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Overall Objectives

• 1.  Why study the magnetosphere?
• Space weather
• Fundamental science

• 2. How does solar wind energy enter and circulate through the 
magnetosphere?

• Follow the flow of energy, step by step
• Identify open questions



The Sun-Earth Connection
The Sun continuously emits a supersonic, super-Alfvénic solar wind

Solar Wind

NOAA: ENLIL Run doi:10.7289/V5445JGH
https://www.ngdc.noaa.gov/enlil/ run on request service

https://dx.doi.org/10.7289/V5445JGH
https://www.ngdc.noaa.gov/enlil/


The Sun-Earth Connection
The Sun continuously emits a supersonic, super-Alfvénic solar wind
The Earth’s magnetic field carves out the magnetospheric cavity in the solar wind

Solar Wind

Magnetosphere

This file is in the public domain in the United States because it was solely created by NASA.
https://www.nasa.gov/centers/johnson/multimedia/mrc/mrc_guide.html

Formerly available from NASA at
http://sec.gsfc.nasa.gov/popscise.jpg

https://en.wikipedia.org/wiki/public_domain
https://en.wikipedia.org/wiki/NASA
http://sec.gsfc.nasa.gov/popscise.jpg
http://sec.gsfc.nasa.gov/popscise.jpg
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The Sun-Earth Connection
The Sun continuously emits a supersonic, super-Alfvénic solar wind
The Earth’s magnetic field carves out the magnetospheric cavity in the solar wind
The bow shock slows and deflects the solar wind around the magnetopause
There are many plasma regions inside the magnetosphere: each one has a job to do 
do!

Solar Wind

Magnetosphere

Bow sh
ock

Magnetopause
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Why Study the Magnetosphere?

• 1.  Because we live there: Space Weather
• Hazardous geomagnetic storms and substorms

• 2.  Fundamental physics
• Magnetic reconnection
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January 4, 2022

Reconnection

Wikipedia;
Permission details
I, creator of this work, hereby
release it into the public domain.
https://en.wikipedia.org/wiki/Magnetic_reconnection



Why Study the Magnetosphere?

• 1.  Because we live there: Space Weather
• Hazardous geomagnetic storms and substorms

• 2.  Fundamental physics
• Magnetic reconnection
• Ion-neutral interactions

March 22, 2021

January 4, 2022
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Charge exchange X-rays

Wikipedia;
Permission details
I, creator of this work, hereby
release it into the public domain.

From my STORM proposal team

https://en.wikipedia.org/wiki/Magnetic_reconnection



Why Study the Magnetosphere?

• 1.  Because we live there: Space Weather
• Hazardous geomagnetic storms and substorms

• 2.  Fundamental physics
• Magnetic reconnection
• Ion-neutral interactions
• Particle acceleration

March 22, 2021

January 4, 2022

O+7

H+H

O+6

Soft X-Ray

Reconnection

Charge exchange X-rays

Particle Acceleration
https://svs.gsfc.nasa.gov/4262

Wikipedia;
Permission details
I, creator of this work, hereby
release it into the public domain.

From my STORM proposal team

https://en.wikipedia.org/wiki/Magnetic_reconnection



Why Study the Magnetosphere?

• Understand and protect against space weather hazards
• Spacecraft charging
• Solar cell damage
• Memory/circuit upsets

* INPE

* INPE

https://www.nasa.gov/mission_pages/sunearth/spaceweather/index.html



Why Study the Magnetosphere?

• Understand and protect against space weather hazards
• Spacecraft charging
• Solar cell damage
• Memory/circuit upsets

* INPE

* INPE

South Atlantic
Anomaly

Weak magnetic fields
and strong radiation

•You are free:to share – to copy, distribute and transmit the work
•to remix – to adapt the work
•Under the following conditions:attribution – You must give appropriate
•credit, provide a link to the license, and indicate if changes were made.
•You may do so in any reasonable manner, but not in any way that
•suggests the licensor endorses you or your use.
•https://commons.wikimedia.org/wiki/File:SAA_2020.png



Why Study the Magnetosphere?

• It is beautiful

https://commons.wikimedia.org/wiki/File:Church_of_light.jpg
•You are free:to share – to copy, distribute and transmit the work
•to remix – to adapt the work
•Under the following conditions:attribution –
•You must give appropriate credit, provide a link to the license,
•and indicate if changes were made. You may do so in an
• reasonable manner, but not in any way that suggests the
•licensor endorses you or your use.

https://commons.wikimedia.org/wiki/File:Church_of_light.jpg


Why Study the Magnetosphere?

