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Kristian Birkeland, the great Norwegian scientist, puzzled over the links between 
northern lights (more generally, the aurora) and disturbances of the earth’s 

magnetic field. Before the end of his career he had elucidated many features of the 

process through which electrons and ions gain energy through interactions with 

magnetic fields in near-Earth space and stream into the upper atmosphere where 

they excite particles whose glow we observe from the ground.  How thrilled he 
would have been to have shared the discoveries of auroral excitations on other 

planets and their moons.  Today we study auroral processes throughout the solar 

system using telescopes of great resolving power to provide images and spacecraft 

measurements to attempt to account for the details.  This talk will consider 

similarities and differences among auroras observed at Earth, Jupiter, Saturn, and 
the large moons of the latter two.  The differing auroral structures arise because 

there are many different mechanisms for transferring energy from the magnetic field 

to charged particles but the final step in the process excites atmospheric emissions, 

as Birkeland would have expected.
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Aurora

• Fortunately, I am at heart a theorist.  

• Only a theorist would be foolhardy 
enough to come from  southern California

to address an audience in 
Oslo about the aurora.
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Outline

• A bit of history:  Gilbert, Halley, 
Celsius and Hiorter, Birkeland, Dungey

• Earth’s aurora
– The mechanisms that produce it.

• Aurorae at Jupiter, Saturn, and other 
solar system bodies.  

– Differences from aurorae at Earth.
• Moons of Jupiter, their auroral signatures and an 
aurora on Ganymede!

In each case currents flow along the planetary magnetic 
field from distant space into the upper atmosphere.

Electrons must be accelerated to carry the current. 
The accelerated electrons excite atmospheric neutrals 

that emit light to create the aurora.
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The magnetic field is critical to the 
process that produces the aurora.
The concept that the earth’s 

magnetic field resembles that of a 
uniformly magnetized sphere 
goes back to William Gilbert, 

Physician to 
Queen Elizabeth of England.

1600
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photo credit: J. 

Curtis

Halley (1716), 
ultimately the Astronomer Royal, 
found that aurora was too widespread 
to arise from volcanic activity! Noted 
that auroral intensity is greatest near 
magnetic (not geographic) pole and that 
auroral rays align with field lines, but 
failed to propose a valid mechanism for 
the light emitted.

From E. Halley, An account of the late 
surprising appearance of lights seen in 
the air on the sixth of March last, with 
an attempt to explain the principal 
phenomena thereof.  As it was laid 
before the Royal Society by Edmund 
Halley, J.V.D., Savilian Professor of 
Geometry, Oxon. and Reg. Soc. Secr’, 
Phil. Trans. R. Soc. Lond. 29, 406-429 
(1716).

His diagram shows that he 
realized that earth’s magnetic 

field must extend into space.

The aurora is now known to be caused by electrons of typical energy of 1-15 keV, 

i.e. the energy obtained by the electrons passing through a voltage difference of 
1,000-15,000 volts. The light is produced when they collide with atoms of the upper 

atmosphere, typically at altitudes of 80-150 km. It tends to be dominated by 

emissions of atomic oxygen--the greenish line at 557.7 nm and (especially with 

electrons of lower energy and higher altitude) the dark-red line at 630.0 nm. Both 

these represent forbidden transitions of atomic oxygen from energy levels which (in 
absence of collisions) persist for a long time, accounting for the slow brightening 

and fading (0.5-1 sec) of auroral rays. Many other lines can also be observed, 

especially those of molecular nitrogen, and these vary much faster, revealing the 

true dynamic nature of the aurora.

Auroras can also be observed in the ultra-violet (UV) light, a very good way of 

observing it from space (but not from ground--the atmosphere absorbs UV). The 

Polar spacecraft even observed it in X-rays. The image is very rough, but 
precipitation of high-energy electrons can be identified.
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But that is not enough. 
Even at earth, it took centuries to 
understand what drives the aurora

Ideas, now known to be wrong,
were plentiful:

• Gas was invoked in several ways:

– one idea: aurora is glowing gas thought to be linked 
to earthquakes.  When the gas leaked out, it 
created aurora and concurrently reduced the 
intensity of earthquakes.  

– Burning gas – this idea goes back to the Greeks and 
keeps coming back.

• Volcanoes maybe?

