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The spectacular auroras that circle 
Earth’s geomagnetic poles and 
burst with colorful displays during 
geomagnetic storms have mystifi ed 
humanity for millennia. Now scientists 
are uncovering their secrets.

T
he aurora is one of the most magnificent natural phe-
nomena on Earth. Many early polar explorers described 
its beauty, or attempted to. “I have no words in which to 
convey any adequate idea of the beauty and splendor of 
the scene,” wrote one participant in the First Polar Year, 
the international exploration campaign of 1882–1883. 

“It was a continuous change from arch to streamers, from stream-
ers to patches and ribbons, and back again to arches” [Greely, 1894, 
p. 139]. 

Viewed from space during intense geomagnetic storms as Earth 
suffers an onslaught of particles from solar eruptions, this wonder is 
an explosive, widespread event, during which violent movements ©
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spread rapidly from the midnight sector along a belt that 
surrounds the geomagnetic pole. Such activity, called an 
auroral substorm, occurs several times during a geomag-
netic storm [Akasofu, 1964] (Figure 1). 

The most spectacular part of these displays happens 
during the expansion phase, which lasts for, at most, 
1 hour of the 3- 4 hours of a substorm’s average duration. 
The expansion phase is preceded by a mysterious delay 
during which Earth’s magnetic field begins to respond to 
the gathering storm but displays little auroral activity—the 
so- called growth phase. 

What drives this expansion phase? The question has 
long perplexed auroral scientists, and remains one of the 
most challenging issues in space physics. 

The Aurora: Electrical Currents on a Circuit
Using a great variety of ground- and satellite- based 

observations and computer simulations, space physi-
cists have made great progress in understanding the 
aurora. Scientists can now think about the aurora in 
terms of electrical discharge, with currents flowing 
through the magnetosphere, the region of space domi-
nated by Earth’s magnetic field. Viewing auroras as the 
product of electric currents on a circuit allows scientists 
to understand and thus describe the physics of sub-
storms [Alfven, 1967, 1977, 1986].

Specifically, the solar wind (streams of plasma from 
the Sun) generates a dynamo, which acts as a power 
supply. Auroral substorms are how the magnetosphere 
dissipates that energy, directing it downward to the 
ionosphere, where current- carrying electrons collide 
with atmospheric atoms and molecules and make them 
glow.

However, crucial questions still remain unanswered 
about the physics of auroral substorms and the specific 
mechanisms that drive them. Most controversial of all is 
the issue of where this energy is stored and how it is 
converted.

What Powers Auroral Substorms?
The solar wind blows across the boundary of the magne-
tosphere, called the magnetopause, where the inter-
planetary magnetic field (IMF) and Earth’s magnetic 
field merge. As it blows across this merged magnetic 
field, it induces an electric current, converting the 
kinetic energy of the solar wind to electric power. This 
creates the so- called solar wind- magnetosphere dynamo 
(S- M dynamo). When the intensity of the southward ori-
ented component of the IMF is large and the solar wind 
blows more strongly, the power increases.

When the power becomes strong enough (at about 1011 

watts, roughly equivalent to the total power of the thou-
sand largest power plants in the world), the Earth’s 
magnetosphere responds. The voltage across the bound-
ary of the magnetosphere rises to 100 kilovolts or more, 
creating an electric current in the magnetosphere- 
ionosphere coupling system. This current, called the 
directly driven (DD) current, grows and decays along 
with the S- M dynamo that drives it (Figure 2). 

Active auroral displays (the expansion phase) begin 
about 1 hour after the S- M power is increased. This delay 
occurs because, although the ionosphere is the main 
sink of auroral energies, the ionization and conductivity 
are too low to dissipate the power as heat before expan-
sion onset. Therefore, the magnetosphere accumulates 
the increasing power produced by the S- M dynamo 

Fig. 1. (left) The development of the auroral substorm during the expansion and recovery phases is shown schematically. From Akasofu [1964]. (right) 

The first series of global images of an auroral substorm observed by the Dynamics Explorer satellite. From Frank et al. [1982].
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during the growth phase until a threshold is reached, 
which sets off auroral displays.

A Tale of Two Buckets
At this threshold, the growth phase ends and the expan-
sion phase begins. The expansion phase is triggered by 
the spontaneous formation of an unloading (UL) current 
system [Bostrom, 1964], which develops in the coupled 
magnetosphere- ionosphere and lasts for only about 
1 hour (as shown in the two good examples of Figure 2). 
This current drives most auroral phenomena in the polar 
region during the expansion phase. 

However, unlike the DD current, the UL current can-
not simply be explained by an increase in S- M dynamo 
power. At its strongest, the UL current can be larger than 
the DD current peak. This is because the energy used in 
the expansion phase was previously stored up through-
out the growth phase and then unloaded through auroral 
displays.

Therefore, a process other than the S- M dynamo must 
generate the UL current. If the magnetosphere is like a 
bucket with a spout that steadily overflows when over-
filled (corresponding to the DD current), the UL current 
is like a “tippy bucket” that dumps all of its energy at 
once, thus powering the expansion phase. These facts 
have long been speculated on and suggested by many 
researchers, but they are now quantitatively understood 
[Akasofu, 2013]. 

How Much Energy Can the Magnetosphere Store—
and Where?
Scientists now have a good understanding of some 
aspects of the UL’s bucket of energy—namely, its total 
capacity and the rate at which it empties (and powers the 
auroral substorm). The total heat production is esti-
mated to be up to 1016 joules, which is dissipated at a rate 
of about 5 × 1011 watts during the expansion phase. 

This dissipation rate is crucial in understanding sub-
storms, because it relates to the question of how much 
energy the magnetosphere can hold when it acquires 
excess energy from the solar wind—that is, how much 
energy the tippy bucket can store before it tips over.