• It is beautiful
• Help others: Guide our Astrophysics and Planetary colleagues

• We can observe in situ what they must generally observe remotely
• Plasma is 99.9% of the visible universe
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Why Study the Magnetosphere?

• It is beautiful
• Help others: Guide our Astrophysics and Planetary colleagues

• We can observe in situ what they must generally observe remotely
• Plasma is 99.9% of the visible universe

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GL095426
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy#:~:text=
AGU%20grants%20permission%20for%20individuals,request%20this%20permission%20from%20AGU.

Reconnection at Mars
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ESA https://www.esa.int/ESA_Multimedia/Copyright_Notice_Images

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021GL095426
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy


Why Study the Magnetosphere?

• It is beautiful
• Help others: Guide our Astrophysics and Planetary colleagues

• We can observe in situ what they must generally observe remotely
• Plasma is 99.9% of the visible universe Particle Acceleration at Shock

https://www.esa.int/ESA_Multimedia/Images/2011/11/Astrophysical_shocks_are_a_diverse_collection

Reconnection

A B C

E

F G

A LL Ori star
B Red Spider Nebula
C Solar system
D Supernova SN1006
E Earth
F Cygnus A galaxy
G Bullet Merging
Galaxy Cluster

D

ESA https://www.esa.int/ESA_Multimedia/Copyright_Notice_Images



Outline

• How do we know there is a Sun-Earth connection?
• The solar wind
• Dungey (substorm) cycle step-by-step
• Geomagnetic storms
• Conclusions



Sunspots and Storms

• Baron von Humboldt reported
a 10-11 year sunspot number
cycle [Kosmos, V3, 1850]

.

.

.

1769-1859

This work is in the public domain in the United States\
because it was published (or registered with the
U.S. Copyright Office) before January 1, 1927.

https://commons.wikimedia.org/wiki/File:AvHumboldt.jpg#filelinks

https://en.wikipedia.org/wiki/public_domain
https://en.wikipedia.org/wiki/United_States
https://commons.wikimedia.org/wiki/Commons:Publication
https://en.wikipedia.org/wiki/United_States_Copyright_Office


Sunspots and Storms

• Baron von Humboldt reported
a 10-11 year sunspot number
cycle [Kosmos, V3, 1850]

• “Sunspot cycle period, maxima,
and minima are absolutely identical
with those of magnetic variations.”
E. Sabine [Phil. Tran. Royal Soc. May 6, 1852]

Geomagnetic
Disturbances

1769-1859

1788-1883

The Bibliothèque nationale de France has determined this item is in France's public domain.
https://gallica.bnf.fr/ark:/12148/btv1b84498229/f1.item

Figures made by me

https://commons.wikimedia.org/wiki/Biblioth%C3%A8que_nationale_de_France
https://commons.wikimedia.org/wiki/Public_domain


Sunspots and Storms

• Baron von Humboldt reported
a 10-11 year sunspot number
cycle [Kosmos, V3, 1850]

• “Sunspot cycle period, maxima,
and minima are absolutely identical
with those of magnetic variations.”
E. Sabine [Phil. Tran. Royal Soc. May 6, 1852]

Geomagnetic
Disturbances



Sunspots and Storms

• à Sabine [1852] concluded:

• “The gaseous envelope of the sun
causes magnetic effects at the
surface of our planet.” 

Geomagnetic
Disturbances



Sunspots and Storms

• à Sabine [1852] concluded:

• “The gaseous envelope of the sun
causes magnetic effects at the
surface of our planet.” 

He was certainly a visionary!
Geomagnetic
Disturbances



Not everyone believed in his vision…

• "It seems as if we may also be forced to conclude that the 
supposed connection between magnetic storms and sunspots is 
unreal, and that the seeming agreement between the periods 
has been mere coincidence.”  Lord Kelvin, 1892, Royal 
Society

1824-1907

https://commons.wikimedia.org/wiki/File:Lord_Kelvin_photograph.jpg
This media file is in the public domain in the United States.

https://en.wikipedia.org/wiki/public_domain
https://commons.wikimedia.org/wiki/United_States


Sunspots and Aurora

• The number of days with aurora tracks the number of sunspots….

