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Abstract. The “ring current” grows in the inner magnetosphere during magnetic storms and contributes sig-
nificantly to characteristic perturbations to the Earth’s field observed at low-latitudes. This paper outlires how
understanding of the ring current evolved during the half-century intervals before and after humans gained
direct access to space. Its existence was first postulated in 1910 by Carl Stgrmer to explain the locations
and equatorward migrations of aurorae under stormtime conditions. In 1917 Adolf Schmidt applied Starmer’s
ring-current hypothesis to explain the observed negative perturbations in the Earth’s magnetic field. More than
another decade would pass before Sydney Chapman and Vicenzo Ferraro argued for its necessity to explain
magnetic signatures observed during the main phases of storms. Both the Stgrmer and Chapman—Ferraro mod-
els had dfficulties explaining how solar particles entered and propagated in the magnetosphere to form the ring
current. During the early 1950s Hannes Afvcorrectly argued that the ring current was a collective pleasma
effect, but failed to explain particle entry. The discovery of a weak but persistent interplanetary magnetic field
embedded in a continuous solar wind provided James Dungey withient evidence to devise the magnetic
merging-reconnection model now regarded as the basis for understanding magnetospheric and auroral activity.
In the mid-1960s Louis Frank showed that ions in the newly discovered plasma sheet had the energy spectral
characteristics needed to explain the ring current’s origin. The introduction of ion mass spectrometers on space
missions during the 1970s revealed thdt iOns from the ionosphere contribute large fractions of the ring
current’s energy content. Precisely how coldions in the ionosphere are accelerated to ring-current energies

still challenges scientific understanding.

1 Introduction The phrase “ring current” conjures up images that are all
connected with wide-spread and repeatable patterns of gep-
This paper presents a historical overview of how the concepmagnetic activity called “magnetic storms”, a name coined in
of a stormtime ring of electric current encircling the Earth 1808 by Alexander von Humboldt (1769-1859). At low mag-
evolved over roughly five decades before and after humangetic latitudes the Earth’s field mainly points northward. As
gained direct access to space. It is aimed at a general auditustrated in Fig. 1, most storms begin with rapid increases
ence interested in the long-term growth of scientific under-in the field strength measured at low latitudes called “sudde
standing rather than exclusively towards experts regardingtorm commencements” (SSC). The perturbation g _s
the physics of our space environment. We hope that the latmay remain northward for an hour or more (initial phase) or
ter may also profit reading about how the ring-current con-as in the present case, quickly begin to turn along a dowr
cept developed via inferences derived from ground-basegvard trajectory for the next six to twelve hours, called the
measurements. They will profit reading scientific reviews “main phase”. Eventually, the perturbations weaken and ové
by Kertz (1958), Smith (1963), Daglis et al. (1999a) and several days of “recovery”, the magnetic field returns to pret
Stern (2005), from which we gratefully acknowledge having storm values. Since all magnetic fields are products of eleg
learned much. trical currents, it would seem likely that the existence and life
stages of a westward ring current in space above Earth was
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132 A. Egeland and W. J. Burke: The ring current: a short biography

first deduced to explain the southward perturbations observed 100
during the main and recovery phases. This surmise is nearly i
true. Between 1916 and 1930 the ring current was rediscov- ol
ered several times for just this reason. However, the first doc- [
umented argument for the development of an extra-terrestrial
ring current was suggested in 1910 by Carl Starmer (1874—
1957), Professor of Pure Mathematics at the University of
Christiania (now Oslo), for reasons that had little to do di-

rectly with magnetic-perturbation traces like those shown in I
Fig. 1. Rather, Stgrmer postulated episodic developments of 300 [
a ring current to explain why it had been possible for him to i
see auroral forms in the sky above southern Norway. To un-
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derstand why Stgrmer would consider this ring-current pos- i ]
tulate, we review briefly what was known about geomag- i ____Recovery »]
netism and the aurora before and in the first decade of the -500 ! '