• Reflection of light from ice crystals present in the 
polar atmosphere.
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A link between magnetic 
fluctuations and the aurora

• 1733: Celsius (familiar from our temperature scale) 
published 316 observations of the aurora.

• 1741 – April 5 –with his assistant Hiorter observed  
magnetic fluctuations in Uppsala. At the same time, 
George Graham recorded similar fluctuations in 
London.  This demonstrated that the motion of the 
magnetic needles was not produced by local sources.

• At the same time, Hiorter observed an aurora.

– International collaboration has long been central to 
advances in environmental sciences!

Anders Celsius (November 27, 1701 – April 25, 1744) 

At Nuremberg in 1733 he published a collection of 316 observations of the aurora 

borealis made by himself and others over the period 1716-1732. 

Anders Celsius. Apparently from a painting by Olof Arenius (1701 - 1766), see [1]. 

froom Wikipedia
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Sources of magnetic fluctuations
• In 1820, Danish scientist Hans Christian Oersted
discovered that an electric current produces an 
magnetic field. (Oersted, H. C., Experiments on the effect of a current 
of electricity on the magnetic needle, printed by C. Baldwin, London, 1820).

(Dotted line below shows direction of magnetic field 
at points in space surrounding the current.)

• This discovery helps establish a link between 
magnetic fluctuations and the aurora. If currents 
produce magnetic fluctuations and if aurora are also 
present, maybe the currents produce the aurora.

current

Magnetic field

(Oersted, H. C., Experiments on the effect of a current of electricty on the magnetic 

needle, printed by C. Baldwin, London, 1820)
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Aurora appears 
in an “oval” 
around the 

magnetic pole

Here a map published in 
1869 by Elias Loomis, 
Professor at Yale 
University. He also 

prepared the first synoptic 
weather map (1846), a new 

way of representing data that 

influenced theories of storms 
and weather prediction.

Neither seems to have had 
broad impact.

E. Loomis, Aurora Borealis or Polar 

Light, Harper’s New Monthly Magazine, 
V 39, Issue 229, June 1869.

1859 Elias LoomisAmerican professor mapped occurrence and location of aurora 

suggesting auroral oval. (published map) (Loomis, E., Aurora Borealis or Polar 
Light, Harper's New Monthly Magazine, V39, Issue 229, June 1869)

Yale University

Loomis returned to Yale to succeed Olmsted in 1860. He continued to write 

mathematics and philosophy textbooks until 1869, ultimately selling 600,000 copies 
of his works. His attentions in research, though, were mainly focused on 

meteorology during this phase of his life. In the Smithsonian Annual Report for 

1865, Loomis posited that the intensity of auroras followed a pattern similar to the 

periodicity of sunspot activity and magnetic storms. Loomis also conducted 

statistical studies of cyclones and supported the convection theory. Between 1874 
and 1889, he published twenty-three ¶Contributions to Meteorology¾ in the 

American Journal of Science. 

The instantaneous distribution of auroras ("auroral oval", Yasha Feldstein 1963) is 
slightly different, centered about 3-5 degrees nightward of the magnetic pole, so 

that auroral arcs reach furthest equatorward around midnight. 

1878 Balfour StewartProposed, in contrast to Airy, that sudden changes in the 

geomagnetic field are due to currents in the upper atmosphere. (Stewart, B., 
Hypothetical views regarding the connection between the state of the Sun and 

terrestrial magnetism. Encyclopedia Britannica (9th ed.) 16, 181 - 184, 1882 (The 

date appearing on the title page (1878) cannot apply to this article, which contains 

some material written later).
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This is roughly the context in which 
Birkeland started his research with some 
of these questions about aurora in mind:

• Driven from the ground or from above?

• Local to the earth or from space?

• How high above the ground is the radiating layer?

• What causes the auroral glow?

• Connection to the fluctuations of the magnetic field?

• Does it have anything to do with the weather?
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Birkeland -
a unique approach to attacking scientific problems -
through expeditions, observations, theory, and 
lab experiment, with work largely self-funded.

• Expeditions and observations:
– Confirmed connection between aurora and particularly 
active magnetic fluctuations that he christened “polar 
elementary storms” - now referred to as substorms.