Tromholt [1898]

1851-1896

This work is in the public domain in the United States because it was published
(or registered with the U.S. Copyright Office) before January 1, 1927.
https://commons.wikimedia.org/wiki/File:Sophus_Tromholt.jpg

https://www.history-of-geo-and-space-sciences.net/policies/licence_and_copyright.html
https://www.researchgate.net/publication/258648038_Sophus_Peter_Tromholt_an_outstanding_pioneer_in_aur
oral_research

https://en.wikipedia.org/wiki/public_domain
https://en.wikipedia.org/wiki/United_States
https://commons.wikimedia.org/wiki/Commons:Publication
https://en.wikipedia.org/wiki/United_States_Copyright_Office
https://www.history-of-geo-and-space-sciences.net/policies/licence_and_copyright.html


Sunspots and Aurora

• The number of days with aurora tracks the number of sunspots….

Tromholt [1898]
Størmer [1955]à Convincing evidence for a connection

1851-1896



The Sun-Earth Connection

Visible Sun Visible AuroraInvisible
Solar Wind

Extreme Ultraviolet Far Ultraviolet

Invisible
Magnetosphere
Ionosphere

Mediated by the highly variable and generally invisible solar wind…



Episodic Solar Wind Drivers and the Solar Cycle
Solar Maximum 2001

Hourly Averages
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Episodic Solar Wind Drivers and the Solar Cycle
Solar Maximum 2001 Solar Minimum 2009

Hourly Averages Hourly Averages
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Episodic Solar Wind Drivers and the Solar Cycle
Solar Maximum 2001 Solar Minimum 2009
Hourly Averages Hourly Averages
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Change in Scales!
SolarMax is BIG!



Solar Wind and Solar Cycle
• Hourly averages for 2001 (Black), 2009 (red)
• MA solid, MS dashed
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This figure was made
by me.



Solar Wind and Solar Cycle
• Hourly averages for 2001 (Black), 2009 (red)
• MA solid, MS dashed
• Interplanetary magnetic field is spiral and equatorial
• Solar wind is supersonic, superAlfvénic
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https://sdo.gsfc.nasa.gov/mission/spaceweather.php

This file is in the public domain in the United States
because it was solely created by NASA. NASA copyright
policy states that "NASA material is not protected
by copyright unless noted".

Spiral IMF

Earth

https://sdo.gsfc.nasa.gov/mission/spaceweather.php
https://en.wikipedia.org/wiki/public_domain
https://en.wikipedia.org/wiki/NASA


Typical Solar Wind Values

• Hourly averages for 2001 (Black), 2009 (red)
• MA solid, MS dashed
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Parameter Solar minimum Solar Maximum

FIMF Spiral IMF Spiral IMF

QIMF 1.3 +/- 29° -0.2 +/- 31°

EY -0.06 +/- 0.73 mV/m 0.01 +/- 1.87 mV/m

V 364 +/- 65 km/s 425 +/- 90 km/s

MS, MA 5.9 +/- 0.9,
12.3 +/- 6.3

5.2 +/ 1.2,
7.8 +/- 3.7

b 4.4 +/- 8.8 1.45 +/- 1.7

nV 1-3x1012 m -2 s-1 1-3x1012 m -2 s-1

nMV2 1.3 +/- 0.8 nPa 2.2 +/- 2.6 nPa

na/nP 0.017 +/- 0.013 0.044 +/- 0.024
Sibeck and
Murphy [2021]



You and the Solar Wind

Parameter Solar Wind Air outside this
meeting room

Density 5 cm-3 2.7x1019 cm-3

Velocity 4x105 m s-1 20 m s-1

A very windy day
Temperature 1x105 K 3x102 K
Magnetic Field 
Strength

5 nT ~25000 nT

Electric field 
strength

0.002 V/m 100 V/m down

Interplanetary space is (almost) 
empty, a supersonic, hot, highly, 
variable plasma.  The electric and 
magnetic fields are very very weak…

http://grin.hq.nasa.gov/ABSTRACTS/GPN-2000-001156.html



Earth’s Magnetosphere Carves out a Cavity

MagnetosphereSolar
Wind

Global
magnetohydrodynamic
simulation [C. Goodrich
personal communication]

Solar wind pressure
variations buffet 
the magnetosphere



The IMF Drives the
Dungey Cycle

GEM 2021 – system Science 38
2 3 4 5 61

James W. Dungey
1923-2015

Magnetosphere

Interplanetary
Magnetic Field
(IMF)

Solar wind
velocityKyle Murphy

Personal Communication

https://eos.org/articles/james-wynne-dungey-1923-2015
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

https://eos.org/articles/james-wynne-dungey-1923-2015
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy


The Dungey Cycle

GEM 2021 – system Science 39
2 3 4 5 61

Magnetosphere

IMF
Magnetopause
reconnection

*
Solar wind
velocity

Southward
IMF
turning



The Dungey Cycle

GEM 2021 – system Science 40
3 4 5 61 2

Magnetic flux
transport to
the magnetotail



The Dungey Cycle

GEM 2021 – system Science 41
2 4 5 61 3

Reconnection
in the 
magnetotail



The Dungey Cycle

GEM 2021 – system Science 42
2 3 4 5 61

Feed the ring current

Return flux to dayside

Brightens the
aurora



The Dungey Cycle

GEM 2021 – system Science 43
2 3 4 5 61

Enhanced ring current 
Generates waves
Pushes MP outward
Inhibits further reconnection

All these figures
were made by
my team and 
are not published



The Dungey Cycle

GEM 2021 – system Science 44
2 3 4 5 61

Flux returns to the dayside:
Ready for more reconnection

*



The Dungey Cycle

GEM 2021 – system Science 45
2 3 4 5 61

• Is a global process 
• Driven by solar wind-magnetosphere coupling
• Transfers energy from the solar wind to the 

magnetosphere
• Circulates this energy throughout the 

magnetosphere
• Is responsible for nearly all the dynamics in the 

solar wind-magnetosphere system



Steady Dungey Cycle
• This movie shows steady, balanced,

dayside and nightside reconnection.

https://sci.esa.int/web/cluster/-/36448-schematic-of-reconnection
ESA https://www.esa.int/ESA_Multimedia/Copyright_Notice_Images

https://sci.esa.int/web/cluster/-/36448-schematic-of-reconnection


Steady Dungey Cycle
• This movie shows steady, balanced,

dayside and nightside reconnection.

• Reconnection is probably unsteady:
solar wind variations and
intrinsic instabilities

https://sci.esa.int/web/cluster/-/36448-schematic-of-reconnection
ESA https://www.esa.int/ESA_Multimedia/Copyright_Notice_Images

https://sci.esa.int/web/cluster/-/36448-schematic-of-reconnection


Unsteady Dungey Cycle

• Growth phase:
• More dayside (1) than
• nightside (2) reconnection

Magnetopause erodes
Cusps move equatorward
Magnetotail flares
Plasma sheet thins

https://www.nasa.gov/mission_pages/sunearth/science/
magnetosphere2.html

1
2

Magnetopause
Erosion

Magnetotail
Flaring

Thinning

X
Cusp

https://www.nasa.gov/mission_pages/sunearth/science/


Unsteady Dungey Cycle

• Expansion phase:
• More nightside (2) than
• dayside (1) reconnection

Magnetotail collapses
Injection to ring current
Beams to nightside aurora
Cusps move poleward
Dayside magnetopause moves

outward

1
2

1

Deposition Expansion

Collapse

Aurora

Beams to 
Aurora

Ring current 
injection JetInjection

Beam

Beam
X

Cusp



Dungey Cycle Step by Step

• Plasma regions
• Solar wind
• Bow Shock and Magnetosheath
• Magnetosphere

• Magnetopause
• Cusps
• Magnetotail lobes
• Magnetotail plasma sheet
• Ring current
• Radiation Belts
• Plasmasphere

Energy
Flow

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/planetary-magnetosphere
https://www.elsevier.com/about/policies/copyright/permissions
Permission not required for 3 or less figures
See: How do I obtain permission to use Elsevier Book
material such as figures, tables, or text excerpts? And
Is Elsevier an STM signatory publisher?

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/planetary-magnetosphere
https://www.elsevier.com/about/policies/copyright/permissions


Dungey Cycle Step by Step

• Plasma regions
• Solar wind
• Bow Shock and Magnetosheath
• Magnetosphere

• Magnetopause
• Cusps
• Magnetotail Lobes
• Magnetotail Plasma sheet
• Ring current
• Radiation Belts
• Plasmasphere Magneto

sheath
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Dungey Cycle Step by Step

• Plasma regions
• Solar wind
• Bow Shock and Magnetosheath
• Magnetosphere

• Magnetopause 
• Cusps
• Magnetotail Lobes
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Dungey Cycle Step by Step

• Plasma regions
• Solar wind
• Bow Shock and Magnetosheath
• Magnetosphere
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Dungey Cycle Step by Step

• Plasma regions
• Solar wind
• Bow Shock and Magnetosheath
• Magnetosphere

• Magnetopause
• Cusps
• Magnetotail Lobes
• Magnetotail Plasma sheet
• Ring current
• Radiation Belts
• Plasmasphere

Rad
Belt



Dungey Cycle Step by Step

• Plasma regions
• 1.  Solar wind
• 2.  Bow Shock and Magnetosheath
• Magnetosphere