20th century. Nov. 2003: 20:00 21:00 22:00 23:00

For centuries the magnetic properties of lodestones were o _ )
known and used as navigational aids. However, it was nOf:igure 1.. Compilation of north—south magnetic perturbations
until 1600 that William Gilbert (1544—1603) conducted the (ABy-s) in nano-Tesla as observed between 20 and 23 Novem-
. .. L . . .. ber 2003 at six low-latitude stations during a very large magnetic
first systematic investigation of magnetism and published its . ) _

. - , . . storm. Times of the SSC (near mid-day on 20 November), the main
results inDe Magnet.eGllt?erts most important conclusion and recovery phases are indicated for reference (lyemori, 1990).
was that “the Earth itself is a large magnet” whose strength
is greatest at the poles. He also noted that the magnetic poles
are displaced a few degrees from the geographic poles and
recognized that the Earth’s field changes continually, someeffered the first scientifically correct explanation of this re-
times violently. More than a century would pass before Ed-lationship. He argued that fluctuations of the geomagnetic
mond Halley (1656—-1742) compared the characteristics ofield provide critical information about the electrical currents
magnetic-field directions at filerent parts of the Earth and flowing in the near-Earth space environment and that they are
speculated about the number of magnetic poles that wereelated to activity on the Sun (Birkeland, 1908).
needed to account for the observed variations. His specula- Hans Christian @rsted (1777-1851) demonstrated that the
tions included the possibilities that the Earth was a holloworientation of magnetic needles also changed when electric
sphere and perhaps gaseous emanations from its interior werirrents flowed in nearby wires. @rsted published the dis-
responsible for the aurora (Halley, 1692). covery that electric currents cause magnetic disturbances in

In retrospect the 18th and 19th centuries were watershed$820. About a decade later Michael Faraday (1791-1867)
of discovery in the field of electromagnetics that made possi-demonstrated that time-varying magnetic fields induce elec-
ble the technological advances of the 20th century that wetric currents. In 1865 James Clerk Maxwell (1831-1879) uni-
now almost take for granted. In London, George Grahamfied the work of @rsted and Faraday in the fundamental laws
(1675-1751), a watchmaker by profession, developed nevef electromagnetism.
systematic methods to monitor variations in the Earth’s mag- In 1812 Christofer Hansteen (1774-1873) entered a
netic field that underlie present-day magnetic indices. PreEurope-wide competition to answer the question raised by
cise measurements of diurnal magnetic deflections mark théfalley (1692): ‘Can we explain the Earth’s magnetic phe-
first human encounter with what we now call the solar quiethomena with a single magnetic axis, or must several axes
(Sq) system of ionospheric currents (Graham, 1724). A com-be assumedHansteen won the competition with a disser-
parison of his own magnetic declination measurements withtation Untersuchung Uber den Magnetismus der Etdat
those of Halley revealed that the Earth’s magnetic field isconcluded existing declination measurements can only be ex-
undergoing long-term variations (Graham, 1748). In 1741plained if the Earth’s magnetic field has four poles. He would
Anders Celsius (1701-1744) and Olaf Peter Hiorter (1696-later be appointed the first professor of science-applied math-
1750), at the University of Uppsala, noted that the orienta-ematics, at the recently founded University of Christiania.
tion of suspended magnetic needles tilted to the left or rightBetween 1828 and 1830 Hansteen led an expedition across
of the magnetic pole’s direction whenever aurorae were visi-Siberia to China looking for a second pole in the North-
ble. Because perturbations to compass directions posed sern Hemisphere. Although Hansteen failed to locate another
ous threats to navigation, their observation had serious pragole, the magnetic map he developed during the expedi-
tical consequences. Still, they were unable to explain whytion was of considerable use to Carl Friedrich Gauss (1777—
auroral displays shouldf@ct compass directions. A century 1855). Systematic recordings of simultaneous magnetic field
and a half would pass before Kristian Birkeland (1867-1917)variations began in 1834, when he deployed magnetometers
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Figure 2. Schematics showing the principles underlying terrella experiments. Brundtland (1997) provides detailed technical drawings show-
ing the terrella and the vacuum chamber to illustrate how dipolar magnetic fields were produced.

