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PLANETARY MAGNETOSPHERES + 
IONOSPHERES

• What are they?

• What do they look like?

• How do they behave?

1. Earth

2. Other planets – what happens when you:

• Vary the planet size, mass, rotation rate?

• Change the solar wind driver?

• Add volcanic and magnetized moons?
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• How do they behave?

1. Earth

2. Other planets – what happens when you:

• Vary the planet size, mass, rotation rate?

• Change the solar wind driver?

• Add volcanic and magnetized moons?
Consider interfaces, cross-region coupling; 

How do we observe these regions/processes?
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QUICK POLL

What is the primary topic of your research/research interests:

A) Solar/solar wind
B) Earth’s magnetosphere

C) Earth’s ionosphere/atmosphere

D) Other planetary systems

E) Other/not sure



QUICK EXERCISE:
WHY SHOULD ___ LEARN ABOUT ___?

E.g. why should a magnetospheric physicist learn about the 
ionosphere or sun?

Pick the region seemingly least connected to your own 
research and think about how the two might interact or relate



A FEW NOTES:

• Please interrupt at any point with questions, comments, 
additions from your own research or experience
• My hope is you’ll learn as much (more?) from each other as 

you do from me

Also: Let’s consider common questions or misconceptions 
throughout this talk… please speak up if you think of some!
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WHAT IS A MAGNETOSPHERE?

The volume of space from which the solar wind is 
excluded by a planet’s magnetic field, formed by the 
interaction of a flowing plasma with a magnetized body
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WHAT IS A MAGNETOSPHERE?

The volume of space from which the solar wind is 
excluded by a planet’s magnetic field, formed by the 
interaction of a flowing plasma with a magnetized body

Any caveats/modifications we 
should make to this definition?
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The inner field:
• Originates in a dynamo process inside the Earth’s core
• Close to the surface described by as a dipole or a 
multipole
•Variable in magnitude and direction: polarity reversals 
approximately all 500 000 years.

The outer field:
• Originates in current systems in the ionosphere and 
magnetosphere, driven by the solar wind flow 
• Blunted on the sunward (“day”) side, long extended tail 
on the anti-sunward (“night”) side

EARTH’S MAGNETOSPHERE
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• Originates in a dynamo process inside the Earth’s core
• Close to the surface described by as a dipole or a 
multipole
•Variable in magnitude and direction: polarity reversals 
approximately all 500 000 years.

The outer field:
• Originates in current systems in the ionosphere and 
magnetosphere, driven by the solar wind flow 
• Blunted on the sunward (“day”) side, long extended tail 
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FIGURE 1 Schematic illustration of the Earth’s magnetosphere. The Earth’s magnetic field
lines are shown as modified by the interaction with the solar wind. The solar wind, whose flow
speed exceeds the speeds at which perturbations of the field and the plasma flow directions
can propagate in the plasma, is incident from the left. The pressure exerted by the Earth’s
magnetic field excludes the solar wind. The boundary of the magnetospheric cavity is called
the magnetopause, its nose distance being RM . Sunward (upstream) of the magnetopause, a
standing bow shock slows the incident flow, and the perturbed solar wind plasma between the
bow shock and the magnetopause is called the magnetosheath. Antisunward (downstream) of
the Earth, the magnetic field lines stretch out to form the magnetotail. In the northern
portion of the magnetotail, field lines point generally sunward, while in the southern portion,
the orientation reverses. These regions are referred to as the northern and southern lobes,
and they are separated by a sheet of electrical current flowing generally dawn to dusk across
the near-equatorial magnetotail in the plasmasheet. Low-energy plasma diffusing up from the
ionosphere is found close to Earth in a region called the plasmasphere whose boundary is the
plasmapause. The dots show the entry of magnetosheath plasma that originated in the solar
wind into the magnetosphere, particularly in the polar cusp regions. Inset is a diagram showing
the 3-dimensional structure of the Van Allen belts of energetic particles that are trapped in
the magnetic field and drift around the Earth. Credit: Steve Bartlett; Inset: Don Davis.

are subject to both electrodynamic and gravitational forces;
recent studies of dusty plasmas show that the former may
be critical in determining the role and behavior of dust in
the solar nebula as well as in the present-day solar system.

In Section 2, the different types of magnetospheres
and related interaction regions are introduced. Section 3
presents the properties of observed planetary magnetic
fields and discusses the mechanisms that produce such
fields. Section 4 reviews the properties of plasmas contained
within magnetospheres, describing their distribution, their
sources, and some of the currents that they carry. Section 5

covers magnetospheric dynamics, both steady and “stormy.”
Section 6 addresses the interactions of moons with plane-
tary plasmas. Section 7 concludes the chapter with remarks
on plans for future space exploration.

2. Types of Magnetospheres

2.1 The Heliosphere

The solar system is dominated by the Sun, which forms its
own magnetosphere referred to as the heliosphere. [See

EARTH’S MAGNETOSPHERE
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Earth’s Magnetosheath vs solar wind plasma – denser, hotter, slower

As flow goes around the flank it: expands, cools, speeds up again



Credit:Advanced Visualization Lab, National Center for Supercomputing Applications, University of Illinois, Urbana-Champaign
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MAGNETOPAUSE

 M.G. Kivelson

19.1 Introduction

Laboratory scientists have the luxury of being able to
probe their samples repeatedly under controlled con-
ditions over a range of underlying parameters such as
density and pressure.Magnetospheric scientists have lit-
tle control over the conditions of their investigations. To
be sure, the responses of the terrestrial magnetosphere
to changes in solar wind dynamic pressure and mag-
netic field orientation have been extensively analyzed,
but the variations are uncontrolled, narrowly bounded
and some important internal parameters of the system
do not change. Fortunately some other planetary mag-
netospheres exist and some of their properties differ sig-
nificantly from those applicable to the terrestrialmagne-
tosphere. This chapter emphasizes the physical parame-
ters that control the outcome of the interaction of a flow-
ing plasma with a magnetized body and describes some
of the interesting ways in which the magnetospheres of
other magnetized bodies in the solar system differ from
the one with which we are familiar. Armed with such
information, we can speculate on how Earth’s magneto-
sphere itself may have changed over geological time.

19.2 Parameters that Control Magnetospheric
Con!guration and Dynamics

A magnetosphere forms when a plasma flows onto
a magnetized body such as a planet or a moon. Critical
to the form of the interaction are the properties of the
plasma, some of which are effectively expressed in terms
of dimensionless ratios including the ratio of the Alfvén
speed and the sound speed to the speed of the plasma
measured in the rest frame of the planet and the ratio of
the plasma pressure to the magnetic pressure. At Earth
the changing orientation of the interplanetary magnetic
field contributes significantly to temporal variations,
implying that orientation is a control parameter but
the importance of this element of solar wind control
varies from one planet to another. Other parameters
that govern the interaction are intrinsic to the planet:
its radius and rotation rate, the strength and symmetry
of the magnetic field at its surface, the conductivity of
its surface and upper atmosphere, its neutral exosphere
and the location and composition of any moons and
rings. Finally, the scale of the interaction region is deter-
mined by the dimensionless parameter that relates the

energy density of the incident solar wind to the energy
density in the magnetic field and the magnetospheric
plasma near the boundary.

One must consider how to restrict the subject of this
chapter, recognizing that comets and planets or moons
lacking permanent internal magnetic fields also perturb
the solar wind, creating regions of disturbed flow that
have much in common with the magnetospheres of
magnetized planets. The reader is referred to Chap. 20
(The Solar-Comet Wind Interaction) for a discussion of
the cometary interaction. That discussion reveals that
an unmagnetized body, like a magnetosphere, greatly
modifies plasma properties in the space surrounding
it and that the external field drapes around the body
extending the interaction region downstream in the
antisolar direction. Analogous interaction regions form
around the unmagnetized moons of Jupiter (Io, Europa,
and Callisto), the largest moon of Saturn (Titan). None
of these cases will be discussed in this chapter, which
instead focuses on the true magnetospheres of the
solar system: Mercury, Earth, Jupiter, Saturn, Neptune,
Uranus and Jupiter’s moon Ganymede. To this list some
would like to add Mars, which lacks a planet-wide field
but does have regions where the magnetic field is suf-
ficiently intense to prevent the solar wind from flowing
onto some parts of its surface. The localized fields create
structures that resemble solar arcades. Table 19.1 gives
some of the key parameters for the magnetospheres
that are discussed in this chapter. Extensive tables of
properties of the bodies discussed in this chapter can
be found in Kivelson and Bagenal (2005).