• 3.  Magnetopause
• 4.  Cusps
• 5.  Magnetotail Lobes
• 6.  Magnetotail Plasma sheet
• 7.  Ring current
• 8.  Radiation Belts
• 9.  Plasmasphere



Dungey Cycle: 1.  Solar wind

• Task: Power the magnetosphere

.

https://www.nasa.gov/missi
on_pages/sunearth/science/
magnetosphere2.html

Velocity
Interplanetary
Magnetic field

.
Electric Field

https://www.nasa.gov/sites/default/files/images/517890main_Earth-Magnetosphere.jpg
This file is in the public domain in the United States because it was solely created by NASA.
https://www.nasa.gov/centers/johnson/multimedia/mrc/mrc_guide.html

https://www.nasa.gov/mission_pages/sunearth/science/
https://www.nasa.gov/sites/default/files/images/517890main_Earth-Magnetosphere.jpg
https://en.wikipedia.org/wiki/public_domain
https://en.wikipedia.org/wiki/NASA


Dungey Cycle: 1.  Solar wind

• Task: Power the magnetosphere

• Drivers: IMF BZ and solar wind dynamic pressure (nMV2) 

• .
• .

.

Sun

Large V

Large n

Large B

IMF BZ << 0

Strong
Solar Wind
Input

Drives
Geomagnetic
Storms (Dst)

This figure was
made by me

Large Dst

Velocity
Interplanetary
Magnetic field

.
Electric Field



• Task: Power the magnetosphere

• Drivers: IMF BZ and solar wind dynamic pressure 

• Questions
• When are strong drivers most likely (large nMV2, BZ << 0)?
• How well do L1 monitors predict features that arrive at Earth?

300.       -300 RE

Dungey Cycle: 1.  Solar wind
Sun

Magnetosphere

Wind
ACE

-300

300 RE

Observe
here at L1

I made
this figure

Want to
know here

Will this come to Earth?



Dungey Cycle: 2.  Bow Shock and 
Magnetosheath
• Task: Deflect/energize some incident solar wind ions

Kinetic effects
in the foreshock

https://www.frontiersin.org/guidelines/policies-and-publication-ethics
https://www.frontiersin.org/articles/10.3389/fspas.2022.899642/full

ForeshockSpira
l IM

F

https://www.frontiersin.org/guidelines/policies-and-publication-ethics


Dungey Cycle: 2.  Bow Shock and 
Magnetosheath
• Task: Deflect/energize some incident solar wind ions

• Slow, heat, and deflect solar wind flow
• Outer boundary condition for magnetosphere

Kinetic effects
in the foreshock

https://www.frontiersin.org/guidelines/policies-and-publication-ethics
https://www.frontiersin.org/articles/10.3389/fspas.2022.899642/full

Spreiter et al. [1966] gasdynamic model
Spreiter et al. [1966] gasdynamic model
https://www.elsevier.com/about/policies/copyright/permissions
Permission not required for 3 or less figures
See: How do I obtain permission to use Elsevier Book
material such as figures, tables, or text excerpts? And
Is Elsevier an STM signatory publisher?
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Dungey Cycle: 2.  Bow Shock and 
Magnetosheath
• Task: Deflect/energize some incident solar wind ions

• Slow, heat, and deflect solar wind flow
• Outer boundary condition for magnetosphere

• Questions
• How does the bow shock energize particles?
• How does the bow shock process the solar wind?
• What waves and transients does the bow shock create?

Kinetic effects
in the foreshock

https://www.frontiersin.org/guidelines/policies-and-publication-ethics
https://www.frontiersin.org/articles/10.3389/fspas.2022.899642/full

Spreiter et al. [1966] gasdynamic model
Spreiter et al. [1966] gasdynamic model
https://www.elsevier.com/about/policies/copyright/permissions
Permission not required for 3 or less figures
See: How do I obtain permission to use Elsevier Book
material such as figures, tables, or text excerpts? And
Is Elsevier an STM signatory publisher?
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Dungey Cycle: 3.  Magnetopause

• Task: Regulate energy entry

• Reconnection erodes the magnetopause

Roelof and Sibeck [1994]
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

Magnetopause Erosion for Southward 
IMF provides evidence for reconnection

Erosion for
IMF Bz < 0

X (RE)

R (RE)

https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy


Dungey Cycle: 3.  Magnetopause

• Task: Regulate energy entry

• Reconnection erodes the magnetopause
• Over extended regions or in patches?
• Steadily or in bursts?
• Because of intrinsic instabilities or solar wind triggers?