of the Gottingen Magnetic Unioat stations around Europe. 20° and 25 in latitude from the magnetic poles. For later
Gauss (1839) initiated the modern study of geomagnetisnreference we note that Christiaf@slo is located about 33
by applying the gravitation potential formalism of Laplace from the north magnetic pole. However, northern Norway
to the Earth’s field. He argued that magnetic fields seen ons ideally located for observing auroral activity. In the win-
the ground have sources both insidg{) and outside Bey;) ters of 1899-1900 and 1902-1903, Kristian Birkeland orga
the Earth, then demonstrated harmonic analysis techniques ttized expeditions to northern Norway, Iceland, Svalbard an
separate them. He concluded tBgt was due to a large, per- Russian Novaya Zemlya to study the aurorae and associat
manent field from inside the Earth that varies from approx-magnetic perturbations.
imately 30 000 to 60 000 nano-Tesla (nT) between the mag- During the two campaigns Birkeland (1908) became cont
netic equator and the poles. This field is well approximatedvinced that the Sun was the only energy source large enough
as a dipole whose axis tilts about°ltb the Earth’'s rota- to explain auroral and magnetometer measurements. To con-
tional axis. Currents flowing above the Earth are responsibldirm these conjectures, Birkeland devised laboratory simu
for the much weakeBey:, which varies from about 50 nT on lations called terrella experiments, shown schematically iE
t

D
(o

quiet days to more than 3000 nT during magnetic storms. Thd=ig. 2. Terrellas consisted of magnetized spheres located
largest variations occur at high latitudes. Throughout Gauss’she centers of relatively large vacuum chambers. To simulal
life their causes remained hidden. the Earth’s space environment, magnetic fields approximated

Although the auroral problem was not of central interest tothose of dipoles. Cathode ray guns, similar to those found
Hansteen, in 1825 he surmisedite northern lights must be in early television sets, were located near the chamber walls
part of a shining ring, with a diameter of about 4,000 kilome- to emulate electron sources on the Sun. The spheres were
ters, of which each observer sees his own segment. This lead®ated with phosphorescent paint to identify where the eleg-
us to suppose that there must be some connection between ttrens impacted the surface. As seen on the left side of Fig. 3,
aurora and the Earth’'s magnetisiin a letter to Gauss dated when the cathode ray guns were turned on, visible light ap-
22 July 1841, Hansteen discussed the observed geomagnefieared on the sphere’s surface in rings around the magnetic
variations in the horizontal component observed during hispoles. The ring’s radius was eerily consistent with Fritz’s de;
visit at Gottingen in September 1839. This coincided with scription of the auroral zone. These results were fully repror
an intense red aurora over northern Germany. Kertz (1958§lucible over several generations of ever more sophisticate
pointed out that this was probably the first significant obser-terrellas. Still Birkeland regarded them as suggestive that th
vation of a ring-currentféect. Sun was the direct source of auroral stimulation rather tha

In Das Polarlicht Fritz (1881) demonstrated that the most compelling. To proceed he sought mathematical calculation
probable locations for observing auroral displays lie betweerof trajectories allowed to energetically charged particles a
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magnetic field, but soon realized that his equations were not
amenable to analytic solutions. Rather it would be necessary
to perform numerical integrations that follow the trajecto-
ries of individual electrons, step by tedious, time-consuming
step. In his first paper on electron trajectories, Stgrmer (1904)
wrote: “Birkeland has described artificial aurorae produced
in his terrella laboratory. From a theoretical viewpoint there
exists an especially interesting problem, namely solving the
equations of motion of an electron in a magnetic field. ... The
importance of the solution to this problem for Birkeland’s
Figure 3. Left: Birkeland's terrella with the auroral zones simulated theory is very c':Iea’r.Interested readers are directed to Partll,
as rings of bright optical emissions around both poles when theChapters 1-4 in Starmer's bodke Polar Aurora(1955) for

