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MAGNETOSPHERES

• What are they?

• What do they look like?

• How do they behave?

• How do we know any of this?

(something we should ask ourselves all the 

time, about any information presented to us!)





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!



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



Photons

Particles

Fields

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?



Photons

Particles

Fields

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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EARTH’S MAGNETOSPHERE

Lockwood (2022) Frontiers 

“The Joined-up Magnetosphere”



EARTH’S MAGNETOSPHERE



BOW SHOCK - 

COLLISIONLESS SHOCKS IN PLASMAS

Spreiter'&'Stahara'
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COLLISIONLESS SHOCKS IN PLASMAS

Spreiter'&'Stahara'
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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

Artemyev et al. (2022)

Proton Tpara Proton Tperp

density Flow vx



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

Notes: 

Pristine solar wind is not what is actually directly interacting with the magnetosphere 

Sheath is not uniform or boring.  Lots of ongoing work into dayside transients and structure/substructure 



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

Notes: 

Pristine solar wind is not what is actually directly interacting with the magnetosphere 

Sheath is not uniform or boring.  Lots of ongoing work into dayside transients and structure/substructure 



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

NASA’s Magnetospheric Multiscale Mission (MMS)
NASA’s THEMIS mission

Notes: 

Pristine solar wind is not what is actually directly interacting with the magnetosphere

Sheath is not uniform or boring.  Lots of ongoing work into dayside transients and structure/substructure 



EARTH’S MAGNETOSPHERE



MAGNETOPAUSE

Total pressure P:

Dynamic pressure

Thermal pressure

Magnetic pressure
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MAGNETOPAUSE

Total pressure P:

Dynamic pressure

Thermal pressure

Magnetic pressure

Solar wind: Earth’s Magnetosphere:

~

Haaland et al. (2020)

Shue et al. (1997)

How do we know this?
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Where do these particles originate?
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How do we determine magnetospheric plasma origin?



HOW DO WE KNOW THIS?

Kistler et al. (2023, 2020)



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)





The Atmosphere and Ionosphere



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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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

Kp vs Dst vs AE?
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SUN-EARTH SYSTEM



SOLAR WIND ACCESS TO THE 
MAGNETOSPHERE
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Kelvin-Helmholtz Instability



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



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

NASA’s THEMIS mission



MAGNETOSPHERIC CURRENT SYSTEMS

McPherron et al. (1973)



THE AURORA



Credit: Longzhi Gan; Boulder CO May 2024

Why I like aurora (part I)



42

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)

NASA’s Juno mission



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)



TIMESCALES OF MAGNETOSPHERIC 
DYNAMICS
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Baker et al., Science (2013)
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Baker (2000)

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"

L
 S

h
e
ll 

Li et al. 2013
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Waves…

Reeves et al. (2016)



Kletzing et al. (2013)



PAUSE – QUESTIONS?



GROUP EXERCISE



Adapted from Sorathia et al. (2021)



Design a mission to study these meso-scale flows, energy and 

mass transport from the tail to the inner magnetosphere

Adapted from Sorathia et al. (2021)



SOME EXISTING 
MISSION CONCEPTS

MagCon

• MagCon 

• CINEMA 

• PARAGON

• …



2024 HELIO DECADAL SURVEY RECOMMENDATION:
 LINKS MISSION 



TAKE-AWAYS

• The near-Earth space environment is fascinating both from a pure 
physics as well as applied perspective

• Shock physics, particle acceleration, magnetic reconnection…

• Studying our own magnetosphere can teach us a lot about planetary magnetospheres 
and star-planet interactions in general

• Earth’s dynamic magnetosphere directly impacts society, ground and space-based assets

• The system is complex and interconnected

• “system-of-systems” where each component may feed back and influence another

• 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



Unmagnetized conducting bodies (e.g. Venus):

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

Comets:
Neptune:

Uranus: Exoplanets:

Heliospheres:



ATMOSPHERIC DENSITY AND SPACECRAFT DRAG

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



ATMOSPHERIC DENSITY AND SPACECRAFT DRAG

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].



Ebihara and Miyoshi (2011)



Ebihara and Miyoshi (2011)



BEFORE WE LEAVE…

Write down:

1. one thing you found interesting

2. one question about today’s material





Surface degradation 

from atomic oxygen

Spacecraft  components

become radioactive

Mazur, Fennell, & O’Brien, Proc. 31st AAS 

Guidance and Control Conf., vol 131, 2008 



Baker (2000)

SPACE WEATHER IMPACTS



DUNGEY CYCLEMagnetic Reconnection 

Fpc = open magnetic flux 

in the polar cap!

FD = dayside 

reconnection rate!

FN = nightside 

reconnection rate!

!  

dFPC

dt
= ² D (t) # ² N (t)



• Other planets….

Slide from Fran Bagenal 
2014 HSS lecture

10



Lockwood (2022) Frontiers 

“The Joined-up Magnetosphere”



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


	Slide 1: Helio Overview II: Geospace plasma environment
	Slide 2: A bit about myself:
	Slide 3: Magnetospheres
	Slide 4
	Slide 5: A few notes:
	Slide 6: Quick poll
	Slide 7: What is a Magnetosphere?
	Slide 8: What is a Magnetosphere?
	Slide 9: Earth’s Magnetosphere
	Slide 10: Earth’s Magnetosphere
	Slide 11: Earth’s Magnetosphere
	Slide 12: Earth’s Magnetosphere
	Slide 13: Earth’s Magnetosphere
	Slide 14: Earth’s Magnetosphere
	Slide 15: Earth’s Magnetosphere
	Slide 16: Bow Shock -  collisionless shocks in plasmas
	Slide 17: Bow Shock -  collisionless shocks in plasmas
	Slide 18: Bow Shock -  collisionless shocks in plasmas
	Slide 19: Bow Shock -  collisionless shocks in plasmas
	Slide 20
	Slide 21
	Slide 22
	Slide 23: Earth’s Magnetosphere
	Slide 24: Magnetopause
	Slide 25: Magnetopause
	Slide 26: Magnetopause
	Slide 27: The Bubble Isn’t Empty
	Slide 28: The Bubble Isn’t Empty
	Slide 29: Particle Sources:  The Earth’s Upper Atmosphere (Relative importance is actively debated.)  and  The Solar Wind (How? is actively debated.)
	Slide 30: Particle Sources:  The Earth’s Upper Atmosphere (Relative importance is actively debated.)  and  The Solar Wind (How? is actively debated.)
	Slide 31: How do we know this?
	Slide 32: Earth’s Magnetosphere
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38: Pause… Questions?
	Slide 39: Magnetospheric dynamics
	Slide 40
	Slide 41
	Slide 42
	Slide 43: Sun-Earth System
	Slide 44: Solar wind access to the magnetosphere
	Slide 45
	Slide 46
	Slide 47: Magnetospheric current systems
	Slide 48: The Aurora
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53: Timescales of magnetospheric dynamics
	Slide 54: Radiation belt dynamics
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59: Pause – questions?
	Slide 60: Group exercise
	Slide 61
	Slide 62
	Slide 63: Some existing mission concepts
	Slide 64: 2024 Helio Decadal survey Recommendation:  Links mission 
	Slide 65: Take-aways
	Slide 66
	Slide 67: Atmospheric Density and Spacecraft Drag
	Slide 68: Atmospheric Density and Spacecraft Drag
	Slide 69
	Slide 70
	Slide 71: Before we leave…
	Slide 72
	Slide 73
	Slide 74: Space Weather Impacts
	Slide 75: Dungey Cycle
	Slide 76
	Slide 77
	Slide 78: Quick exercise: Why should ___ learn about ___?