T. D. PHAN et al.: EXTENDED RECONNECTION LINE 623

v2

v2

Geotail

EQ-S

X-line

Magnetopause

BMagnetosheath

BMagnetosphere

    Solar Wind

3 RE

L
M

N

BSolar Wind

Wind

230 RE

Fig. 4. 3-D cutaway view of the magnetosphere showing (1) the presence of bi-directional plasma jets (v2) as the result of reconnection between
magnetosheath and dayside magnetospheric magnetic fields, and (2) the directly measured reconnection X-line (yellow solid line) along the dawn flank
magnetopause and slightly north of the equatorial plane. The SuperDARN observations indicate that the complete X-line (yellow dashed line) extends
to the subsolar point and over to the dusk flank. Also shown is the boundary normal (LMN ) coordinate system.

97% of the predicted value, while the flow direction agrees to
within 7◦. For the Equator-S crossing 8 (bottom left panel),
the agreement is equally remarkable. The flow speed in-
crease agrees to within 5% and the direction to 2.4◦.
For Geotail crossings 2 and 5 (right panels), the magni-

tude agreements of 88% and 89%, together with direction
agreements of 8.7◦ and 0.8◦ for the two events also indicate
excellent agreement with Eq. (1).
If one includes all crossings, the averagemagnitude agree-

ment is 78% for the 8 Equator-S events and 74% for the 5
Geotail events. The corresponding average angle discrep-
ancies are 3.8◦ and 6.1◦. Among the events, there is one
(Equator-S Crossing 5) where the observed flow accelera-
tion!vL < 100 km/s was substantially below the prediction
of !vL ∼ 380 km/s. All other crossings displayed flow
enhancements whose magnitudes were at least 50% of the
prediction, and whose directions agreed to better than 10◦.
Taking this kind of agreement with theory as adequate ev-
idence for reconnection (Sonnerup et al., 1981), one con-
cludes that all but one magnetopause crossing seen by both
spacecraft had flow signatures consistent with reconnection.

5. The Big Picture
The combined Equator-S and Geotail observations of re-

connection jets allow us to deduce the location, orientation,
and minimum length of the reconnection line as illustrated
in Fig. 4. With few exceptions, the two spacecraft detected
oppositely directed jets which implies that the reconnection
site (or X-line) must have been between the spacecraft, and
therefore somewhat north of but not far from the equatorial
plane. The X-line was oriented along the east-west direc-
tion because the jets were directed mainly in the north-south

direction (Fig. 3). The repeated encounters of the jets over
more than one hour imply that reconnection was active much
of the time with its site remaining quasi-stationary.
The length of theX-linemust have been at least 3 RE along

the flank magnetopause because of the spacecraft separation
in the east-west direction. Although the full extent of the
X-line is not directly measured, we infer from its persistent
presence on the dawn flank, and from the frequent detection
of quasi-steady reconnection jets in the subsolar region when
the solar wind magnetic field is southward (e.g., Sonnerup et
al., 1981; Paschmann et al., 1986), that the X-line must have
extended to the subsolar region, and for symmetry reasons,
all the way across to the dusk flank. Indeed, evidence that
reconnection did occur in the subsolar region was obtained
from SuperDARN radar (Greenwald et al., 1995) observa-
tions, in the forms of equatorward motion of the cusp and
poleward plasma flows across the polar cap boundary.
Figure 5 shows observations from the SuperDARNradar at

Halley, Antarctica, during the 12:50 UT–14:10 UT interval.
The radar field of view covers the 10 LT–11 LT range. Panel
(a) shows the spectral width as a function ofmagnetic latitude
and UT. High spectral width (>250 m/s) has been shown to
be a proxy of the cusp (Baker et al., 1995) resulting from
enhanced wave activities in this region (André et al., 1999).
The present observations indicate that at 12:50 UT the cusp
was located at magnetic latitude∼78◦. During the next hour,
the cusp moved steadily equatorward, reaching 72◦ by 14:00
UT. Since the equatorward boundary of the cusp corresponds
to the separatrix between open and closed magnetic field
lines, the steady equatorward motion of the cusp is evidence
of a continuous increase in open magnetic flux due to quasi-
steady reconnection at the dayside magnetopause at a greater

https://www.nature.com/info/additional-terms
https://www.nature.com/articles/35009050

What is the extent of the reconnection line?
Phan et al. [2000]

Roelof and Sibeck [1994]
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

Magnetopause Erosion for Southward 
IMF provides evidence for reconnection
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IMF Bz < 0
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https://www.nature.com/info/additional-terms
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy
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Dungey Cycle: 4. Cusps

• Task: Funnel particles, electric currents,
waves down to the Earth’s atmosphere,
enhance ionospheric conductivities

• Questions 
• How do cusp properties depend on solar wind

conditions?