magnetized sphere is bombarded with energetic electrons. Righ@ full exposition of his method.
Starmer trajectories of energetic electrons that impact the Earth’'s Over time Starmer became concerned that perhaps he had

upper atmosphere. Agreement between Birkeland’s laboratory simdeveloped mathematical descriptions of electrons in terrella
ulations and Starmer’s calculations is excellent. devices rather than auroral particles in nature. Occasionally,
Stgrmer had actually seen aurorae overhead and south of
_ _ o Christiania, well south of Fritz's auroral zone. Neither the
they entered and moved in the field of a magnetic dipole, gye|la experiments nor his mathematical analysis of allowed
problem that had never been addressed. When Carl Stermefiectories could explain auroral electrons reaching Chris-
returned to Christiania in 1900 from post-graduate studies injania’s latitude. He felt that his representation of the Earth’s
France, Birkeland saw an opportunity to obtain these calcumagnetic field must be in error during these episodes. Obser-

lations. vations of faint glows in the terrella’s equatorial plane from
electrons that bent toward the nightsidéeced a clue.
2 Invention of the ring current In seven long papers with the same tller les trajectoires

des corpucules électrises dans I'espace sous l'action du

This section covers the roughly 50-yr period between themagnétisme terrestre avec application aux aurores boréales
time Stgrmer first addressed auroral problems and postulate8tgrmer (1911, 1912) considered the consequences of a ring
the ring current’s existence and the direct access to measuref current forming in the equatorial plane on the Earth’s mag-
ments in space became available. Stgrmer identified the besetic environment and on consequent electron trajectories. In
ginning of his involvement in auroral physics as the day in what he referred to as his “Geneva papers”, Stgrmer showed
the autumn of 1902 when he visited Kristian Birkeland’s ter- mathematically how the Earth’s field is modified as such a
rella laboratory. “ring current” intensifies. His equations determined the an-

On being appointed Professor of Pure Mathematics ingular distance of the auroral zone from the magnetic axis.
1903, Stgrmer became one of Birkeland’'s academic col-Summarizing this work on page 345 ®he Polar Aurora
leagues. In their discussions Birkeland conveyed his beliefStarmer wrote: If we assume the permanent existence of
that auroral research was limited by constricting ideas andh circular stream of only 30nT in the geomagnetic equato-
primitive instrumentation. He showed Stgrmer his terrellarial plane of the Earth, with center in the centre of the lat-
simulations of aurorae and pointed out that the trajectorieger, the gfect of such a stream is gicient to draw the au-
of charged particles reaching the Earth from the Sun were aora belt down from its theoretical situation to the actual dis-
problem awaiting quantitative solutionftectively he chal- tance of about 23 degrees from the geomagnetic axis’pole.
lenged Starmer to apply his mathematical skills to quantify If however, the ring current produced a 300 nT perturbation
charged particle motions in realistic magnetic geometrieson the ground, his theoretical analysis predicted that the au-
Thereby Birkeland sparked Stgrmer’s interest, leading himroral zone should shift equatorward to Christiania’s latitude
to develop powerful new methods for calculating trajecto- 33° from the magnetic pole.
ries allowed and forbidden to energetic particles in magnetic Stgrmer’s suggestion was neither immediately appreciated
dipoles. In response Stgrmer began a journey developing nuaor completely ignored. &stadt (1928) and Nagata (1950)
merical integration techniques on which he and his graduatestudied the systematics of the auroral zone’s equatorward
students spent more than 30 000 h calculating trajectories. migration as magnetic activity increased. In the late 1920s,

