

075/03:20

SH->MS

MAG 3

“

076/22:20

MS->SH

MAG 3

“

078/07:40

SH->MS

MAG 3

OpAvg, MS entry suspect

080/14:40

MS->SH

MAG 3

OpAvg

088/10:35

SH->MS

MAG 3

“

098/21:15

MS->SH

MAG 3

“

099/06:40

SH->MS

MAG 3

OpAvg

100/05:10

MS->SH

MAG 3

“

100/17:15

SH->MS

MAG 3

OpAvg, MS entry suspect

150

Day/SCET

Orbit I27 - 2000
PWS Comments

Crossing

Inst

101/19:05

MS->SH

MAG 3

MAG Comments
OpAvg, SH entry occurs in
gap, if previous data in the
MS

103/15:15

SH->MS

MAG 3

OpAvg

106/15:55

MS->SH

MAG 3

“

108/11:05

SH->MS

MAG 3

“

112/96:30

MS->SH

MAG 3

“

112/19:45

SH->MS

MAG 3

“

115/05:40

MS->SH

MAG 3

“

116/02:35

SH->MS

MAG 3

OpAvg, Mag Data Gap 4/26
to 5/14 (solar conjunction)

Day/SCET

Crossing

G28 outbound from Jupiter (2000)
Inst
PWS Comments

MAG Comments

149/02:3003:07

MS->SH

Both 1

149/04:57

SH->MS

Both 1

Sharp ↑Bθ ↓wp

149/05:06

MS->SH

PWS 1

Small ↓Bθ and ↑wp

149/05:38

SH->MS

PWS 1

Small ↑Bθ and ↓wp

149/08:17 –
08:42

MS->SH

Both 1

PWS sees ↑density before
MAG rotations.

Sharp ↓Bθ, ↑wp at 08:42

150/14:25

SH->MS

PWS 3

Gradual ↓density – region
of trapped continuum
radiation; magnetosphere?

Bθ turns positive at 13:50, wp
low

150/16:26

MS->SH

PWS 3

Sharp ↑density

Bθ turns negative at 17:11,
wp remains low

151/15:46 –
16:45

SH->MS

Both 1

Gradual

Bθ↑ at 15:46. Sharp rotation
at 16:45, wp low, Br and Bϕ
begin to vary in phase.

155/10:25

MS->SH

Both 3

May not be complete exit

Sharp field rotation,↑wp, and
drop in |B|

155/11:17

SH->MS

PWS 3

May not have been in SH

Slow ↓wp and increase in |B|
from 11:17-12:00

155/17:50

MS->SH

Both 1

156/00:3001:00

SH->MS

PWS 2

Very gradual

↓wp, gradual field rotation

156/02:27

MS->SH

Both 1

Sharp ↑density

Sharp ↑wp, sharp field
rotation

Density increase (↑) in steps
starting at 02:30

Sharp drop (↓) in Bθ at 03:07,
wave power (wp) begins
increasing (↑) much earlier
~02:38

Sharp ↓Bθ, ↑wp
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Day/SCET

Crossing

G28 outbound from Jupiter (2000)
Inst
PWS Comments

157/18:57

SH->MS

Both 1

158/05:3306:00

Boundary
layer?

158/06:00

MS->SH

158/09:56

MAG Comments

Gradual ↓density 17:45;
sharp ↓density 18:57

Sharp ↑Bθ, gradual ↓wp

Gradual ↑density

Sharp field rotation at 05:33;
Bθ remains positive

Both 1

Sharp ↑density at 06:00

Sharp ↓Bθ, ↑wp

SH->SW

Both 2

Very Weak

|B| -> ~0 from 09:43-09:56,
↓wp – weak shock

158/14:53

SW->SH

Both 1

|B| ↑ abruptly, ↑wp

158/23:29

SH->SW

Both 1

|B| ↓ abruptly, ↓wp

161/02:03

IP shock

MAG

|B| ↑ abruptly

162/06:17

SW->SH

Both 1

|B| ↑ abruptly, ↑wp

163/22:46

SH->MS

PWS 1

Sharp ↓density at 22:46

MAG data gap 14:35-18:15,
data have MS appearance
when data resume at 18:15.

164/06:52 –
08:22

Boundary
layer?