.

Cluster
Lavraud et al. [2005]

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2004JA010804
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission
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Dungey Cycle: 4.  Cusps

• Task: Funnel particles, electric currents,
waves down to the Earth’s atmosphere,
enhance ionospheric conductivities

• Questions 
• How do cusp properties depend on solar wind

conditions?
• What can we learn about reconnection from cusp

observations?

Cluster
Lavraud et al. [2005]

Burch [1972]

Cusp moves equatorward following southward IMF Bz

https://ui.adsabs.harvard.edu/abs/1972JGR....77.6696B/abstract
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission
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Dungey Cycle: 5. Lobes

• Task: Capture solar wind energy for later
release at substorm onset

* North Lobe

South Lobe

Eastwood et al. (2015)
https://s100.copyright.com/AppDispatchServlet?title=
What%20Controls%20the%20Structure%20and%20Dynamics%20of%20
Earth%E2%80%99s%20Magnetosphere%3F&author=J.%20P.%20Eastwood
%20et%20al&contentID=10.1007%2Fs11214-014-0050-x&copyright=The%20Author
%28s%29&publication=0038-6308&publicationDate=2014-06-14&publisherName=
SpringerNature&orderBeanReset=true&oa=CC%20BY

https://s100.copyright.com/AppDispatchServlet?title=


Dungey Cycle: 5. Lobes

• Task: Capture solar wind energy for later
release at substorm onset

Magnetotail magnetic
field strength grows
following southward IMF
turning, decays after
substorm onset

*

Substorm
onset

North Lobe

South Lobe

https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/JA080i001p00191
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

Eastwood et al. (2015)
https://s100.copyright.com/AppDispatchServlet?title=
What%20Controls%20the%20Structure%20and%20Dynamics%20of%20
Earth%E2%80%99s%20Magnetosphere%3F&author=J.%20P.%20Eastwood
%20et%20al&contentID=10.1007%2Fs11214-014-0050-x&copyright=The%20Author
%28s%29&publication=0038-6308&publicationDate=2014-06-14&publisherName=
SpringerNature&orderBeanReset=true&oa=CC%20BY

Caan et al. [1975]
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https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/JA080i001p00191
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy
https://s100.copyright.com/AppDispatchServlet?title=


Dungey Cycle: 5. Lobes

• Task: Capture solar wind energy for later
release at substorm onset

• Questions:
• Do the lobes ever close for strongly northward IMF?
• How much flux is needed to initiate substorm onset?
• How far downstream do the lobes extend?

Magnetotail magnetic
field strength grows
following southward IMF
turning, decays after
substorm onset

*

Substorm
Onset

North Lobe

South Lobe

https://agupubs.onlinelibrary.wiley.com/doi/epdf/10.1029/JA080i001p00191
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission
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https://s100.copyright.com/AppDispatchServlet?title=
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Earth%E2%80%99s%20Magnetosphere%3F&author=J.%20P.%20Eastwood
%20et%20al&contentID=10.1007%2Fs11214-014-0050-x&copyright=The%20Author
%28s%29&publication=0038-6308&publicationDate=2014-06-14&publisherName=
SpringerNature&orderBeanReset=true&oa=CC%20BY

Caan et al. [1975]
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Dungey Cycle: 6.  Plasma Sheet

• Tasks: (1) Release lobe energy via reconnection (X)
(2) Channel it sunward to the ring current
(3) Channel it sunward to the auroral oval 
(4) Channel it antisunward

https://www.nasa.gov/mission_pages/sunearth/science/ma
gnetosphere2.html

a X



Dungey Cycle: 6.  Plasma Sheet

• Tasks: (1) Release lobe energy via reconnection (X)
(2) Channel it sunward to the ring current
(3) Channel it sunward to the auroral oval 
(4) Channel it antisunward

• Questions:
• Is the release global?

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021080
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

Wiltberger et al. [2015]

https://www.nasa.gov/mission_pages/sunearth/science/ma
gnetosphere2.html Equatorial Magnetosphere

a

Extended
Reconnection
Line?