Henri Poincag (1854-1913), a mentor of both Birke- with consultation from Stgrmer, Ernst iBthe (1900-1985)
land and Stgrmer, had already calculated the trajectories afecreated a terrella at the University of Leipzig. To his ter-
charged particles in a monopole magnetic field. Howeverrella’s capabilities Biche added a controlled circular elec-
in nature magnetic fields appear as dipoles or quadrupolesic current in the simulation’s equatorial plane. Figure 4
and never as monopoles. Stgrmer easily worked out the gershows examples of auroral zone locations produced in ex-
eral equations of motion for charged particles in a dipolarperiments with the ring currentfio(left) and on (right). A
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Figure 4. Ernst Biiche’s version of Birkeland'’s terrella simula-
tions with electric currents added. The current in the equator plane
is turned df/on in the leftright picture. They illustrate that the
ring current moves the auroral zones toward the magnetic equator
(Bruiche, 1930).

. . . . Figure 5. The formation of the Chapman-Ferraro cavity. Arrows
rlng-Cl_Jrrent-lnduce_d equ_atorward _rmgranon of the auroralindicate paths of ions and electrons that account for the ring cu
zone is clearly evident in comparisons of the two exam-rents formation (Chapman and Ferraro, 1933).

ples. In publishing his results Bche (1930) explicitly ref-
erenced Stgrmer’s work in the paper’s title Tline Polar Au-

rora’s Figures 162-164, Starmer favorably compared his cal-n the late 1920s Chapman joined forces with a young grady
culations with observed thread-like electron trajectories pho-ate assistant, Vicenzo Ferraro (1907—1974), to investigate the
tographed in Biiche’s terrella experiments. interactions of an electrically neutral stream of charged parti

It is not uncommon in the development of scientific un- cles, emitted from the Sun at the times of solar flares. Chag
derstanding that a new idea introduced to explain one pheman and Ferraro (1931, 1932) argued that as the stream gd-
nomenon has applications in other areas. Maxwell's unificavances into the Earth’s magnetic field, a sheet of electric cu
tion of electricity and magnetism is probably the best knownrent forms. This current compresses the field between itself
example. Adolf Schmidt (1860-1944), the director of the and the Earth and exactly cancels the magnetic field between
Potsdam Magnetic Observatory, found an opportunity to apitself and the Sun. This process continues to compress the
ply Stermer’s idea to explain the negative perturbations ob-£arth’s field until the magnetic pressure balances the pressure
served during the main phase of storms. He did not explainexerted by the oncoming stream of solar electrons and prq
how a ring current might come to be. Rather he adapted thgons. As illustrated in Fig. 5, the compressed terrestrial mag-
spherical harmonic technique introduced by Gauss to showetic field carves out a cavity in the solar stream, later called
that such a current produced magnetic perturbations consishe magnetosphere (Gold, 1959). Using what they regarded
tent with observations at the Earth’s surface (Schmidt, 1917)a5 reasonable estimates of the stream’s Speed and density'
He pointed out that where Starmer required a 300 nT perturChapman and Ferraro calculated that the distance betwegn
bation at the equator to move the auroral zone southward byhe center of the Earth and the sub-solar staffidiistance
10°, Schmidt's calculation indicated that only a 200 nT de- was about 10 Earth radiRg). At the Earth’s surface the in-
crease inABy_s was needed at the latitude of Potsdam to teraction would appear as a sudden increase in field strength
accomplish the same auroral migration. Schmidt explicitly (the SSC) that could last for several hours (the initial phase).
admitted that causes of the ring current's development exin the 1930s scientists had no convincing evidence indicating
ceeded the bounds of contemporary understanding. that ionized gas continuously streams from the Sun.