19.2.1 Properties of the Flowing Plasma

Amagnetosphere responds to various forms of pressure
in the plasma that confines it. In a magnetized plasma,
the total pressure P, exerted in the direction of the flow,
is given by

P = ρu + p + B!µo (19.1)

where the terms represent the dynamic pressure, the
thermal pressure and the magnetic pressure expressed
in terms of the density, ρ, flow velocity, u, thermal pres-
sure, p, and magnetic field, B. The thermal pressure has
been assumed isotropic. In steady state, at the bound-
ary of the magnetosphere the external pressure balances
the internal pressure. The form of the magnetosphere is

Total pressure P:

Dynamic pressure
Thermal pressure

Magnetic pressure
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netic field orientation have been extensively analyzed,
but the variations are uncontrolled, narrowly bounded
and some important internal parameters of the system
do not change. Fortunately some other planetary mag-
netospheres exist and some of their properties differ sig-
nificantly from those applicable to the terrestrialmagne-
tosphere. This chapter emphasizes the physical parame-
ters that control the outcome of the interaction of a flow-
ing plasma with a magnetized body and describes some
of the interesting ways in which the magnetospheres of
other magnetized bodies in the solar system differ from
the one with which we are familiar. Armed with such
information, we can speculate on how Earth’s magneto-
sphere itself may have changed over geological time.

19.2 Parameters that Control Magnetospheric
Con!guration and Dynamics

A magnetosphere forms when a plasma flows onto
a magnetized body such as a planet or a moon. Critical
to the form of the interaction are the properties of the
plasma, some of which are effectively expressed in terms
of dimensionless ratios including the ratio of the Alfvén
speed and the sound speed to the speed of the plasma
measured in the rest frame of the planet and the ratio of
the plasma pressure to the magnetic pressure. At Earth
the changing orientation of the interplanetary magnetic
field contributes significantly to temporal variations,
implying that orientation is a control parameter but
the importance of this element of solar wind control
varies from one planet to another. Other parameters
that govern the interaction are intrinsic to the planet:
its radius and rotation rate, the strength and symmetry
of the magnetic field at its surface, the conductivity of
its surface and upper atmosphere, its neutral exosphere
and the location and composition of any moons and
rings. Finally, the scale of the interaction region is deter-
mined by the dimensionless parameter that relates the

energy density of the incident solar wind to the energy
density in the magnetic field and the magnetospheric
plasma near the boundary.

One must consider how to restrict the subject of this
chapter, recognizing that comets and planets or moons
lacking permanent internal magnetic fields also perturb
the solar wind, creating regions of disturbed flow that
have much in common with the magnetospheres of
magnetized planets. The reader is referred to Chap. 20
(The Solar-Comet Wind Interaction) for a discussion of
the cometary interaction. That discussion reveals that
an unmagnetized body, like a magnetosphere, greatly
modifies plasma properties in the space surrounding
it and that the external field drapes around the body
extending the interaction region downstream in the
antisolar direction. Analogous interaction regions form
around the unmagnetized moons of Jupiter (Io, Europa,
and Callisto), the largest moon of Saturn (Titan). None
of these cases will be discussed in this chapter, which
instead focuses on the true magnetospheres of the
solar system: Mercury, Earth, Jupiter, Saturn, Neptune,
Uranus and Jupiter’s moon Ganymede. To this list some
would like to add Mars, which lacks a planet-wide field
but does have regions where the magnetic field is suf-
ficiently intense to prevent the solar wind from flowing
onto some parts of its surface. The localized fields create
structures that resemble solar arcades. Table 19.1 gives
some of the key parameters for the magnetospheres
that are discussed in this chapter. Extensive tables of
properties of the bodies discussed in this chapter can
be found in Kivelson and Bagenal (2005).

19.2.1 Properties of the Flowing Plasma

Amagnetosphere responds to various forms of pressure
in the plasma that confines it. In a magnetized plasma,
the total pressure P, exerted in the direction of the flow,
is given by

P = ρu + p + B!µo (19.1)

where the terms represent the dynamic pressure, the
thermal pressure and the magnetic pressure expressed
in terms of the density, ρ, flow velocity, u, thermal pres-
sure, p, and magnetic field, B. The thermal pressure has
been assumed isotropic. In steady state, at the bound-
ary of the magnetosphere the external pressure balances
the internal pressure. The form of the magnetosphere is

 M.G. Kivelson

19.1 Introduction

Laboratory scientists have the luxury of being able to
probe their samples repeatedly under controlled con-
ditions over a range of underlying parameters such as
density and pressure.Magnetospheric scientists have lit-
tle control over the conditions of their investigations. To
be sure, the responses of the terrestrial magnetosphere
to changes in solar wind dynamic pressure and mag-
netic field orientation have been extensively analyzed,
but the variations are uncontrolled, narrowly bounded
and some important internal parameters of the system
do not change. Fortunately some other planetary mag-
netospheres exist and some of their properties differ sig-
nificantly from those applicable to the terrestrialmagne-
tosphere. This chapter emphasizes the physical parame-
ters that control the outcome of the interaction of a flow-
ing plasma with a magnetized body and describes some
of the interesting ways in which the magnetospheres of
other magnetized bodies in the solar system differ from
the one with which we are familiar. Armed with such
information, we can speculate on how Earth’s magneto-
sphere itself may have changed over geological time.

19.2 Parameters that Control Magnetospheric
Con!guration and Dynamics

A magnetosphere forms when a plasma flows onto
a magnetized body such as a planet or a moon. Critical
to the form of the interaction are the properties of the
plasma, some of which are effectively expressed in terms
of dimensionless ratios including the ratio of the Alfvén
speed and the sound speed to the speed of the plasma
measured in the rest frame of the planet and the ratio of
the plasma pressure to the magnetic pressure. At Earth
the changing orientation of the interplanetary magnetic
field contributes significantly to temporal variations,
implying that orientation is a control parameter but
the importance of this element of solar wind control
varies from one planet to another. Other parameters
that govern the interaction are intrinsic to the planet:
its radius and rotation rate, the strength and symmetry
of the magnetic field at its surface, the conductivity of
its surface and upper atmosphere, its neutral exosphere
and the location and composition of any moons and
rings. Finally, the scale of the interaction region is deter-
mined by the dimensionless parameter that relates the

energy density of the incident solar wind to the energy
density in the magnetic field and the magnetospheric
plasma near the boundary.

One must consider how to restrict the subject of this
chapter, recognizing that comets and planets or moons
lacking permanent internal magnetic fields also perturb
the solar wind, creating regions of disturbed flow that
have much in common with the magnetospheres of
magnetized planets. The reader is referred to Chap. 20
(The Solar-Comet Wind Interaction) for a discussion of
the cometary interaction. That discussion reveals that
an unmagnetized body, like a magnetosphere, greatly
modifies plasma properties in the space surrounding
it and that the external field drapes around the body
extending the interaction region downstream in the
antisolar direction. Analogous interaction regions form
around the unmagnetized moons of Jupiter (Io, Europa,
and Callisto), the largest moon of Saturn (Titan). None
of these cases will be discussed in this chapter, which
instead focuses on the true magnetospheres of the
solar system: Mercury, Earth, Jupiter, Saturn, Neptune,
Uranus and Jupiter’s moon Ganymede. To this list some
would like to add Mars, which lacks a planet-wide field
but does have regions where the magnetic field is suf-
ficiently intense to prevent the solar wind from flowing
onto some parts of its surface. The localized fields create
structures that resemble solar arcades. Table 19.1 gives
some of the key parameters for the magnetospheres
that are discussed in this chapter. Extensive tables of
properties of the bodies discussed in this chapter can
be found in Kivelson and Bagenal (2005).

19.2.1 Properties of the Flowing Plasma

Amagnetosphere responds to various forms of pressure
in the plasma that confines it. In a magnetized plasma,
the total pressure P, exerted in the direction of the flow,
is given by

P = ρu + p + B!µo (19.1)

where the terms represent the dynamic pressure, the
thermal pressure and the magnetic pressure expressed
in terms of the density, ρ, flow velocity, u, thermal pres-
sure, p, and magnetic field, B. The thermal pressure has
been assumed isotropic. In steady state, at the bound-
ary of the magnetosphere the external pressure balances
the internal pressure. The form of the magnetosphere is

Solar wind: Magnetosphere:

~

Is this similar at other planets?



11
Bagenal 2014 
HSS lecture



THE BUBBLE ISN’T 
EMPTY

B

TRAPPED PLASMA

SOLAR WIND

MAGNETOPAUSE

BOW SHOCK

EARTH'S
MAGNETIC

FIELD

Charged particles (plasma 
and high-energy particles) 
are trapped in the 
magnetosphere

Earth’s Magnetosphere



THE BUBBLE ISN’T 
EMPTY

B

TRAPPED PLASMA

SOLAR WIND

MAGNETOPAUSE

BOW SHOCK

EARTH'S
MAGNETIC

FIELD

Charged particles (plasma 
and high-energy particles) 
are trapped in the 
magnetosphere

Earth’s Magnetosphere

Where do these particles originate?



PARTICLE 
SOURCES:

THE EARTH’S 
UPPER 

ATMOSPHERE
(RELATIVE 

IMPORTANCE IS  
ACTIVELY DEBATED. )

AND

THE SOLAR 
WIND

(HOW? IS  ACTIVELY 
DEBATED. )

B

PLASMA SHEET
SOLAR WIND

MAGNETOPAUSE

BOW SHOCK

IONOSPHERE

Earth’s Magnetosphere



PARTICLE 
SOURCES:

THE EARTH’S 
UPPER 

ATMOSPHERE
(RELATIVE 

IMPORTANCE IS  
ACTIVELY DEBATED. )

AND

THE SOLAR 
WIND

(HOW? IS  ACTIVELY 
DEBATED. )

B

PLASMA SHEET
SOLAR WIND

MAGNETOPAUSE

BOW SHOCK

IONOSPHERE

Earth’s Magnetosphere

How do we determine magnetospheric plasma origin?