PWS

Sharp ↑density at 06:52

Field rotation and ↑ |B| at,
06:52, sharp field rotation
and |B| ↓ at 07:52

164/06:5208:22

MS->SH

PWS 2

Gradual

164/07:5208:22

MS->SH

MAG 2

Sharp field rotation and
gradual |B| decrease at 07:52.
WP↑ at 08:22

164/12:11

SH->SW

Both 1

|B| ↓ abruptly, ↓wp

165/19:45

SW->SH

Both 1

|B| ↑ abruptly, ↑wp

166/15:50

SH->SW

MAG 3

MRO: |B| ↓ , data gap
starting at 16:00

168/04:50

SW->SH

MAG 3

MRO: |B| ↑

168/17:15

SH->SW

MAG 3

MRO: |B| ↓

176/16:00

SW->SH

MAG 3

MRO: |B| ↑

177/05:45

SH->SW

MAG 3

MRO: |B| ↓

177/16:31

SW->SH

MAG 3

MRO: |B| ↑

178/03:20

SH->SW

MAG 3

MRO: |B| ↓

152

Day/SCET

Crossing

G28 inbound to Jupiter- G29 (2000)
Inst
PWS Comments

MAG comments

326/19:50

IP shock?

MAG 1

RTS, Cas+17

327/07:30

IP shock?

MAG 1

328/14:45

SW->SH

Both 1

328/23:21

SH->SW

Both 1

329/05:16

SW->SH

Both 1

329/05:19 to
335/15:00

No obvious shock crossings
but several short (<5hrs)
where data could be SW.

335/15:0515:22

SH->MS

Both 1

336/06:03

MS->SH

Both 1

336/06:48

SH->MS

Both 1

336/10:35

MS->SH

Both 1

336/12:37

SH->MS

Both 1

339/19:0119:18

MS->SH

Both 1

339/20:34

SH->MS

Both 1

339/21:13

MS->SH

Both 1

341/17:4017:57

SH->MS

Both 1

343/12:14

MS->SH

Both 1

343/15:49

SH->SW

Both 1

343/19:15

SW->SH

Both 1

343/22:16

SH->SW

Both 1

343/22:38

SW->SH

Both 1

344/11:26

SH->SW

Both 1

344/13:55

SW->SH

Both 1

345/02:12

SH->SW

Both 1

345/05:25

SW->SH

Both 1

345/08:29

SH->SW

Both 1

345/16:32

SW->SH

Both 1

Density step↓15:05; step ↓
at15:16; sharp ↓ step density
15:22

Sharp field rotation (↑Bθ) at
15:22.

Sharp ↑density at 19:01,
density gradually ↑ until
19:18

Sharp field rotation, ↑wp at
19:01

Gradual density decline
from 17:17 to 17:47; Sharp
↓ step density 17:57

Field rotates from 17:17 to
17:52, Sharp rotation at 17:52

Shock-like turbulence from
05:25-05:43
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Day/SCET

Crossing

G28 inbound to Jupiter- G29 (2000)
Inst
PWS Comments

346/00:35

SH->SW

Both 1

346/02:43

SW->SH

Both 1

347/09:40

SH->MS

Both 2

347/13:05

MS->SH

Both 1

348/05:0505:31

SH->MS

Both 1

348/10:51

MS->SH

Both 1

348/11:41

SH->MS

Both 1

>348/12:20

MS

MAG 3

Day/SCET
010/20:51

Crossing
MS->SH

Inst
Both 1

012/06:37
013/14:37
013/22:47
014/15:39
017/03:44
017/12:19

SH->SW
IP shock
SW->SH
SH->SW
SW->SH
SH->SW

Both 1
MAG 1
Both 1
Both 1
Both 1
Both 1

019/01:22

SW->SH

Both 1

019/01:33
019/12:22
020/13:59
021/03:32
023/02:48
027/00:42

SH-SW
SW->SH
SH->SW
SW->SH
SH->SW
IPS –
forward?
IPS –
reverse?
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
IPS
IPS
SW->SH
SH->SW

Both 1
Both 1
Both 1
Both 1
Both 1
MAG

029/11:37
030/14:22
030/20:02
031/12:30
031/19:36
032/04:56
032/08:49
034/04:58
034/19:52
038/00:30
038/06:30

MAG comments

Small field rotation, drop in
wave power.