– Confirmed that the auroras occur at altitudes of order 
100 km. . . not near the ground. . . widely distributed in 
auroral regions. The observations ruled out such 
pictures as a connection with earthquakes or weather.

• Theory
– Showed that the horizontal currents that create the 
magnetic disturbances flow overhead in an ionized 
region of the upper atmosphere, now called the 
ionosphere.

1900 Kristian BirkelandExperimenting with a beam of electrons hitting a magnetized 

sphere leads him to propose that the aurora is caused by beams of electrons from 
the Sun. Birkeland, Kr., Archives des Sciences Physiques et naturelles, Vol. 1, p. 

497, 1896). After making expeditions to the auroral zone in 1899 through 1903 

suggests that the same particles that produced aurora also caused geomagnetic 

variations that he discovered and named polar elementary storms - what we now 

call substorms [Birkeland, Kr., The Norwegian Aurora Polaris Expedition, 1902-
1903, Vol. 1, H. Aschehpug and Co., Christiania. First Section, 1908; Second 

section, 1913.]

First expedition on mountain tops so that could measure heights, but later from the 
ground.

Appleton discovered the F-layer in 1925.
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• Experiments

– Developed terrella
experiments

• demonstrated that 
streams of charged 
particles from the sun 
can move along the field 
into the polar regions, 
causing auroral glows.

– The currents flowing 
vertically along the 
magnetic field (field-
aligned currents) flow into 
the ionosphere and move 
across field lines, causing 
field fluctuations in the 
regions below.

Birkeland

1900 Kristian BirkelandExperimenting with a beam of electrons hitting a magnetized 

sphere leads him to propose that the aurora is caused by beams of electrons from 
the Sun. Birkeland, Kr., Archives des Sciences Physiques et naturelles, Vol. 1, p. 

497, 1896). After making expeditions to the auroral zone in 1899 through 1903 

suggests that the same particles that produced aurora also caused geomagnetic 

variations that he discovered and named polar elementary storms - what we now 

call substorms [Birkeland, Kr., The Norwegian Aurora Polaris Expedition, 1902-
1903, Vol. 1, H. Aschehpug and Co., Christiania. First Section, 1908; Second 

section, 1913.]

First expedition on mountain tops so that could measure heights, but later from the 
ground.

Kristian Birkeland predicted auroral electrojets in 1908. He wrote: "[p.95 ..] the 

currents there are imagined as having come into existence mainly as a secondary 
effect of the electric corpuscles from the sun drawn in out of space, and thus far 

come under the second of the possibilities mentioned above. [p.105 ..] Fig. 50a 

represents those in which the current-directions at the storm-centre are directed 

westwards, and 50b those in which the currents move eastwards."
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Birkeland’s key discoveries
• were disputed by experts.  Many thought that there are 
no field-aligned currents, that those observed are 
confined to the ionosphere and do not reach into space.  
(Actually from ground-based observations alone, one 
cannot be sure which picture is true.)

• Some details were wrong. but critical elements of the 
concepts have been fully confirmed in the era of 
spacecraft measurements.

– a recent Birkeland Lecture (Southwood) described 
Birkeland’s conflicts with scientists elsewhere, 
especially in England.

– today, many (not all) of Birkeland’s ideas have been 
confirmed and fit into the framework of accepted 
interpretation of aurora and substorms at earth

What do we think we know today?
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The story starts at the sun. A HOT gas (2 million degrees) 
blows into interplanetary space at a speed of more than a 
million km/hour.  It is referred to as the solar wind. 

The gas is fully ionized, electrically neutral, and very low 
density.This special form of gas is called a plasma.

Yes, there are streams of charged 
particles coming from the outer part of 

the sun, the solar corona. 
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Magnetosphere and solar wind

Earth’s magnetic field deflects the flow, forming a cavity in 
the solar wind called the magnetosphere.  Very little of the 
solar wind reaches the atmosphere directly – but see the 
cusp-shaped region in which there is access (            ).

The “particles from the sun” picture is not the whole story.

this stretched 

region is 
called the 

magnetotail
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Why are aurora most 
intense on the night side?
And why are there auroral 
storms and quiet periods?

noon

Aurora observed by Polar UVI

The emissions, localized in a quasi-
circular region around the pole, 
vary greatly in intensity and are 
most intense at night.

noon

Aurora observed by Image FUV

Polar UVI has two filters. LBHL is the filter most often used for morphological 

studies since the observed intensity is directly proportional to the incident energy 
flux. 