HOW DO WE KNOW THIS?

Kistler et al. (2023, 2020)
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2 Encyclopedia of the Solar System

FIGURE 1 Schematic illustration of the Earth’s magnetosphere. The Earth’s magnetic field
lines are shown as modified by the interaction with the solar wind. The solar wind, whose flow
speed exceeds the speeds at which perturbations of the field and the plasma flow directions
can propagate in the plasma, is incident from the left. The pressure exerted by the Earth’s
magnetic field excludes the solar wind. The boundary of the magnetospheric cavity is called
the magnetopause, its nose distance being RM . Sunward (upstream) of the magnetopause, a
standing bow shock slows the incident flow, and the perturbed solar wind plasma between the
bow shock and the magnetopause is called the magnetosheath. Antisunward (downstream) of
the Earth, the magnetic field lines stretch out to form the magnetotail. In the northern
portion of the magnetotail, field lines point generally sunward, while in the southern portion,
the orientation reverses. These regions are referred to as the northern and southern lobes,
and they are separated by a sheet of electrical current flowing generally dawn to dusk across
the near-equatorial magnetotail in the plasmasheet. Low-energy plasma diffusing up from the
ionosphere is found close to Earth in a region called the plasmasphere whose boundary is the
plasmapause. The dots show the entry of magnetosheath plasma that originated in the solar
wind into the magnetosphere, particularly in the polar cusp regions. Inset is a diagram showing
the 3-dimensional structure of the Van Allen belts of energetic particles that are trapped in
the magnetic field and drift around the Earth. Credit: Steve Bartlett; Inset: Don Davis.

are subject to both electrodynamic and gravitational forces;
recent studies of dusty plasmas show that the former may
be critical in determining the role and behavior of dust in
the solar nebula as well as in the present-day solar system.

In Section 2, the different types of magnetospheres
and related interaction regions are introduced. Section 3
presents the properties of observed planetary magnetic
fields and discusses the mechanisms that produce such
fields. Section 4 reviews the properties of plasmas contained
within magnetospheres, describing their distribution, their
sources, and some of the currents that they carry. Section 5

covers magnetospheric dynamics, both steady and “stormy.”
Section 6 addresses the interactions of moons with plane-
tary plasmas. Section 7 concludes the chapter with remarks
on plans for future space exploration.

2. Types of Magnetospheres

2.1 The Heliosphere

The solar system is dominated by the Sun, which forms its
own magnetosphere referred to as the heliosphere. [See

EARTH’S MAGNETOSPHERE





Borovsky and Valdivia (2018)



388 J.B. Blake et al.

Fig. 5 Design sensitivity for the MagEIS electron instruments. The minimum and maximum are plotted
for each of the three chambers based on one-count per sector (min) and electronics saturation (max). Also
included for reference are the maximum fluxes that are expected based upon the AE8 radiation model, data
from the CRRES mission (MEA), and the mission requirements for the RBSP. MEA 500 means CRRES
Orbit 500, and MEA 600 means CRRES Orbit 600

used to close the flux path. A key aspect of the design is driven by this requirement; the
detectors are enclosed within the magnet chambers, leaving only a small slit for electrical
cabling. The stray field requirement also requires scrupulous attention to be paid to the
way the chambers are assembled. Joining seams between yoke pieces are minimized, and
the joining surfaces are lapped together before assembly in order to assure a magnetically-
tight assembly. Placing a shield of magnetically-soft material around the units was also
contemplated as a way to reduce the challenge of creating low-leakage magnetic circuits.
However, the polarizability of such shields created a larger problem than it solved, as the
dynamic residual fields at the magnetometer that varied with spin phase, and RBSP has a
more challenging requirement on dynamic stray fields (less than 0.1 nT). Thus MagEIS does
not employ magnetic shields.

MagEIS uses high-performance magnetic materials. The magnets are made of high-
energy product materials to enable small magnets to be used. In this way weight is kept
relatively low, and, perhaps more importantly, packaging is kept small, keeping the require-
ments for yoke material low. The use of high-energy product magnets also allows for precise
adjustment of the field in the gap, as the magnets are partially magnetized rather than using
the maximum energy product available. This approach also allows a common geometry to
be used for the low and medium chambers. For the magnets in these chambers a samarium-
cobalt (2–17) alloy having an energy product of 18 MGOe is used. A NdFeB alloy with
energy product 50 MGOe provides the higher field strength required in the high chamber.
In addition to these alloys having higher energy products than older materials such as Al-
nico, they also have higher intrinsic coercivity, making them easier to work with without
their magnetization changing. The yoke material used in all chambers is Hiperco-50, a high-
cobalt steel alloy capable of carrying large flux densities without saturating. Unsaturated

Blake et al. (2013)



Instrumentation Across the Heliophysics System Observatory

• Numerous satellite missions with different 
scientific goals operating in very different 
environments

• Instrumentation is driven by the scientific 
goals of each mission

• There are always tradeoffs. Power, 
telemetry, weight, cost, etc are all drivers for 
the choice of instrumentation. Some 
instruments work better in different 
environments (high/low Beta, etc)

• Given these tradeoffs and the different 
operational environments, it’s no surprise 
there are a vast range of instrumentation 
used to measure plasma and fields

[From Wuest et al., 2007; Cluster mission proposal] 7



The Atmosphere and Ionosphere



NASA ICON mission

Thermosphere 
and 

Ionosphere 
Density Profiles

6/24/21 2021 HSS

• Ionosphere: weakly ionized plasma
• Ion-neutral collisional coupling 

strongly controls the IT dynamics.

From Shasha Zou, HSS 2021



Thermosphere Composition

5

Ø The most abundant neutrals in the lower 
atmosphere are N2 and O2.

Ø The most abundant neutrals in the thermosphere 
are O, N2 and O2. 

Ø Lighter neutrals, such as H and He, become more 
and more important at higher altitudes.

Global average number density profiles at solar 
max from the NRLMSISE-00 empirical model. 
From Emmert, 2015, Advances in Space Research.

2021 HSS

Ø All neutral densities decrease exponentially with 
increasing altitude according to their scale height 
(H, in m) above about 100 km.

Ø K is the Boltzmann constant: 1.38 x 10-23  J/K
Ø g is the gravitational acceleration: 9.8 m/s2

Ø T is the neutral temperature in Kelvin and m is the 
neutral mass in Kg.

! ! = ! !! !!
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From Shasha Zou, HSS 2021



Solar Cycle 
Variability of 
Thermosphere

• Near the bottom of the thermosphere (~100 km), 
the neutrals are well mixed and have the same 
rate of decreasing.

• Above this height, the neutral densities decrease 
according to their own scale height.

• During solar maximum, the solar radiation is 
higher than that during solar minimum. So the 
thermosphere temperature is higher and the scale 
height is larger, and then the neutral density is 
higher.

2021 HSS 106/24/21

From Shasha Zou, HSS 2021



ATMOSPHERIC DENSITY AND SPACECRAFT DRAG

The lower sample rate of the E > 500 keV channel makes a
frequency analysis as was done in the higher-energy channel
uncertain. Nonetheless, the width of these bursts is consistent
with that of the bursts seen at higher energy. In addition to the
three primary microbursts, other precipitation enhancements
can be seen whose widths and separation do not fit the
bouncing packet model. The first two microbursts were
followed by enhancements, whereas the third microburst had
a precursor as well as being followed by enhancements.
This trio of microbursts is highly unusual in the SAMPEX

database of almost 175,000 h of observations [see Blake
et al., 1996; Nakamura et al., 1995; O’Brien et al., 2004].
Although several search techniques for bursty precipitation
have been employed, it is hard to be sure how complete the
searches have been. Nonetheless, some infrequent strong
scattering and, perhaps, even acceleration process took place
at this time.

12. THE PROFOUND 2007–2010 SOLAR MINIMUM

During the period from roughly 2007 well into the year
2010, the Sun went through its deepest minimum of activity in
nearly two centuries [e.g., Turner, 2011]. As a consequence,
there were essentially no significant CME events during that
interval and the solar wind forcing of the Earth’s radiation
belts diminished by an extraordinary degree. Especially in the
late 2008 and 2009, the solar wind speed remained at histor-
ically low average levels as well (see Figure 4). Thus, radia-
tion belt driving was virtually nonexistent.
Figure 24 shows a detail of radiation belt fluxes (bottom

plot) measured by SAMPEX and solar wind speed (top

plot) for 2007, 2008, and part of 2009. As can be seen, by
the end of 2008, the slot region has broadened to a dramatic
extent. In fact, the slot was seen by SAMPEX to extend
from L ~ 2 to L > 4. For all intents and purposes, the outer
radiation belt disappeared entirely from November 2008
and all through 2009. This resulted because (top plot) the
solar wind speed almost never became greater than VSW ~
400 km s!1.