Small, sharp density ↓ at
05:05; big density ↓ at
05:31.

Field rotation and wave
power drop at 05:05 and
again at 05:31.

No more boundary xings in
the remaining G28 data.
Orbit G29 (2001)
PWS Comments
Published in Nature [Kurth
et al., 2002]

Strong broadband noise
from 12:14-:12:20

MAG comments

very abrupt
Small IPS
very abrupt
very abrupt
very abrupt
very abrupt
Brief excursion into sheath –
clearly identified
See last comment
very abrupt
very abrupt
very abrupt

MAG
Both 1
Both 1
Both 1
Both 1
Both 1
Both 1
Both 1
Both 1
MAG 3
MAG 3

Very abrupt
Very abrupt
Very abrupt
Very abrupt

No data
No data

Opt/Avg
“
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Day/SCET
043/03:00
043/17:00
047/03:00
047/12:00
057/23:30
058/19:30
059/10:00
059/15:45
067/01:15
067/10:30
095/11:30
095/19:00
097/19:15
097/22:45
098/21:00
099/02:30 –
102/09:20
102/09:45
104/03:00
106-112

Crossing
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW

Inst
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 4

Orbit G29 (2001)
PWS Comments
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data
No data

SW->SH
SH->SW

MAG 3
MAG 3

No data
No data

111/04:15
112 – 120

SW->SH

MAG 3

No data
No data

120/14:45
122/08:30
123/12:30

SH->MS
MS->SH
SH->MS

MAG 3
MAG 3
MAG 3

No data
No data
No data

Day/SCET

Crossing

Inst

149/17:15

MS->SH

MAG 1

Orbit C30 (2001)
PWS Comments
No data

150/00:45

SH->MS

MAG 1

No data

Sharp increase in Bθ resulting
in positive Bθ (↑Bθ) .

150/14:15

MS->SH

MAG 1

No data

↓Bθ

150/18:45

SH->MS

MAG 1

No data

↑Bθ

Sharp rotation in Br and Bφ at
22:30, Bθ doesn’t go negative
until 152/10:30
Sharp drop in |B| - crossing
ambiguous.
Data gap

151/22:30

MS->SH

MAG 1

No data

153/03:30

SH->SW

MAG 1

No data

MAG comments
“
“
“
“
“
“
“
“
“
“
“
“
“
“
“
Crossing in data gap
Crossing at edge of gap
Opt/Avg
There may be brief (<1 day)
excursions into the SH during
this period.
There may be brief (<1 day)
excursions into the MS
during this period.
Opt/Avg
“
“

159/06:25 –
175/23:15
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MAG comments
Sharp drop in Bθ resulting in
negative Bθ (↓Bθ) . Multiple
xings may exist in this
interval.

Day/SCET
177/22:30
179/00:45
179/02:30
180/03:30
180/10:45
181/08:45

Crossing
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH

Inst
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3

Orbit C30 (2001)
PWS Comments
No data
No data
No data
No data
No data
No data

182/09:45
190/21:30
192/10:30
192/17:00
193/23:45
194/05:00
194/08:30
194/21:30
199/04:30
205/18:00
206/03:15
209/20:45

SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->SW
SW->SH
SH->MS
MS->SH
SH->MS
MS->SH

MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3
MAG 3

No data
No data
MAG 3
No data
No data
No data
No data
No data
No data
No data
No data
No data

210/03:00

SH->MS

MAG 3

No data

MAG comments
OpAvg
“
“
“
“
May be a brief in/out between
05:15-06:15 prior to entering
the SH at 08:45
OpAvg
“
“
“
“
“
“
“
“
“
“
May be a second out/in from
23:00-00:45
OpAvg

Day/SCET

Crossing

Inst

Orbit I31 (2001)
PWS Comments

MAG comments

222/21:30

MS->SH

MAG 2

No data

Sharp rotation including a
drop (↓) in Bθ at 21:30, wave
power (wp) increases (↑).
Multiple xings in this interval
possible – low resolution data
ambiguous.

224/20:30

SH->MS

MAG 3

No Data

Sharp rotation including an
increase (↑) in Bθ.