Date: 24 Feb 2000

Satellite: POLAR
Depicts: Ultraviolet Imager sequence

Copyright: NASA This sequence of images captured by the Ultraviolet Imager on 

NASA's Earth-orbiting POLAR satellite shows a magneto-spheric substorm over 

northern Asia on 24 February 2000. 

Maximum activity, denoted by dynamic yellow blobs in the aurora oval, occurs 

around 1400 UT.

Magnetospheric Substorm over North Asia

Date: 24 Feb 2000

Satellite: POLAR
Depicts: Ultraviloet Imager sequence

Copyright: NASA This sequence of images captured by the Ultraviolet Imager on 

NASA's Earth-orbiting POLAR satellite shows a magneto-spheric substorm over 

northern Asia on 24 February 2000. 

Maximum activity, denoted by dynamic yellow blobs in the aurora oval, occurs 

around 1400 UT.  From: http://sci.esa.int/science-

e/www/object/index.cfm?fobjectid=39866&fareaid=8
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The answers start in the solar wind 
which can transfer energy into the magnetosphere. 
The added energy stresses the magnetotail, which 
can become violently unstable. The discharge of 
stress produces auroral emissions and substorms

• As stated earlier, the 
solar wind is a rapidly 
flowing plasma, but of 
particular significance is 
that the solar wind is 
magnetized.

• The magnetic field 
originates at the source 
of the plasma. . . in the 
outer layers of the sun.

A. Title, Trace
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How does the solar wind 
magnetic field affect the 

magnetosphere?

• In 1961, Jim Dungey
proposed that when the 
solar wind magnetic 
field is oriented 
opposite to Earth’s 
magnetic field at the 
equator, particles and 
energy can couple into 
the magnetosphere 
through magnetic 
reconnection.

Animation by 

J. Scudder, U. Iowa

Black represents 
magnetic field, 

south in solar 
wind, north on 

earthward side of 

boundary.

Solar wind 
electrons.

Electrons trapped 

on earth’s field..
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David Stern, NASA GSFC

Reconnection drives plasma circulation 

The magnetic field links 
plasma from the solar 
wind to the day-side 
ionosphere.  The flow of 
the solar wind carries the 
plasma, to the night side. 
In the magnetotail. In the 
magnetotail, reconnection 
again occurs.

Plasma is heated by reconnection.  
The magnetic field acts like a 
sling shot to send particles and 
fields earthward. Field-aligned 
current flows into the auroral 
ionosphere� aurora near poles.

NASA: 

STEREO

upper from wikipedia, David Stern.

NASA.Stereo

http://www.nasa.gov/mpg/111836main_what_is_a_cme_NASA%20WebV_1.mpg
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Let’s stop to review the steps discussed.

• The earth’s magnetic field blocks the flowing solar 
wind and diverts it around the magnetosphere.

• If the orientation of the solar wind magnetic field is 
opposed to the orientation of the field near the sub-
solar point of the magnetosphere, magnetic 
reconnection links the fields of the earth and the 
solar wind.  Plasmas mix.  Heating occurs.

• The magnetic flux tubes are carried antisunward by 
the flow of the solar wind, ultimately flowing into the 
center of the magnetotail.

• Magnetic reconnection further heats the plasma and 
sends plasma streaming earthward.

• The process drives field-aligned currents into the 
auroral regions.
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• Electrical currents along the magnetic field are carried 
mainly by (negatively charged) electrons.
– current is proportional to 

• electron charge, electron density, electron velocity
• If electron density is too small to carry the current 
required, the velocity must increase.

• An electric field aligned along 
the magnetic field lines can 
accelerate the electrons so 
that they carry the current.

• The electrons are accelerated to speeds corresponding 
to energies of order 1-15 keV.

• Such energetic electrons can excite atoms of the upper 
atmosphere, at 80-150 km.

• Excited oxygen atoms (with contributions from molecular 
nitrogen) emit auroral radiation.