V
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https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/Permission-policy
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Dungey Cycle: 6.  Plasma Sheet

• Tasks: (1) Release lobe energy via reconnection (X) (2) Channel 
it sunward to the ring current

(3) Channel it sunward to the auroral oval 
(4) Channel it antisunward

• Questions:
• Is the release global or local? 
• Steady or in bursts? Bursty bulk flow

jets from spatially 
limited reconnection
lines

V

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021080
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

Wiltberger et al. [2015]

https://www.nasa.gov/mission_pages/sunearth/science/ma
gnetosphere2.html Equatorial Magnetosphere

a

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1002/2015JA021080
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Dungey Cycle: 6.  Plasma Sheet

• Tasks: (1) Release lobe energy
(2) Channel it sunward to the ring current
(3) Channel it sunward to the auroral oval 
(4) Channel it antisunward

• Questions:
• Is the release global or local? 
• Steady or in bursts?

https://www.nasa.gov/mission_pages/sunearth/science/ma
gnetosphere2.html

a

Nightside Aurora

Spectacular
aurora



Dungey Cycle: 7, 8, 9. The Inner Magnetosphere

• Nested regions of interacting
cold plasmasphere
suprathermal ring current
and highly energetic radiationI

belt plasmas

https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-019-0264-3
https://www.springeropen.com/ 

Ebihara
[2019]

3-5 RE from Earth

R < ~4 RE

Inner 1.2-2 RE
Outer 2.5-10 RE, peak 3-6 RE

https://progearthplanetsci.springeropen.com/articles/10.1186/s40645-019-0264-3


Dungey Cycle: 7.  Ring current

• Store energy that powers geomagnetic storms

• Injected electrons drift eastward,
ions eastward https://www.frontiersin.org/articles/10.3389/fspas.2021.780321/full

https://www.frontiersin.org/guidelines/policies-and-publication-ethics

Borovsky [2021]
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https://www.frontiersin.org/articles/10.3389/fspas.2021.780321/full
https://www.frontiersin.org/guidelines/policies-and-publication-ethics


Dungey Cycle: 7.  Ring current

• Store energy that powers geomagnetic storms

• Injected electrons drift eastward,
ions eastward

• Unstable electron distributions generate chorus waves that energize 
radiation belt electrons

https://www.frontiersin.org/articles/10.3389/fspas.2021.780321/full
https://www.frontiersin.org/guidelines/policies-and-publication-ethics

Borovsky [2021]
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Dungey Cycle: 7.  Ring current

• Store energy that powers geomagnetic storms

• Injected electrons drift eastward,
ions westward

• Unstable electron distributions generate chorus waves that energize 
radiation belt electrons
• Unstable ion distributions generate EMIC waves that scatter and 

remove radiation belt electrons

https://www.frontiersin.org/articles/10.3389/fspas.2021.780321/full
https://www.frontiersin.org/guidelines/policies-and-publication-ethics

Borovsky [2021]
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https://www.frontiersin.org/articles/10.3389/fspas.2021.780321/full
https://www.frontiersin.org/guidelines/policies-and-publication-ethics


Dungey Cycle: 7.  Ring current

• Store energy that powers geomagnetic storms

• Questions:
• What source dominates enhancements?

• Steady, bursty, local, global tail reconnection?
• What loss mechanisms dominates losses?

• Precipitation, magnetopause outflow, 
charge exchange?

Equatorial views 
of ring current
plasma pressure
during storm

Ebihara & Ejiri (2000)
https://www.agu.org/Publish-with-AGU/Publish/Author-Resources/Policies/
Permission-policy#:~:text=AGU%20grants%20permission

Borovsky [2021]
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Dungey Cycle: 8. Radiation Belts

• Task:  Inner and Outer Radiation belts pose a hazard to spacecraft

https://www.nasa.gov/mission_pages/sunearth/news/gallery/20130228-radiationbelts.html



Dungey Cycle: 8. Radiation Belts

• Task:  Inner and Outer Radiation belts pose a hazard to spacecraft

• Questions: 
• 1.  Energization processes

• ULF waves?
• Chorus waves

• 2.  Loss processes
• Magnetopause outflow
• Precipitation (Hiss, EMIC)

https://www.nasa.gov/mission_pages/sunearth/news/gallery/20130228-radiationbelts.html



Dungey Cycle: 9.  Plasmasphere

• Task:  Reservoir of cold dense ionospheric
plasma

• Questions:
• Do plumes + EMIC remove radiation belt electrons?
• Do plumes regulate magnetopause reconnection?

Plume

Plasmasphere



• Reasons to study magnetosphere
• Basic physics
• Practical applications à Space Weather

• End-to-end Dungey cycle
• The flow of energy through

the magnetosphere
• Steady or unsteady?
• Drives geomagnetic storms,

substorms, aurora
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