13. THE LAST CHAPTER OF THE SAMPEX SAGA

The resurgence of sunspot activity on the Sun in 2011 (and
up to the present time) after the extraordinary 4 year sunspot
minimum just described means that the uppermost layers of
the Earth’s atmosphere are again being strongly heated and
are expanding outward [see Baker et al., 2012]. This is
causing increased atmospheric drag on low-Earth orbit satel-
lites. The SAMPEX spacecraft is now soon expected to
succumb to this important space weather phenomenon. After
the two decades of achievements documented in this review,
SAMPEX is falling victim to the very solar activity and
enhanced space weather disturbances that it has helped for
so long to assess and understand. The prediction of drag
experts is that SAMPEX will reenter the atmosphere most
probably in September 2012. The earliest likely entry is
August 2012, and the latest likely atmospheric entry is De-
cember 2012. Figure 25 [from Baker et al., 2012] shows the
expected orbit time profile.
When SAMPEX was launched in July 1992, the Sun was

just coming over the peak of its ~11 year sunspot activity
cycle (see Figure 25) and was moving toward much more
quiet solar minimum conditions. Early after its launch, it was
regarded as likely that SAMPEX would reenter due to atmo-
spheric drag forces by 1998 or so and would very probably
not make it through the solar activity maximum around the
year 2000.

Figure 24. Similar to Figure 13 but for the profound solar activity
minimum period of 2007 through 2009.

Figure 25. Daily averaged SAMPEX altitude (red trace) in the
context of the past 22 years of solar activity shown by the monthly
averaged sunspot number (black trace). From Baker et al. [2012].

36 SAMPEX: LONG-SERVING RADIATION BELT SENTINEL

Daily averaged SAMPEX altitude (red) in the context of the
past 22 years of solar activity shown by the monthly
averaged sunspot number (black). From Baker et al. [2012].

ISS altitude over time.  Credit: Heavens_above.com



WHY SHOULD A MAGNETOSPHERIC 
PHYSICIST CARE ABOUT THE IONOSPHERE?



Ebihara and Miyoshi (2011)



PAUSE… QUESTIONS?



• Particle populations 
ranging from eV to MeV

• Waves from mHz to kHz 

• System responds on 
timescales of seconds to 
years

MAGNETOSPHERIC DYNAMICS



Geomagnetic Activity

Many specialist space weather

stations issue a geomagnetic

storm alert two days before it

occurs

Figure 8. Dst index readings.

Impact on the ionosphere and the Iberian Peninsula
The impact on the ionosphere (the conducting part of the atmosphere extending from 60 out to 2000 kilometres from the

Earth’s surface) is crucially important for satellite communication purposes due to its strong influence on the transmission
of electromagnetic waves[16].  When the impact of  the solar  wind causes an appreciable variation in the ionosphere’s
characteristics,  then an «ionospheric  storm» is  said  to  have occurred.  If  this  modification entails  an electron-density

increase (number of electrons per unit of volume) of the ionosphere, this is said to be a «positive ionospheric storm».
Conversely, if the effect is a reduction in this density, it is said to be a «negative storm»[17]. In both cases there may be

significant disturbances to GNSS communication systems.

This  impact  has  been  studied  in  two  different  ways.  Firstly  by  analysing
ionograms (ionosphere readings from high frequency ionosondes) of 23, 24 and 25

October  from  the  Observatorio  del  Ebro  and  INTA’s  Estación  de  Sondeos
Atmosféricos (Atmospheric Sounding Station) of the Centro de Experimentación

(Experimentation Centre) in El Arenosillo (Cedea) Huelva. The results (Figure 9
shows those for El Arenosillo) reveal a slight increase in the critical frequency of

layer F2, foF2, and a significant increase in the height of its maximum electron concentration, hmF2. The increase of foF2

tallies  with the increase in  density  and will  show up in the electron content analysis,  since the plasma frequency is
proportional to the square root of the electron density. The increase in height, for its part, is a characteristic phenomenon

of geomagnetic storms whenever there is a positive ionospheric storm.

Seguridad y Medio Ambiente - N133 file:///U:/Maquetacion/Revistas/SMA/n133/en/article2.html

11 de 20 29/04/2014 18:37

Geomagnetic Storms: Temporary 
(~days) global disturbances of the 
Earth’s magnetosphere caused by 
conditions in the solar wind

Substorms: Temporary (~hours) more 
frequent and localized disturbances
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Li et al., 2011

the solar wind speed. However, the essential feature required for enhancements of the 73"
MeV electron fluxes is geomagnetic activity that in turn requires a southward component 74"
of the interplanetary magnetic field (IMF) [Li et al., 2011a]. The outer belt electrons 75"
exhibit a strong solar cycle and seasonal variation. The electron flux is most intense, on 76"
average, during the declining phase of the sunspot cycle (1993-1995; 2003-2005), 77"
weakest during sunspot minimum (1996-1997; 2008-2010). In particular, the outer belt 78"
electron flux was unusually low during 2008-2010 and so was the geomagnetic activity 79"
as indicated by the averaged Dst curve. The inward penetration of the MeV electrons is 80"
well correlated with the magnitude of the Dst index [Teverskaya, 1986; Zhao and Li, 81"
2013]. Here we show the same that the trend is still evident for the monthly window-82"
averaged electron flux and Dst index. Seasonally, the outer belt is most intense around 83"
the equinoxes [Baker et al., 1999] and also penetrates the deepest around the equinoxes 84"
[Li et al., 2001]. In Figure 1 equinoxes are marked by the vertical yellow bars along the 85"
horizontal axis. It is worth noting that the enhancements during the October 2012 86"
magnetic storms, the period of interest for the rest of this paper, are not particularly 87"
strong in terms of absolute intensity but they are among the strongest enhancements after 88"
years of dormancy.  89"

 90"
Figure 1: (top) Variations of yearly window,averaged sunspot numbers (black curve) and weekly 91"
window-averaged solar wind speed (km/s, red curve). (bottom) Monthly window,averaged, 92"
color,coded in logarithm, and sorted in L (L bin: 0.1) electron fluxes of ~2 MeV (#/cm2,s,sr) 93"
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Eastwood et al., Space Sci. Rev., 2015



Eastwood et al., Space Sci. Rev., 2015

(OPEN QUESTION: relative importance of Dungey cycle at Gas Giants?)



Eastwood et al., Space Sci. Rev., 2015

NASA’s THEMIS mission





SOLAR WIND ACCESS TO THE 
MAGNETOSPHERE
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Waves…

Reeves et al. (2016)



Kletzing et al. (2013)



THE AURORA



SUN-EARTH SYSTEM



Credit: Longzhi Gan; Boulder CO May 2024

Why I like aurora (part I)
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Substorm Overview
Auroral Onset: The OG Substorm Onset Definition

Adapted from Akasofu 
(Planetary and Space Sciences, 1964)

886—1578 citations

Auroral Onset THEMIS white light All-Sky-Imagers (false color)

This presentation is being recorded. – christine.gabrielse@aero.org

Why I like aurora (part II)



Aurora at Jupiter

Why I like aurora (part III)



Aurora at Jupiter

Auroras on Mars imaged by the Hope orbiter
Emirates Mars Mission

Three types of aurora on Mars, as observed by the Imaging 
UltraViolet Spectrograph on MAVEN – Schneider et al. 2019

Aurora at Mars

Why I like aurora (part III)



Measurements from 400 km altitude
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PAUSE – QUESTIONS?



WHAT PARAMETERS GOVERN 
MAGNETOSPHERIC CHARACTERISTICS?

• If we move to other planets/stellar systems, how might 
things vary?



WHAT PARAMETERS GOVERN 
MAGNETOSPHERIC CHARACTERISTICS?

• Planet radius and rotation rate

• Planetary internal magnetic field

• Spin axis, magnetic field axis orientation

• Flowing (solar/stellar wind) plasma properties; distance from sun/star

• Plasma sources (e.g. moons, atmosphere)

• …
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TABLE 1 Properties of the Solar Wind and Scales of Planetary Magnetospheres

Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune Pluto

Distance, aplanet (AU)a 0.31–0.47 0.723 1b 1.524 5.2 9.5 19 30 30–50
Solar wind density

(amu cm−3)b 35–80 16 8 3.5 0.3 0.1 0.02 0.008 0.008–0.003
Radius, RP (km) 2,439 6,051 6,373 3,390 71,398 60,330 25,559 24,764 1,170 (±33)
Surface magnetic field,

B0 (Gauss = 10−4 T) 3 × 10−3 <2 × 10−5 0.31 <10−4 4.28 0.22 0.23 0.14 ?
Planetary radii, Rc

MP 1.4–1.6 RM — 10 RE — 42 RJ 19 RS 25 RU 24 RN

Observed size of 1.4 RM — 8–12 RE — 50–100 RJ 16–22 RS 18 RU 23–26 RN ?
magnetosphere (km) 3.6 × 103 — 7 × 104 — 7 × 106 1 × 106 5 × 105 6 × 105

a 1 AU = 1.5 × 108 km.
b The density of the solar wind fluctuates by about a factor of 5 about typical values of ρsw ∼ [(8 amu cm−3)/a2

planet].
c RMP is calculated using RMP = (B2

0 /2µ0ρu2)1/6 for typical solar wind conditions of ρsw given above and u ∼ 400 km s−1.

outward from the Sun reaches the heliopause. Plasma waves
driven by electron beams generated at the termination
shock and propagating inward along the spiral field lines
of the solar wind have also been identified. As Voyager
continues its journey out of the solar system, it should en-
counter the heliopause and enter the shocked interstellar
plasma beyond. One can predict that new surprises await
discovery.