What is unclear—and very controversial—is where the 
magnetosphere can stably store as much as 1016 joules. 

Scientists have long thought that magnetic energy is 
accumulated mainly in the region of the magnetotail, 
where solar wind drags the magnetopause back into a 
comet- like shape on the Earth’s nightside across the 
equatorial plane. There, the magnetic field lines are 
nearly parallel, but half of them are oppositely oriented 
across the equatorial plane. Many researchers believe 
that these lines can cross at a certain point in the tail 
and reconnect, releasing a large amount of magnetic 
energy in the process, which shoots plasma toward 
Earth. 

However, there are crucial questions about that 
premise. The first is whether or not the magnetotail 
within a distance of 10- 20 Earth radii (RE) has enough 
magnetic energy to power a substorm. Although mag-
netic reconnection has been observed at a distance of 
within 20 RE [Angelopoulos et al., 2008], it can be shown 
that even the total magnetic energy there is insufficient 

for a single substorm [Akasofu, 2013]. Further, observa-
tions of the bursty flows of plasma are inconclusive in 
terms of their duration and the amount of energy they 
carry for individual substorms; they may trigger some 
substorms when other conditions make the magneto-
sphere ready. 

Second, the tail- wide flows predicted by magnetic 
reconnection can explain the DD current, but not the UL 
current—which, as mentioned above, is necessary for 
electrical discharge processes associated with the expan-
sion phase. This is a critical requirement for considering 
the magnetic energy conversion. 

Where Else Could the Energy Be?
If the magnetotail does not have sufficient magnetic 
energy for the expansion phase, scientists might con-
sider the main body of the magnetosphere (within 10 RE) 
as a potential storage place. This is because the stronger 
any ambient magnetic field is, the more it can hold mag-
netic energy. Thus, the main body of the magnetosphere 
could potentially store excess amounts of energy. 

In the past, such a proposal seemed unthinkable. The 
field lines in the main body of the magnetosphere are 
not like those in the magnetotail, and thus, magnetic 
reconnection is rare [Ge and Russell, 2006]. In fact, it is 
likely that the main body may not even be able to store 
more than 1016 joules; the magnetosphere may become 
unstable before the stored energy reaches this thresh-
old. Indeed, this instability may be the cause of sub-
storms. Thus, if magnetic energy conversion takes place 
chiefly in the main body of the magnetosphere, a whole 
new theory of the conversion process of stored magnetic 
energy is necessary.

One possibility is that deflation processes (as a result 
of the unloading) of the main body of the magneto-
sphere, which inflated during the growth phase, might 
cause charge separation. Electrons tightly bound around 
the contracting magnetic field lines shift earthward, but 
not protons (thus not plasma as a whole), generating an 
earthward electric field. 

Fig. 2. (top) The solar wind–magnetosphere dynamo power (ε), (middle) 

the directly driven (DD) currents, and (bottom) the unloading (UL) cur-

rents are shown over the course of 48 hours (2 days). Note that although 

both ε and DD vary in a similar way, unlike DD, UL variations are impul-

sive during two typical substorms. Modified from Sun et al. [1998].
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Deflation processes (as a result of unloading) of the main body of the 

magnetosphere, which inflated during the growth phase, might cause 

charge separation.

This field, however it is created, is needed to generate 
the UL current [Lui and Kamide, 2003]. Such a hypothetical 
charge separation process is called the “thawing” (or 
breakdown) of “frozen- in field lines” predicted by Alfven 
[1977]. In theory, this process could produce an earthward 
electric field of 10 millivolts per meter. 

One crucial satellite observation at a distance of 8.1 RE 

may support the idea of deflation. The satellite observed a 
sudden current reduction in the UL (unloading the stored 
energy), plasma instabilities, and an earthward electric 

field of as high as 20 millivolts per meter (together with the 
breakdown of the frozen- in field lines condition), all simul-
taneous with an onset of the expansion phase [Lui, 2011]. 

The Next Question to Ponder
During the last 50 years, through a great variety of 
approaches, we have learned much about how the solar 
 wind-  magnetosphere-  ionosphere system can generate auro-
ral substorms. In addressing the question of why the aurora 
flares up, a more focused question arises: How can the accu-
mulated magnetic energy get unloaded such that it generates 
the earthward electric fields needed to produce auroras?
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Editor’s Note:  In the printed 1 May issue of Eos magazine, a for-
matting error caused numbers that should have been repre-
sented in scientific notation not to have superscripts. The num-
bers in this pdf have been corrected from the printed version.

Fig. 1. (a) Three Slepian functions for the dashed region around 

Greenland, complete to spherical harmonic degree and 

order 60. Each of the mathematical functions (shown from left to 

right are the first, fifth, and ninth functions from the complete set) 

is a “template” map pattern for the ice mass loss that we 

recover from the data. The full set of 20 such functions, with the 

proper weightings derived from the data, yields the modeled ice 

mass loss pattern shown in Figure 1b. (b) Greenland’s total ice 

mass change from Gravity Recovery and Climate Experiment 

(GRACE) data collected between January 2003 and June 2014, 

in centimeters of water equivalent per meter squared. The total 

mass loss integrated over the region for this time period is 2412 

gigatons. (c) Greenland’s ice mass loss, shown in monthly 

continent- wide averages over the past decade, in gigatons. 

Error bars show plus and minus twice the standard deviation 

and the best fit quadratic function that describes the accelerat-

ing behavior.

Correction
In the 1 April 2015 issue of Eos magazine, part b of 
Figure 1 was misprinted in the article “A Suite of 
Software Analyzes Data on the Sphere” by C. Harig, 
K. W. Lewis, A. Plattner, and F. J. Simons. The correct 
figure is shown below.


