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MAGNETOSPHERES

ÅWhat are they?

ÅWhat do they look like?

ÅHow do they behave?

ÅHow do we know any of this?

(something we should ask ourselves all the 

time, about any information presented to us!)





A FEW NOTES:

ÅPlease interrupt at any point with questions, comments, 
additions from your own research or experience

ÅMy hope is youõll learn as much (more?) from each other as 
you do from me

Also: Letõs consider common questions or misconceptions 
throughout this talké 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) Earthõs magnetosphere

C) Earthõs 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 planetõs 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 planetõs 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:
Å Originates in a dynamo process inside the Earthõs core

Å Close to the surface described by as a dipole or a 

multipole

Å Variable in magnitude and direction: polarity reversals 

approximately all 500 000 years.

The outer field:
Å Originates in current systems in the ionosphere and 

magnetosphere, driven by the solar wind flow 

Å Blunted on the sunward (òdayó) side, long extended tail 
on the anti-sunward (ònightó) side

EARTHõS MAGNETOSPHERE
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EARTHõS MAGNETOSPHERE

Lockwood (2022) Frontiers 

òThe Joined-up Magnetosphereó



EARTHõS MAGNETOSPHERE



BOW SHOCK - 

COLLISIONLESS SHOCKS IN PLASMAS

Spreiter'&'Stahara'
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Earthõs Magnetosheath vs solar wind plasma ð 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 
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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 

NASAõs Magnetospheric Multiscale Mission (MMS)
NASAõs 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 
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MAGNETOPAUSE

Total pressure P:

Dynamic pressure

Thermal pressure

Magnetic pressure



MAGNETOPAUSE

Total pressure P:

Dynamic pressure

Thermal pressure

Magnetic pressure

Solar wind: Earthõs Magnetosphere:

~

How do we know this?



MAGNETOPAUSE

Total pressure P:

Dynamic pressure

Thermal pressure

Magnetic pressure

Solar wind: Earthõs Magnetosphere:

~

Haaland et al. (2020)

Shue et al. (1997)

How do we know this?
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Earthõs Magnetosphere

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)



EARTHõS MAGNETOSPHERE





Borovsky and Valdivia (2018)



388 J.B.Blake et al.

Fig. 5 Designsensitivity for the MagEIS electroninstruments.The minimum and maximumare plotted

for eachof the threechambersbasedon one-countper sector(min) and electronicssaturation(max).Also

includedfor referenceare themaximumþuxes thatare expectedbasedupontheAE8 radiationmodel,data

from the CRRESmission (MEA), and the missionrequirementsfor the RBSP. MEA 500 meansCRRES

Orbit 500,andMEA 600meansCRRESOrbit 600

usedto closetheþuxpath.A key aspectof the designis driven by this requirement;the

detectorsare enclosedwithin the magnetchambers,leaving only a small slit for electrical

cabling.The strayýeldrequirementalso requiresscrupulousattentionto be paid to the

way the chambers are assembled. Joining seams between yoke pieces are minimized, and

the joining surfacesarelappedtogetherbeforeassemblyin orderto assurea magnetically-

tight assembly. Placinga shield of magnetically-softmaterialaround the units was also

contemplatedasa way to reducethe challengeof creatinglow-leakagemagneticcircuits.

However, the polarizability of suchshieldscreateda larger problemthanit solved,as the

dynamicresidualýeldsat the magnetometerthat variedwith spin phase,and RBSPhasa

morechallengingrequirementondynamicstrayýelds(lessthan0.1nT).ThusMagEISdoes

notemploy magneticshields.

MagEIS useshigh-performancemagneticmaterials.The magnetsare madeof high-

energy productmaterialsto enablesmall magnetsto be used.In this way weight is kept

relatively low, and,perhapsmoreimportantly, packagingis keptsmall, keepingtherequire-

mentsfor yokemateriallow. Theuseof high-energy productmagnetsalsoallowsfor precise

adjustmentof theýeldin thegap, asthemagnetsarepartially magnetizedratherthanusing

themaximumenergy productavailable. This approachalsoallows a commongeometryto

beusedfor thelow and mediumchambers.For themagnetsin thesechambersasamarium-

cobalt(2ï17)alloy having an energy productof 18 MGOeis used.A NdFeBalloy with

energy product50 MGOeprovidesthe higherýeldstrengthrequiredin the high chamber.