2.2 Magnetospheres of the Unmagnetized Planets

Earth has a planetary magnetic field that has long been used
as a guide by such travelers as scouts and sea voyagers. How-
ever, not all of the planets are magnetized. Table 1 summa-
rizes some key properties of some of the planets including
their surface magnetic field strengths. The planetary mag-
netic field of Mars is extremely small, and the planetary mag-

Q3
netic field of Venus is nonexistent. [See Mars and Venus.]

Q4 The nature of the interaction between an unmagnetized
planet and the supersonic solar wind is determined princi-
pally by the electrical conductivity of the body. If conduct-
ing paths exist across the planet’s interior or ionosphere,
then electric currents flow through the body and into the
solar wind where they create forces that slow and divert
the incident flow. The diverted solar wind flows around a
region that is similar to a planetary magnetosphere. Mars
and Venus have ionospheres that provide the required con-
ducting paths The barrier that separates planetary plasma
from solar wind plasma is referred to as an ionopause.
The analogous boundary of the magnetosphere of a mag-
netized planet is called a magnetopause. Earth’s Moon, with
no ionosphere and a very low conductivity surface, does not
deflect the bulk of the solar wind incident on it. Instead,
the solar wind runs directly into the surface, where it is
absorbed. [See The Moon.] The absorption leaves the re-
gion immediately downstream of the Moon in the flowing
plasma (the wake) devoid of plasma, but the void fills in as

solar wind plasma flows toward the center of the wake. The
different types of interaction are illustrated in Fig. 4.

FIGURE 4 Schematic illustrations of the interaction regions
surrounding (a) a planet like Mars or Venus, which is sufficiently
conducting that currents close through the planet or its
ionosphere (solar magnetic field lines are shown in yellow to red
and are draped behind the planet) and (b) a body like the Moon,
which has no ionosphere and low surface and interior
conductivity. Credit: Steve Bartlett.

Giant Planets   
Distance 

AU 
Mass 

Earth Mass 
Radius 

Earth Radii 
Density 
1=water 

Composition 
% by mass 

Jupiter 5.20 318 11.2 1.33 
90%  
H, He 

Saturn 9.54 95 9.46 0.71 
75%  
H, He 

Uranus 19.2 14 3.98 1.24 
10% H, He 
Water 
Ammonia 
Methane 

Neptune 30.1 17 3.81 1.67 
10% H, He 
Water 
Ammonia 
Methane 

Saturn has lower mass 
!  lower pressures 
!  smaller region of metallic hydrogen 
!  weaker magnetic field 

Jupiter Saturn 

Rc/Rp=0.84 Rc/Rp=0.6 



GIANT PLANET MAGNETOSPHERES –
URANUS AND NEPTUNE
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FIGURE 8 Orientation of the planets spin axes and
their magnetic fields (magnetic field lines shown in
yellow) with respect to the ecliptic plane
(horizontal). The larger the angle between these
two axes, the greater the magnetospheric variability
over the planet’s rotation period. The variation in
the angle between the direction of the solar wind
(close to radial from the Sun) and a planet’s spin
axis over an orbital period is an indication of the
degree of seasonal variability. Credit: Steve Bartlett.

that their dipole moments are of order 4πµo
−1 Rp

3 10−4 T,
where Rp is the planetary radius (i.e., the dipole moments
scale with planetary size). The degree to which the dipole
model is an oversimplification of more complex structure
is indicated by the ratio of maximum to minimum values
of the surface field. This ratio has a value of 2 for a dipole.
The larger values, particularly for Uranus and Neptune,
are indications of strong nondipolar contributions to the
planets’ magnetic fields. Similarly, the fact that the magnetic
axes of these two planets are strongly tilted (see Fig. 8) also
suggests that the dynamos in the icy giant planets may be
significantly different than those of the planets with aligned,
dipolar planetary magnetic fields.

The size of a planet’s magnetosphere (RMP) depends not
only on the planet’s radius and magnetic field but also on the
ambient solar wind density, which decreases as the inverse
square of the distance from the Sun. (The solar wind speed is
approximately constant with distance from the Sun.) Thus,
it is not only planets with strong magnetic fields that have
large magnetospheres but also the planets Uranus and Nep-
tune whose weak magnetic fields create moderately large
magnetospheres in the tenuous solar wind far from the Sun.
Table 1 shows that the measured sizes of planetary magne-
tospheres generally agree quite well with the theoretical
RMP values. Jupiter, where the plasma pressure inside the
magnetosphere is sufficient to further “inflate” the magne-
tosphere, is the only notable exception. The combination
of a strong internal field and relatively low solar wind den-
sity at 5 AU makes the magnetosphere of Jupiter a huge
object—about 1000 times the volume of the Sun, with a tail
that extends at least 6 A.U. in the antisunward direction, be-
yond the orbit of Saturn. If the jovian magnetosphere were
visible from Earth, its angular size would be much larger
than the size of the Sun, even though it is at least 4 times
farther away. The magnetospheres of the other giant plan-

ets are smaller (although large compared with the Earth’s
magnetosphere), having similar scales of about 20 times
the planetary radius, comparable to the size of the Sun.
Mercury’s magnetosphere is extremely small because the
planet’s magnetic field is weak and the solar wind close to
the Sun is very dense. Figure 9 compares the sizes of several
planetary magnetospheres.

Although the size of a planetary magnetosphere depends
on the strength of a planet’s magnetic field, the configura-
tion and internal dynamics depend on the field orientation
(illustrated in Fig. 8). At a fixed phase of planetary rotation,
such as when the dipole tilts toward the Sun, the orientation
of a planet’s magnetic field is described by two angles (tab-
ulated in Table 2): the tilt of the magnetic field with respect
to the planet’s spin axis and the angle between the planet’s
spin axis and the solar wind direction, which is generally
within a few degrees of being radially outward from the Sun.
Because the direction of the spin axis with respect to the
solar wind direction varies only over a planetary year (many
Earth years for the outer planets), and the planet’s magnetic
field is assumed to vary only on geological time scales, these
two angles are constant for the purposes of describing the
magnetospheric configuration at a particular epoch. Earth,
Jupiter and Saturn have small dipole tilts and small obliqui-
ties. This means that changes of the orientation of the mag-
netic field with respect to the solar wind over a planetary
rotation period and seasonal effects, though detectable, are
small. Thus, Mercury, Earth, Jupiter, and Saturn have rea-
sonably symmetric, quasi-stationary magnetospheres, with
the first three exhibiting a small wobble at the planetary
rotation period owing to their ∼10◦ dipole tilts. In contrast,
the large dipole tilt angles of Uranus and Neptune imply
that the orientation of their magnetic fields with respect
to the interplanetary flow direction varies greatly over a
planetary rotation period, resulting in highly asymmetric
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ROTATION AND MAGNETIC AXES

Planetary Magnetospheres | Summary: some Lessons for Earth

Fig. 19.10. (a) From a simulation by Toth et al. (2004). Uranus’ magnetosphere with spin axis oriented as it was at the time of
the Voyager flyby showing the twisted magnetic configuration of the tail. Magnetic field lines connected to the northern (black
lines) and southern (white lines) poles. Colors represent the x-component of the field. The color scale is saturated near the planet.
(b) From a simulation by Zieger et al. (2004). Diurnal variation of the magnetic field configuration and pressure in an equatorial
dipolar paleomagnetosphere for dipole axis at ! to the normal to the ecliptic plane (left) and at ! (right). The configurations
are close to those those relevant to Neptune’s magnetosphere at different times during a planetary rotation period

to heat the ionosphere. It has been proposed that on
the night side, magnetic shielding of the ionosphere
within the closed magnetic bubbles may limit access of
ionizing electrons and thus imply reduced ionospheric
densities above the crustal anomalies. Although some
magnetospheric phenomena occur in the regions of
anomalously intense magnetic field, their limited spatial
extent precludes the development of most magneto-
spheric phenomena, so the suggestive description of
these regions as “mini-magnetospheres” is, in the view
of this author, not appropriate.