Still a few more steps

0       electron

E

V

The aurora is now known to be caused by electrons of typical energy of 1-15 keV, 

i.e. the energy obtained by the electrons passing through a voltage difference of 
1,000-15,000 volts. The light is produced when they collide with atoms of the upper 

atmosphere, typically at altitudes of 80-150 km. It tends to be dominated by 

emissions of atomic oxygen--the greenish line at 557.7 nm and (especially with 

electrons of lower energy and higher altitude) the dark-red line at 630.0 nm. Both 

these represent forbidden transitions of atomic oxygen from energy levels which (in 
absence of collisions) persist for a long time, accounting for the slow brightening 

and fading (0.5-1 sec) of auroral rays. Many other lines can also be observed, 

especially those of molecular nitrogen, and these vary much faster, revealing the 

true dynamic nature of the aurora.

Auroras can also be observed in the ultra-violet (UV) light, a very good way of 

observing it from space (but not from ground--the atmosphere absorbs UV). The 

Polar spacecraft even observed it in X-rays. The image is very rough, but 
precipitation of high-energy electrons can be identified.
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Why does the aurora vary in intensity?

The variations are principally the result of the 
ever-changing orientation and magnitude of 
the solar wind’s magnetic field.

When the solar wind is
northward oriented………….little or no activity
rotates toward dusk………..increasing activity
rotates southward…………….maximum activity
rotates towards dawn……….decreasing activity

Most intense when solar wind field is 
southward and its magnitude is greatest.

north

south
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Little new 
under the sun

• With the sun as the source of 
the solar wind, it is not 
unexpected that the 11 year 
sunspot cycle is reflected in 
an 11 year variation of auroral 
activity.

• The biggest solar wind magnetic fields occur with 
greater probability during sunspot maximum.

But this is not a recent discovery!

• Report for 1865, Loomis posited that the intensity of 
auroras followed a pattern similar to the periodicity of 
sunspot activity and magnetic storms

SOHO x-ray image
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On to the planets

Merkur
Venus
Jorden - as discussed
Mars- only localized glows
……………………………………………………….Jupiter

Io 
Europa
Ganymedes

……………………………………………………….Saturn
Uranus 
Neptun

no auroras 
reported

But I shall 
discuss 

these

auroras 
have been 
reported

Aurora has been seen in the atmosphere of Neptune which is centered around the 

magnetic pole, as it should be for type-A aurora, even so Neptune mostly has type-
B aurora similar to the SAR ARC of Earth (shown here). Thus, from what little we 

know about the magnetosphere, much of the aurora of Neptune is thought to be 

created from the diffuse precipitation of particles into the atmosphere, very much 

like the formation of the terrestrial SAR ARC. These aurora are beautiful but much 

less dynamic than the type-A aurora found at the poles of the Earth or Jupiter. 

The Aurora of Uranus

The Quicktime movie below shows Figure 2 of Herbert et al. (1994) mapped onto a 
sphere with similar geomentry as Uranus seen from earth in July 2002. The 

intensity map was scanned and wrapped around a rotating sphere is 3D Studio 

Max. 

On the right is an animation created from post-script files generated by Uranus 
Viewer. It shows Uranus as seen from earth on the 20th of July 2002, which is the 

date some of the data that's analyzed were taken. It also indicates the planet's 

rotational direction.

F. Herbert, B. R. Sandel, The Uranian aurora and its relationship to the 

magnetosphere, 1994,
Journal of Geophysical Research, Vol 99, 4143-4160 
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Jupiter is, by far the biggest planet with a 
radius 11 times that of earth.  Its large 

internal field carves a HUGE  magnetosphere 
out of the solar wind

Space scientists like to 
point out that the sun 
would fit easily into 
Jupiter’s dayside 
magnetosphere. 
Even though Jupiter is 
~5 times farther away 
than the sun, its 
magnetosphere would 
be bigger than the full 
moon if we could see it 
in the night sky.
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The 4 large moons including 
the volcanic moon, Io,

affect the properties of 
the Jovian magnetosphere, 
as does the rapid rotation 

of the planet and its 
plasma clouds.

What do I mean by rapid 
rotation?

• A point on the earth’s 
surface at the equator 
rotating once in 24 
hours moves at a speed 
of 838 km/hr.

• A point in Jupiter’s 
cloudtops rotating once 
in 10 hours moves 26 
times faster at a speed 
of 22,000 km/hr.

• The rapid rotation 
implies that centrifugal 
forces are critical.