225/19:15

MS->SH

MAG 1

No data

Sharp ↓Bθ

229/09:00

SH->SW

MAG 1

No data

↓|B|

231/07:30

SW->SH

MAG 1

No data

Sharp ↑|B|, ↑wp

234/20:15

SH->SW

MAG 1

No data

↓|B|

265/00:45

SW->SH

MAG 3

No data

↑|B|, ↑wp – possible
alternative shock location at
255/10:15

275/09:30

SH->MS

MAG 1

No Data

Field rotates, Bθ consistently
positive after this rotation.

277/05:30

MS->SH

MAG 1

No data

Sharp ↑|B|, ↑wp

277/10:45

SH->MS

MAG 1

No data

Sharp ↓|B|,↓wp
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Orbit I32 (2001/2002)
PWS Comments

Day/SCET

Crossing

Inst

291/06:06

MS->SH

Both 1

293/08:3208:57

SH->MS

Both 1

Abrupt onset of continuum
radiation at 08:32, Extreme
drop in density at 08:57

Sharp ↑Bθ ,↓wp at 08:32,
second sharp ↑Bθ at 08:57

295/11:0111:11

MS->SH

Both

Gradual

Sharp ↓Bθ at 11:02 and again
at 11:11, ↑wp at 11:11

295/12:51 13:03

SH->MS

Both 1

Gradual

Sharp ↑Bθ ,↓wp; Bθ
continues to rotate until 13:03

296/10:29

MS->SH

Both 1

Density increase begins at
10:08;

Field begins rotating at 10:08
with Bθ initially increasing;
Sharp ↓Bθ ,↑wp

Both

Bursty broadband wave
activity – could be shocks.
Langmuir waves observed
between 17:21 and 17:38

MAG sees multiple possible
weak shocks and periods of
intermittent solar wind-like
during this interval.

296/15:5518:00

MAG comments
Sharp drop (↓) in Bθ at 06:06,
wave power (wp) increases
(↑) abruptly at 07:43

296/20:24

SH->MS

Both 1

297/04:01

MS->SH

Both 1

297/11:32

SH->MS

Both 1

297/16:4916:54

MS->SH

Both 1

297/18:42

SH->SW

Both 1

298/00:18

SW->SH

Both 1

298/05:27

SH->SW

MAG 1

298/12:23

SW->SH

Both 3

298/12:29

SH->SW

Both 3

298/17:5418:34

BS?

Both

298/23:55

SW->SH

Both 1

299/19:58

SH->MS

MAG 1

No data (Extended MAG
RTS)

Sharp ↑Bθ ,↓wp

300/13:11

MS->SH

MAG 1

No Data

Sharp ↓Bθ ,↑wp

300/16:2516:41

SH->MS

MAG 2

No data

Two sharp field rotations
↑Bθ ,↓wp

301/05:13

MS->SH

MAG 2

No data

Sharp ↓Bθ ,↑wp

Bθ rotates from 11:26-11:32
gradual

Gradual

Sharp ↓|B|,↓wp

Extended shock encounter,
Langmuirs waves on either
side

Extended shock encounter,
no clear entry, event at 18:34
appears to be an outbound
shock crossing.
Sharp ↑wp, ↑|B|
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Day/SCET

Crossing

301/15:31

SH->MS

Orbit I32 (2001/2002)
PWS Comments
MAG 1 No data

301/17:11

MS->SH

MAG 1

No data

Sharp ↓Bθ ,↑wp

MAG 1

No data

Sharp ↑Bθ ,↓wp
gradual

301/19:33

SH->MS

Inst

MAG comments
Sharp ↑Bθ ,↓wp

301/23:3323:36

MS->SH

MAG 2

No data

304/13:45

SH->SW

MAG 3

No data

Opt/Avg

306/11:00

SW->SH

MAG 3

No data

“

309/09:30

SH->SW

MAG 3

No data

“

003/05:00

SW->SH

MAG 3

No data

“

004/12:3212:38

SH->MS

Both 1

gradual

gradual

005/06:3806:45

MS->SH

PWS 3

gradual

005/08:0108:36

MS->SH

MAG 3

Several field rotations during
this period. Sharp rotation at
08:23 (MP?). Sharp ↓B and
onset of wp at 08:36

006/11:00

Boundary
layer entry?