19.4 Summary: some Lessons for Earth

The magnetospheres of the solar system come in
many forms and sizes. By exploring the different
magnetospheres we begin to appreciate that Earth’s

magnetosphere may have been very different in
past epochs. When the magnetic dipole reverses, its
magnitude may decrease; one can conceive of times
when Earth’s magnetosphere resembled Mercury’s,
with the magnetopause lying close to the surface and
can think of how this would have affected Earth. For
example, at such times, energetic particles would have
had ready access to the surface and radiation belts
would have been evanescent. Atmospheric escape
could have been enhanced. The same situation would
have arisen if a magnetosphere had formed in the
earliest days of solar system evolution when a T-Tauri
solar wind was far more powerful than today’s solar
wind.

It is quite likely that during magnetic reversals the
dipole moment merely rotated, possibly producing
a magnetosphere that resembled the highly unstable the
magnetospheres of Uranus and Neptune.

Neptune:

Planetary Magnetospheres | Summary: some Lessons for Earth

Fig. 19.10. (a) From a simulation by Toth et al. (2004). Uranus’ magnetosphere with spin axis oriented as it was at the time of
the Voyager flyby showing the twisted magnetic configuration of the tail. Magnetic field lines connected to the northern (black
lines) and southern (white lines) poles. Colors represent the x-component of the field. The color scale is saturated near the planet.
(b) From a simulation by Zieger et al. (2004). Diurnal variation of the magnetic field configuration and pressure in an equatorial
dipolar paleomagnetosphere for dipole axis at ! to the normal to the ecliptic plane (left) and at ! (right). The configurations
are close to those those relevant to Neptune’s magnetosphere at different times during a planetary rotation period

to heat the ionosphere. It has been proposed that on
the night side, magnetic shielding of the ionosphere
within the closed magnetic bubbles may limit access of
ionizing electrons and thus imply reduced ionospheric
densities above the crustal anomalies. Although some
magnetospheric phenomena occur in the regions of
anomalously intense magnetic field, their limited spatial
extent precludes the development of most magneto-
spheric phenomena, so the suggestive description of
these regions as “mini-magnetospheres” is, in the view
of this author, not appropriate.

19.4 Summary: some Lessons for Earth

The magnetospheres of the solar system come in
many forms and sizes. By exploring the different
magnetospheres we begin to appreciate that Earth’s

magnetosphere may have been very different in
past epochs. When the magnetic dipole reverses, its
magnitude may decrease; one can conceive of times
when Earth’s magnetosphere resembled Mercury’s,
with the magnetopause lying close to the surface and
can think of how this would have affected Earth. For
example, at such times, energetic particles would have
had ready access to the surface and radiation belts
would have been evanescent. Atmospheric escape
could have been enhanced. The same situation would
have arisen if a magnetosphere had formed in the
earliest days of solar system evolution when a T-Tauri
solar wind was far more powerful than today’s solar
wind.

It is quite likely that during magnetic reversals the
dipole moment merely rotated, possibly producing
a magnetosphere that resembled the highly unstable the
magnetospheres of Uranus and Neptune.

Uranus:
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FIGURE 8 Orientation of the planets spin axes and
their magnetic fields (magnetic field lines shown in
yellow) with respect to the ecliptic plane
(horizontal). The larger the angle between these
two axes, the greater the magnetospheric variability
over the planet’s rotation period. The variation in
the angle between the direction of the solar wind
(close to radial from the Sun) and a planet’s spin
axis over an orbital period is an indication of the
degree of seasonal variability. Credit: Steve Bartlett.

that their dipole moments are of order 4πµo
−1 Rp

3 10−4 T,
where Rp is the planetary radius (i.e., the dipole moments
scale with planetary size). The degree to which the dipole
model is an oversimplification of more complex structure
is indicated by the ratio of maximum to minimum values
of the surface field. This ratio has a value of 2 for a dipole.
The larger values, particularly for Uranus and Neptune,
are indications of strong nondipolar contributions to the
planets’ magnetic fields. Similarly, the fact that the magnetic
axes of these two planets are strongly tilted (see Fig. 8) also
suggests that the dynamos in the icy giant planets may be
significantly different than those of the planets with aligned,
dipolar planetary magnetic fields.

The size of a planet’s magnetosphere (RMP) depends not
only on the planet’s radius and magnetic field but also on the
ambient solar wind density, which decreases as the inverse
square of the distance from the Sun. (The solar wind speed is
approximately constant with distance from the Sun.) Thus,
it is not only planets with strong magnetic fields that have
large magnetospheres but also the planets Uranus and Nep-
tune whose weak magnetic fields create moderately large
magnetospheres in the tenuous solar wind far from the Sun.
Table 1 shows that the measured sizes of planetary magne-
tospheres generally agree quite well with the theoretical
RMP values. Jupiter, where the plasma pressure inside the
magnetosphere is sufficient to further “inflate” the magne-
tosphere, is the only notable exception. The combination
of a strong internal field and relatively low solar wind den-
sity at 5 AU makes the magnetosphere of Jupiter a huge
object—about 1000 times the volume of the Sun, with a tail
that extends at least 6 A.U. in the antisunward direction, be-
yond the orbit of Saturn. If the jovian magnetosphere were
visible from Earth, its angular size would be much larger
than the size of the Sun, even though it is at least 4 times
farther away. The magnetospheres of the other giant plan-

ets are smaller (although large compared with the Earth’s
magnetosphere), having similar scales of about 20 times
the planetary radius, comparable to the size of the Sun.
Mercury’s magnetosphere is extremely small because the
planet’s magnetic field is weak and the solar wind close to
the Sun is very dense. Figure 9 compares the sizes of several
planetary magnetospheres.

Although the size of a planetary magnetosphere depends
on the strength of a planet’s magnetic field, the configura-
tion and internal dynamics depend on the field orientation
(illustrated in Fig. 8). At a fixed phase of planetary rotation,
such as when the dipole tilts toward the Sun, the orientation
of a planet’s magnetic field is described by two angles (tab-
ulated in Table 2): the tilt of the magnetic field with respect
to the planet’s spin axis and the angle between the planet’s
spin axis and the solar wind direction, which is generally
within a few degrees of being radially outward from the Sun.
Because the direction of the spin axis with respect to the
solar wind direction varies only over a planetary year (many
Earth years for the outer planets), and the planet’s magnetic
field is assumed to vary only on geological time scales, these
two angles are constant for the purposes of describing the
magnetospheric configuration at a particular epoch. Earth,
Jupiter and Saturn have small dipole tilts and small obliqui-
ties. This means that changes of the orientation of the mag-
netic field with respect to the solar wind over a planetary
rotation period and seasonal effects, though detectable, are
small. Thus, Mercury, Earth, Jupiter, and Saturn have rea-
sonably symmetric, quasi-stationary magnetospheres, with
the first three exhibiting a small wobble at the planetary
rotation period owing to their ∼10◦ dipole tilts. In contrast,
the large dipole tilt angles of Uranus and Neptune imply
that the orientation of their magnetic fields with respect
to the interplanetary flow direction varies greatly over a
planetary rotation period, resulting in highly asymmetric



WHAT WE DIDN’T DISCUSS…
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TABLE 1 Properties of the Solar Wind and Scales of Planetary Magnetospheres

Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune Pluto

Distance, aplanet (AU)a 0.31–0.47 0.723 1b 1.524 5.2 9.5 19 30 30–50
Solar wind density

(amu cm−3)b 35–80 16 8 3.5 0.3 0.1 0.02 0.008 0.008–0.003
Radius, RP (km) 2,439 6,051 6,373 3,390 71,398 60,330 25,559 24,764 1,170 (±33)
Surface magnetic field,

B0 (Gauss = 10−4 T) 3 × 10−3 <2 × 10−5 0.31 <10−4 4.28 0.22 0.23 0.14 ?
Planetary radii, Rc

MP 1.4–1.6 RM — 10 RE — 42 RJ 19 RS 25 RU 24 RN

Observed size of 1.4 RM — 8–12 RE — 50–100 RJ 16–22 RS 18 RU 23–26 RN ?
magnetosphere (km) 3.6 × 103 — 7 × 104 — 7 × 106 1 × 106 5 × 105 6 × 105

a 1 AU = 1.5 × 108 km.
b The density of the solar wind fluctuates by about a factor of 5 about typical values of ρsw ∼ [(8 amu cm−3)/a2

planet].
c RMP is calculated using RMP = (B2

0 /2µ0ρu2)1/6 for typical solar wind conditions of ρsw given above and u ∼ 400 km s−1.

outward from the Sun reaches the heliopause. Plasma waves
driven by electron beams generated at the termination
shock and propagating inward along the spiral field lines
of the solar wind have also been identified. As Voyager
continues its journey out of the solar system, it should en-
counter the heliopause and enter the shocked interstellar
plasma beyond. One can predict that new surprises await
discovery.

2.2 Magnetospheres of the Unmagnetized Planets

Earth has a planetary magnetic field that has long been used
as a guide by such travelers as scouts and sea voyagers. How-
ever, not all of the planets are magnetized. Table 1 summa-
rizes some key properties of some of the planets including
their surface magnetic field strengths. The planetary mag-
netic field of Mars is extremely small, and the planetary mag-

Q3
netic field of Venus is nonexistent. [See Mars and Venus.]