In additionto thesealloys having higherenergy productsthanolder materialssuchasAl-

nico, they also have higher intrinsic coercivity, making themeasierto work with without

theirmagnetizationchanging.Theyokematerialusedin all chambersis Hiperco-50,ahigh-

cobaltsteelalloy capableof carrying largeþuxdensitieswithout saturating.Unsaturated

Blake et al. (2013)





The Atmosphere and Ionosphere



PAUSEé QUESTIONS?



ÅParticle populations 
ranging from eV to MeV

ÅWaves from mHz to kHz 

ÅSystem responds on 
timescales of seconds to 
years

MAGNETOSPHERIC DYNAMICS



Geomagnetic Activity

Many specialist space weather

stat ions issue a geomagnetic

storm alert two days before it

occurs

Figure 8. Dst index readings.

Impact  on the ionospher e and the Iberian Peninsula

The impact  on the  ionosphere (the  conducting  part  of  the  atmosphere extending  from  60 out  to  2000 kilometre s from  the

Earthõs surface) is crucially important  for satellite communicat ion purposes due to it s st rong inf luence on the t ransmission

of  electromagn etic  waves
[16]

.  When the impact  of  the solar  wind causes an appreciable variat ion  in the ionosphereõs

characteristics,  then an «ionospheric  storm» is said to  have occurred.  If  this modif ication entails  an electron-density

increase (number  of  elect rons per  unit  of  volume)  of  the ionosphere,  this is said to be a «posit ive ionospheric storm».

Conversely,  if  t he effe ct  is a reduct ion in thi s density,  i t  is said t o be a «negat ive storm»
[17]

. In both cases there may be

signific ant disturbances to GNSS communicat ion systems.

This  impact  has  been  studied  in  two  differe nt  ways.  Firstly  by  analysing

ionograms (ionosphere readings from high f requency ionosondes) of 23, 24 and 25

October  fro m  the  Observatori o  del  Ebro  and  INTAõs  Estación  de  Sondeos

Atmosféricos (Atmospheric  Sounding Stat ion) of  the Cent ro de Experimentación

(Experimentation  Cent re)  in  El Arenosillo  (Cedea) Huelva.  The results  (Figure 9

shows those for El  Arenosill o) reveal a slight  increase in the crit ical f requency of

layer  F2, foF2, and a signif icant  increase in the height  of  its  maximum elect ron concentrati on,  hmF2. The increase of  foF2

tall ies with  the increase in density  and  will  show up  in the electr on content  analysis,  since the plasma frequency is

proportio nal to  the  square root  of the  electron  density.  The increase in height,  for it s part,  is a characteri stic phenomenon

of geomagnetic storms whenever ther e is a posit ive 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 

Earthõs magnetosphere caused by 

conditions in the solar wind

Substorms: Temporary (~hours) more 

frequent and localized disturbances
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SUN-EARTH SYSTEM



SOLAR WIND ACCESS TO THE 
MAGNETOSPHERE
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Magnetic Reconnection

Kelvin-Helmholtz Instability



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



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

NASAõs THEMIS mission



MAGNETOSPHERIC CURRENT SYSTEMS

McPherron et al. (1973)



THE AURORA



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)

886ð1578 citations

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

This presentation is being recorded. ïchristine.gabrielse@aero.org

Why I like aurora (part II)



Aurora at Jupiter

Why I like aurora (part III)

NASAõs 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 ð 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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Wavesé

Reeves et al. (2016)



Kletzing et al. (2013)



PAUSE ð 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

Å MagCon 

Å CINEMA 

Å PARAGON

Å é



2024 HELIO DECADAL SURVEY RECOMMENDATION:
 LINKS MISSION 



TAKE-AWAYS

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

ÅShock physics, particle acceleration, magnetic reconnectioné

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

ÅEarthõs dynamic magnetosphere directly impacts society, ground and space-based assets

ÅThe system is complex and interconnected

Åòsystem-of-systemsó where each component may feed back and influence another

ÅOther 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
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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 LEAVEé

Write down:

1. one thing you found interesting

2. one question about todayõs material





Surface degradation 

from atomic oxygen

Spacecraft  components

become radioactive

Mazur, Fennell, & OôBrien, Proc. 31st AAS 

Guidance and Control Conf., vol 131, 2008 



Baker (2000)

SPACE WEATHER IMPACTS