J. Spencer, Flagstaff
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Jupiter’s aurora:
Hubble images (courtesy of 
J. Clarke, G. Ballester and 

NASA)

blue images in UV (STIS imager)
others from visible/IR (WFPC2)
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Jupiter’s 
aurora differs 
from earth’s

• The main oval is present at all local times.  It is quite narrow
(especially on the morning side) and only rarely flares into 
activity (called dawn storms).

• Polar emissions vary in form and brightness, sometimes rapidly.

• Of special interest: intense emissions at the locations where 
the magnetic field lines that go through the Galilean moons 
reach the ionosphere & even in ribbons ahead of these spots.

from lasp.colorado.edu/jmex/JMEX04.ppt JMEX provides Jupiter 
system observations for two 9-month periods within the 24-month 
mission lifetime

Guest investigators will use JMEX's unique FUV and EUV capabilities 

when Jupiter is <45°°°° from the Sun

not selected.
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A well studied difference between Jupiter & 
Earth relates to plasma sources and transport

• Earlier we saw that in Earth’s magnetosphere, 
plasma comes from  the solar wind and the 
ionosphere

• Dayside reconnection sets up plasma flow 
from the dayside magnetosphere over the 
poles. 

• The plasma returns sunward at low latitudes. 
driven by nightside reconnection. 
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Plasma flow at Jupiter

• At Jupiter, the dominant 
plasma source is Io, which injects 
1 ton/s of ions deep within 
Jupiter’s magnetosphere.

• The plasma is linked to the 
ionosphere by magnetic field lines.

• The plasma is kept close to the 
same rotation rate as Jupiter 
(within a factor ot 2) by currents 
that flow into the ionosphere 
along field lines. 

John Spencer:
http://www.lowell.edu/users/spencer/digipics.

Again here, field-
aligned currents are 
central to the story.
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The main auroral oval is 
not related to the solar 

wind.

• The plasma in a magnetosphere 
must rotate at the same rate as 
in the ionosphere. Field-aligned 
currents (�)flow to impose 
rotation.

• At earth, distances are 
comparatively short and 
rotation is comparatively slow.  
It takes little force to maintain 
rotation. 

• At Jupiter, with large distances 
and rapid rotation, strong 
forces must be exerted.  

• At Jupiter, the field-aligned 
currents become quite intense 
and current-carrying electrons 
must be accelerated by an 
electric field.

• Accelerated electrons excite 
auroral emissions.
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Field-aligned currents also link the Galilean moons of 
Jupiter to the ionosphere. These currents also 

require electron acceleration and cause emissions.

T. Johnson, JPL
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The trails behind the footprints of the moons 
and the emissions in the polar regions also are 
produced by field-aligned currents required to 

keep plasma rotating around Jupiter.

• In each case, electric 
fields develop to 
accelerate the current-
carrying electrons.

• In each case, it is the 
accelerated electrons 
that excite atmospheric 
neutral particles and 
cause auroral emissions.

• The solar wind is 
secondary at Jupiter.

Hubble – John Clarke, courtesy F. Bagenal
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Ganymede, a magnetized moon of Jupiter, is not in 
contact with the solar wind, but with Jupiter’s 
magnetospheric plasma. It has its own unique 

magnetosphere and an aurora circling its polar cap. 
Here too, accelerated electrons must be responsible.

Hubble-M. McGrath

Hubble image.
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Saturn

• Auroral oval is very small.  

• Hubble images from 
Jan 24, 26 and 28, 2004 show 
that aurora changes in time. 

• Probably driven by interaction 
with the solar wind, more like 
earth than like Jupiter.

• But here too field-aligned 
currents and accelerated 
electrons cause the 
atmosphere to light up.

NASA, ESA and John Clarke, Hubble.
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Last words

• Birkeland, roughly a century ago and more 
than five decades before the space age 
began, gave considerable insight into the auroral process 
when he identified currents flowing along field lines 
from outer space as the first step in making aurora, and 
recognized that electrons carrying those currents could 
cause auroral neutrals to glow.

• We refer to field-aligned current as a Birkeland current 
today (thanks to Alex Dessler, who introduced the 
name). 

• Although the sources of Birkeland currents differ from 
one planet to another, such currents are essential to the 
picture of aurora on every planet yet explored.

Tusen takk