Q4 The nature of the interaction between an unmagnetized
planet and the supersonic solar wind is determined princi-
pally by the electrical conductivity of the body. If conduct-
ing paths exist across the planet’s interior or ionosphere,
then electric currents flow through the body and into the
solar wind where they create forces that slow and divert
the incident flow. The diverted solar wind flows around a
region that is similar to a planetary magnetosphere. Mars
and Venus have ionospheres that provide the required con-
ducting paths The barrier that separates planetary plasma
from solar wind plasma is referred to as an ionopause.
The analogous boundary of the magnetosphere of a mag-
netized planet is called a magnetopause. Earth’s Moon, with
no ionosphere and a very low conductivity surface, does not
deflect the bulk of the solar wind incident on it. Instead,
the solar wind runs directly into the surface, where it is
absorbed. [See The Moon.] The absorption leaves the re-
gion immediately downstream of the Moon in the flowing
plasma (the wake) devoid of plasma, but the void fills in as

solar wind plasma flows toward the center of the wake. The
different types of interaction are illustrated in Fig. 4.

FIGURE 4 Schematic illustrations of the interaction regions
surrounding (a) a planet like Mars or Venus, which is sufficiently
conducting that currents close through the planet or its
ionosphere (solar magnetic field lines are shown in yellow to red
and are draped behind the planet) and (b) a body like the Moon,
which has no ionosphere and low surface and interior
conductivity. Credit: Steve Bartlett.
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FIGURE 7 Schematic illustration of the magnetic field and plasma properties in
the neighborhood of a comet. The length scale is logarithmic. The nucleus is
surrounded by a region of dense plasma into which the solar wind does not
penetrate. This region is bounded by a contact surface. Above that lies an
ionopause or cometopause bounding a region in which ions of cometary origin
dominate. Above this, there is a transition region in which the solar wind has been
modified by the addition of cometary ions. As ions are added, they must be
accelerated to become part of the flow. The momentum to accelerate the
picked-up ions is extracted from the solar wind; consequently, in the transition
region, the density is higher and the flow speed is lower than in the unperturbed
solar wind. The newly picked up ions often generate plasma waves. The region
filled with cometary material is very large, and it is this region that imposes the
large-scale size on the visually observable signature of a comet. Spacecraft
observations suggest that there is no shock bounding the cometary interaction
region because the effects of ion pickup serve to slow the flow below the critical
sound and Alfvén speeds without the need for a shock transition. Similar to
Venus-like planets, the solar wind magnetic field folds around the ionopause,
producing a magnetic tail that organizes the ionized plasma in the direction
radially away from the Sun and produces a distinct comet tail with a visual
signature. The orientation of the magnetic field in the tail is governed by the solar
wind field incident on the comet, and it changes as the solar wind field changes
direction. Dramatic changes in the structure of the magnetic tail are observed
when the solar wind field reverses direction. Credit: J. A. Van Allen and F.
Bagenal, 1999, Planetary magnetospheres and the interplanetary medium, in
“The New Solar System,” 4th Ed. (Beatty, Petersen, and Chaikin, eds.), Sky
Publishing and Cambridge Univ. Press.

is ρu2 where ρ is the mass density and u is its flow veloc-
ity in the rest frame of the planet. The thermal and mag-
netic pressures of the solar wind are small compared with
its dynamic pressure.) Assuming that the planetary mag-
netic field is dominated by its dipole moment and that the
plasma pressure within the magnetosphere is small, one
can estimate RMP as RMP ≈ RP(B0

2/2µ0ρu2)1/6. Here B0
is the surface equatorial field of the planet and RP is its ra-
dius. Table 1 gives the parameters needed to evaluate RMP
for the different planets and shows the vast range of scale

sizes both in terms of the planetary radii and of absolute
distance.

Within a magnetosphere, the magnetic field differs
greatly from what it would be if the planet were placed
in a vacuum. The field is distorted, as illustrated in Fig. 1,
by currents carried on the magnetopause and in the
plasma trapped within the magnetosphere. Properties of
the trapped plasma and its sources are discussed in Sec-
tion 4. An important source of magnetospheric plasma is
the solar wind. Figure 1 makes it clear that, along most

Unmagnetized conducting bodies (e.g.Venus):
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TABLE 1 Properties of the Solar Wind and Scales of Planetary Magnetospheres

Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune Pluto

Distance, aplanet (AU)a 0.31–0.47 0.723 1b 1.524 5.2 9.5 19 30 30–50
Solar wind density

(amu cm−3)b 35–80 16 8 3.5 0.3 0.1 0.02 0.008 0.008–0.003
Radius, RP (km) 2,439 6,051 6,373 3,390 71,398 60,330 25,559 24,764 1,170 (±33)
Surface magnetic field,

B0 (Gauss = 10−4 T) 3 × 10−3 <2 × 10−5 0.31 <10−4 4.28 0.22 0.23 0.14 ?
Planetary radii, Rc

MP 1.4–1.6 RM — 10 RE — 42 RJ 19 RS 25 RU 24 RN

Observed size of 1.4 RM — 8–12 RE — 50–100 RJ 16–22 RS 18 RU 23–26 RN ?
magnetosphere (km) 3.6 × 103 — 7 × 104 — 7 × 106 1 × 106 5 × 105 6 × 105

a 1 AU = 1.5 × 108 km.
b The density of the solar wind fluctuates by about a factor of 5 about typical values of ρsw ∼ [(8 amu cm−3)/a2

planet].
c RMP is calculated using RMP = (B2

0 /2µ0ρu2)1/6 for typical solar wind conditions of ρsw given above and u ∼ 400 km s−1.

outward from the Sun reaches the heliopause. Plasma waves
driven by electron beams generated at the termination
shock and propagating inward along the spiral field lines
of the solar wind have also been identified. As Voyager
continues its journey out of the solar system, it should en-
counter the heliopause and enter the shocked interstellar
plasma beyond. One can predict that new surprises await
discovery.

2.2 Magnetospheres of the Unmagnetized Planets

Earth has a planetary magnetic field that has long been used
as a guide by such travelers as scouts and sea voyagers. How-
ever, not all of the planets are magnetized. Table 1 summa-
rizes some key properties of some of the planets including
their surface magnetic field strengths. The planetary mag-
netic field of Mars is extremely small, and the planetary mag-

Q3
netic field of Venus is nonexistent. [See Mars and Venus.]

Q4 The nature of the interaction between an unmagnetized
planet and the supersonic solar wind is determined princi-
pally by the electrical conductivity of the body. If conduct-
ing paths exist across the planet’s interior or ionosphere,
then electric currents flow through the body and into the
solar wind where they create forces that slow and divert
the incident flow. The diverted solar wind flows around a
region that is similar to a planetary magnetosphere. Mars
and Venus have ionospheres that provide the required con-
ducting paths The barrier that separates planetary plasma
from solar wind plasma is referred to as an ionopause.
The analogous boundary of the magnetosphere of a mag-
netized planet is called a magnetopause. Earth’s Moon, with
no ionosphere and a very low conductivity surface, does not
deflect the bulk of the solar wind incident on it. Instead,
the solar wind runs directly into the surface, where it is
absorbed. [See The Moon.] The absorption leaves the re-
gion immediately downstream of the Moon in the flowing
plasma (the wake) devoid of plasma, but the void fills in as

solar wind plasma flows toward the center of the wake. The
different types of interaction are illustrated in Fig. 4.

FIGURE 4 Schematic illustrations of the interaction regions
surrounding (a) a planet like Mars or Venus, which is sufficiently
conducting that currents close through the planet or its
ionosphere (solar magnetic field lines are shown in yellow to red
and are draped behind the planet) and (b) a body like the Moon,
which has no ionosphere and low surface and interior
conductivity. Credit: Steve Bartlett.

Unmagnetized non-conducting bodies (e.g. the Moon):

Comets:



SPACE WEATHER IMPACTS



SPACE WEATHER

The variable conditions on the Sun and in the space environment that 
can influence the performance and reliability of spaceborne and 
groundbased technological systems, as well as endanger life or health.

U.S. government. The survey report suggests that the
NSWP be placed under the National Science and Technol-
ogy Council in the OSTP Executive Office of the President.

These steps and others comprise the survey’s recom-
mended new initiative in space weather and climatology
(SWaC—Chapter 7). Implementing the initiative would
require the support of OSTP and the full involvement of
the Office of Management and Budget (OMB). An analysis
by the decadal survey steering committee showed that to
establish the required observational platforms and the
modeling tools envisioned in the SWaC initiative would
require approximately $100–200million per year over the
course of the next decade.

The survey steering committee recommends a height-
ened role for NASA in the implementation of the SWaC
initiative. For example, one model suggested in the report
would be to establish a new program within NASA that
would be chartered to design, build, test, and launch the
key space-based space weather assets. This new activity
would build upon the knowledge, experience, and innova-
tive potential of the broad NASA science community. In

this scenario, NOAA and other operational agencies would
help define requirements while NASA would assume new
“monitoring” functions.

Regardless of how the SWaC or a similar effort is
organized, it is the strong view of the decadal survey com-
mittee that senior government officials must step up and
define—at long last—an operational space weather system
worthy of a leading technological society.