MAG 3

Numerous sharp field
rotations with Bθ sign
changes and low wp.

006/14:05

Boundary
layer exit?

Both 2

Small, sharp density
increase

Sharp field rotation and onset
of wp.

006/19:4520:25

SH->MS

PWS 2

Gradual decrease in density.

Small field rotations at 19:45
and 20:25

007/04:1204:57

MS->SH

Both 1

Gradual density increase
ends at 04:12, density flat
until 04:39, continuum
radiation ends at 04:57

Field rotates from 04:2104:57, wp onset at 04:57

008/03:1803:23

SH->MS

Both 1

Large density decrease
03:18 03:23

Field rotates throughout
period.
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Orbit I33 (2002)
PWS Comments

Day/SCET

Crossing

Inst

023/04:41

MS->SH

Both 1

Sharp rotation including a
drop (↓) in Bθ at 04:41, wave
power (wp) increases (↑).

023/16:33

SH->SW

PWS 1

Shock occurs in MAG data
gap

024/20:42

SW->SH

MAG 1

025/08:33

SH->SW

PWS 1

027/08:04 –
08:31

SW->SH

Both 4

Shock occurs in PWS data
gap

Shock occurs in MAG data
gap

028/22:24

SH->SW

MAG 3

No data

↓|B|,↓wp

028/23:01

SW->SH

MAG 3

“

031/11:2612:16
031/17:15
032/01:15

SH->SW

MAG 4

“

↑|B|, ↑wp
Shock occurs in MAG data
gap

SW->SH
SH->SW

MRO 2
MRO 2

“
“

Day/SCET

Crossing

Inst

Orbit A34 (2002)
PWS Comments

MAG comments

298/18:13

SW->SH

MAG 1

298/18:33

SH->SW

MAG 1

300/02:27

SW->SH

Both 1

300/05:5906:10

Boundary
Layer

Both 3

Sharp decrease in density at
both times

Sharp field rotations at both
sides

300/06:10

SH->MS

Both 1

Timing uncertain (BL?)

Timing uncertain (BL?)

300/12:15

MS->SH

PWS 1

300/12:28

SH->MS

PWS 1

300/15:42

MS->SH

Both 1

300/23:25

SH->MS

PWS 1

301/04:35

MS->SH

Both 1

301/05:45

SH->MS

Both 1

301/06:30

MP?

PWS 3

Possible momentary exit
centered at 06:30

304/20:0520:14

MP?

Both 2

Possible momentary exit

PWS data gap

MAG comments

Sharp ↑|B|, ↑wp
Shock occurs in MAG data
gap

Mag sees a pair of small field
rotations at these times.

Several step increase in
density (15:05- 16:15)

Sharp field rotation at 15:42
MAG coming out of gap

Lots of density structure
beginning at 04:08
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Multiple small field rotations
starting at 04:08

Day/SCET

Crossing

Inst

304/20:5821:50

MS->SH

Both 1

305/16:46

SH->MS

Both 1

305/16:5417:10

Boundary
Layer?

314/15:16

Orbit A34 (2002)
PWS Comments

MAG comments

Gradual, highly structured
exit

Gradual

Both 3

High density region

Bounding field rotations in Br
and Bφ

MS->SH

MAG 1

No data available

Sharp ↓Bθ ,↑wp

316/02:4003:33

SH->MS

MAG 2

No data available

Sharp ↓wp at 02:40, slow
field rotation from 02:4003:33, Sharp ↑Bθ at 03:33

316/10:1312:38

MS->SH

MAG 2

No data available

Slow field rotation from
10:13 to 12:38,↑wp at 12:38

317/01:35 –
321/11:10

SH->SW

MAG 4

No data available

Shock crossing occurs
sometime in long data gap.

160

Bibligography

Gurnett, D. A., W. S. Kurth, R. R.Shaw, A. Roux, R. Gendrin, C. F. Kennel, F. L. Scarf,
and D. Shawhan (1992), The Galileo plasma wave experiment, Space Sci. Rev.,
60, 341.
Kivelson, M. G., K. K. Khurana, J. D. Means, C. T. Russell, and R. C. Snare (1992), The
Galileo magnetic field investigation, Space Sci. Rev., 60, 357.

161