Daniel N. Baker is a Broad Reach Endowed Chair of Space
Sciences Director, Laboratory for Atmospheric and Space Phys-
ics Professor, and Astrophysical and Planetary Sciences Profes-
sor in the department of physics at the University of Colorado in
Boulder, Colorado. Email: Daniel.Baker@LASP.colorado.edu.

Art Charo is a Study Director on the Space Studies Board at the
National Research Council, Washington, DC.

Thomas Zurbuchen is a Professor of Space Science and Aero-
space Engineering and an Associate Dean for Entrepreneurship
at the University of Michigan, Ann Arbor, Michigan.

Figure 1. Space weather effects on critical infrastructure. Source: NASA, Heliophysics:
The New Science of the Sun-Solar System Connection. Recommended Roadmap for Science and
Technology 2005–2035, NP-2005-11-740-GSFC, NASA, Greenbelt, Md., February 2006, available
at http://sec.gsfc.nasa.gov/Roadmap_FINALpri.pdf.
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Surface degradation 
from atomic oxygen

Spacecraft  components
become radioactive

Mazur, Fennell, & O’Brien, Proc. 31st AAS 
Guidance and Control Conf., vol 131, 2008 
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Fig. 5. Global maps of electrons with energy MeV measured at km
altitude by the SAMPEX spacecraft for two successive days (9 and 10 January
1997). Intensities of electrons are grey-coded according to bar at right. A much
higher electron flux is indicated for 10 Jan. by the bright “collar” around the
north pole compared to the previous day.

respectively. It is seen that on January 9 there was a very weak
and narrow radiation belt detected at the SAMPEX (600-km)
altitude. However, on January 10 the arrival of a magnetic cloud
made the outer radiation zone projection much broader and
more intense. Note that the “collar” of high fluxes around the
northern pole in Fig. 5(b) was broader, more intense, and more
azimuthally complete than for 9 January. Hence the radiation
belts became very elevated in this January 1997 event on a
timescale of less than one day.
The abruptness and global coherence of the electron accel-

eration in the January 1997 event is further shown in Fig. 6.
The lower panel plots the 2–6 MeV electron counting rates at

6.6 for SAMPEX sensors for the period January 1–30,
1997. There were essentially no detectable electrons in this en-
ergy range prior to January 10. As the magnetic cloud reached
Earth, the electrons jumped up in flux over a broad range of
values (3.5 6) almost simultaneously [19]. The upper

panel of Fig. 6 shows a line plot of Highly Elliptical Orbit (HEO)
data in a comparable energy range for the same time period.
The HEO spacecraft [20] is in a 60 -inclination orbit with 7
apogee; it makes two cuts through the radiation belts every 12
h. The HEO and SAMPEX measurements show similar time
behavior thus emphasizing the global, coherent electron accel-
eration that occurred. The Telstar 401 failure occurred just as
the very energetic electrons in the outer radiation zone reached
their maximum levels.
It is virtually certain that the Anik anomalies in 1994, and

quite probably the Telstar failure in 1997, were due to deep di-
electric charging. As noted by Vampola [21], secondary elec-
trons may be emitted from the surface of spacecraft subsystems
by incident electrons so the net charge of the dielectric may re-

(a)

(b)

Fig. 6. (a) HEO electron dose values ( 1.5 MeV) for January 1997. (b)
Electron flux values for January 1997 measured by SAMPEX at 6.6 (2

6 MeV). An abrupt coherent flux increase was seen on 10 January and the
Telstar 401 spacecraft failed on 11 January.

main low. Nevertheless, a large field may build up in the dielec-
tric material itself. Laboratory researchers have modeled the in-
ternal conditionswithin a thick dielectric as it is bombardedwith
energetic electrons [21]. The potential that results is a function
of the flux and energy spectrum of the incident electrons, and
of the geometry and conductivity of the dielectric. If the rate of
charge deposition by the incident electrons exceeds the rate at
which charge leaks out as a result of the conductivity of the ma-
terial, the potential in the bulk dielectric can exceed the break-
down potential for that material, resulting in a discharge. Direct
experience with space systems [21] show that the probability of
deep-dielectric (or “bulk”) discharges in spacecraft experiments
goes up dramatically as the daily fluence of high energy elec-
tron irradiating a spacecraft goes up. This is demonstrated very
clearly by the data [21] plotted in Fig. 7.

Baker (2000)
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TAKE-AWAYS

• The near-Earth space environment is fascinating both from 
a pure physics as well as applied perspective
• Studying our own magnetosphere can teach us a lot about planetary 

magnetospheres and star-planet interactions in general

• The system is complex and interconnected
• Other star-planet/moon interactions provide a laboratory to learn how 

different variables affect the overall system, how well we really understand 
our own system



BEFORE WE LEAVE…

Write down:

1. one thing you found interesting

2. one question about today’s material
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COMMON MISCONCEPTIONS…



SOLAR WIND
Solar Wind: Global Properties E N C Y C L O P E D I A O F A S T R O N O M Y AN D A S T R O P H Y S I C S

Table 2. Average solar wind parameters at 1 AU, for the time around solar activity minimum.

Slow wind Fast wind

Flow speed vP 250–400 km s−1 400–800 km s−1

Proton density nP 10.7 cm−3 3.0 cm−3

Proton flux density nPvP 3.7 × 108 cm−2 s−1 2.0 × 108 cm−2 s−1

Proton temperature TP 3.4 × 104 K 2.3 × 105 K
Electron temperature Te 1.3 × 105 K 1 × 105 K
Momentum flux density 2.12 × 108 dyn cm−2 2.26 × 108 dyn cm−2

Total energy flux density 1.55 erg cm−2 s−1 1.43 erg cm−2 s−1

Helium content 2.5%, variable 3.6%, stationary
Sources Streamer belt Coronal holes

Some further characteristics of different solar wind
types at solar activity minimum are:

• The fast solar wind emerges from magnetically open
coronal holes which are representative of the inactive
Sun, i.e. the ‘quiet’ Sun. Consistently, the ‘quiet’
type solar wind is found in high-speed streams.
Although the major coronal holes usually cover the
polar caps at latitudes beyond 40–60◦, the solar wind
emerging there over-expands significantly and fills
up all heliosphere except for the 40◦ wide streamer
belt close to the heliomagnetic equator.

• The slow solar wind of the minimum type originates
from above the more active regions on the Sun.
It is constrained to the warped streamer belt and
comprises the large-scale heliospheric current sheet.
The low helium content in this type of solar wind
indicates a larger release height. It is not clear yet
how slow solar wind can be released at all. The
transition from closed loops down below to an open
field topology of the free solar wind flow above
requires some kind of reconnection, be it in a steady-
state mode or involving transient phenomena. It
is conceivable that the slow solar wind might be
released in a transient mode, in analogy to water
drops dripping from the ceiling of a limestone cavern.
(A thorough discussion of solar wind acceleration
processes can be found in the articles SOLAR WIND:

THEORY and SOLAR WIND ACCELERATION.)

Note that there is no continuous transition between these
two types. Rather, the boundary layers between them are
very thin close to the Sun and correspond in detail to the
boundaries of the coronal holes.

There are two additional types of solar wind which
can be considered products of the active Sun rather than
the quiet Sun:

• the slow wind of the maximum type emerges from
substantially larger areas distributed all over the Sun
and often located far from any current sheet. It
contains twice as much helium than the minimum
type,

• plasma clouds released in huge eruptions at the sun
can often be discerned by the unusually high helium

percentages (up to some 30%) and other signatures
(see the article SOLAR WIND: MANIFESTATIONS OF SOLAR

ACTIVITY). Around activity maximum, these clouds
contribute about 10% to the total solar wind flow, on
the average.

In conclusion, it is only fair to state that for none of
the mentioned types of solar wind is there a unique and
generally accepted theoretical model. At present, existing
theories are highly controversial. For example, an exciting
alternative model for generating the fast or even all solar
wind is acceleration in the form of numerous smallest-
scale high-velocity jets (other terms in use: microflares,
nanoflares, coronal bullets) that were discovered in very
high resolution UV observations of the Sun (see TRANSITION

REGION: EXPLOSIVE EVENTS). Apparently, such a model is in
extreme contrast to Parker’s classical thermal expansion
model and its derivatives. This clearly illustrates that the
understanding of solar wind acceleration is not yet on firm
ground, and further research is needed.
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Physicist Victor Hess on a balloon 
flight in 1912. Credit: SPL



DUNGEY CYCLEMagnetic Reconnection 

Fpc = open magnetic flux 
in the polar cap!

ΦD = dayside 
reconnection rate!

ΦN = nightside 
reconnection rate!

! 

dFPC
dt
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PERIODIC THERMOSPHERE MASS DENSITY PERTURBATIONS

Density - 400km altitude

Solar EUV flux index

Day of Year , 2005
Note: Orbit-averaged  density with an overall estimated error (systematic and statistical)
of less than 10%



• Other planets….

Slide from Fran Bagenal 
2014 HSS lecture
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Lockwood (2022) Frontiers 
“The Joined-up Magnetosphere”