After graduating from Cambridge University in 1910,  Having passed the hurdle of explaining storm initiation,
Sydney Chapman (1888-1970) accepted a senior assistatHey turned their attention to the moreffiult problem of
position at the Greenwich Observatory. Its director Sir Frankmodeling the physics of a storm’s main phase (Chapman and
Dyson (1868-1939) encouraged him to analyze data acferraro, 1933). Nearly four decades later Ferraro tried to cap-

quired by the observatory's magnetometers. Chapman (191Q)jre their thinking at the time and evaluate their main-phase
focused on tidal#ects of the Sun and Moon on perturbations efforts:

to ionospheric currents seen during quiet days. It was not un-

til 1918 that he published his first study of magnetic storms. “Some months previously we had again con-
Based largely on the works of Birkeland and Stgrmer, he sidered the Stgrmer-Schmidt hypothesis of the ring
treated electrons from the Sun as the source of storms. Linde-  current, and had shown that for mechanical equi-
mann (1887-1957) in 1919, pointed out that space charge ef-  librium the current had to be westward. This, we
fects would quickly limit such emissions, but suggested that argued, would produce the necessary diminution in
a stream of ions and electrons might overcome tHigcdity. the earth’s magnetic field associated with the main
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phase of a magnetic storm. We showed that to pro-
duce a diminution of, say, 50(1y = 1 nT) during

a moderate storm, the mean radius of the ring had
to be a few Earth radii.

We had not, however, indicated how such a
ring current could be formed. We supposed that the
ions and electrons would circulate together around
the earth in large circles. When the first phase of
the theory of magnetic storms was developed, we
showed that the wall of the hollow facing the morn-
ing side of the earth would be positively charged,
and that the wall facing the evening side of the
earth would be negatively charged, because of the
tendency of the positive and negative charges to
be deflected eastward and westward respectively.
Such charges would be unstable, and we imagined
that the ring current could perhaps be formed by
charges escaping from the walls of the hollow and
bridging the gap.

Our ideas about the ring current, unlike those
relating to the first phase, were not based on hy-
dromagnetic concepts, and our theory of the main
phase is today generally considered unacceptable”
(Ferraro, 1970).

In the early 1950s while writingThe Polar Aurora
Stgrmer invited Hannes Alén (1908-1995) to provide an

alternate explanation of the ring-current formation based on
his developing hydromagnetic concepts. Taking Chapman’s

ionized, outward-moving solar stream as his starting point,

Alfvén argued that the stream crosses magnetic field lines

extending back to the Sun, thus inducing an electric field
within the stream. As illustrated in Fig. 6, he argued that

the electric field allowed solar stream ions and electrons to

pass into the magnetic cavity in the flow. Within the cavity
the Earth’s magnetic field is dominant. Here Adfvdistin-
guished between the gyro-motion that charged particles un
dergo in magnetic fields and the motion of the gyro-motion’s
guiding center. If a charged particle in a magnetic figlds
subject to an external forde, then the point around which

it gyrates moves with a drift velocityp that is perpendic-
ular to bothB and F and has a magnitude/gqB, whereq
represents the particle’s charge. Since the force exerted b
electric fields isqE, electrons and positive ions drift with

and and W. J. Burke: The ring current: a short biography

auroral ionosphere. Prudently, Starmer deferred comment,
leaving evaluations of Alfgn’s thought to future historians.
For its time the model was indeed a brillisiour de force

For solar ions and electrons to penetrate close enough to
the Earth to provide the ring current, Afm was required

to have the interplanetary electric field in the dusk-to-dawn
direction. Thus, fiected particles pass the Earth from the
day- to the nightside. Within a decade space measurements
would show that the electric fields responsible for energiz-
ing ring-current particles are directed from dawn-to-dusk
and, somewhat counter-intuitively, ring-current particles ap-
proach Earth from the night- towards the dayside.

Four critical developments occurred during last few years
before exploration of Earth’'s space environment began in
earnest, three theoretical and one practical that profoundly
influenced space research in the coming decades. Considered
in chronological order:

1. Singer (1957) proposed a model of the ring current
forming during the main phase of storms that combined
Alfv én’s guiding-center drifts with Starmer’s concept of
forbidden regions in the Earth’s magnetic field. Without
offering a mechanism for gaining access to forbidden
regions, Singer argued if they somehow could get in,
the ions and electrons would be trapped and their oppo-
sitely drifting guiding-center motions would constitute
a westward ring of current around the Earth.

2. Parker (1959) argued that gas continually evaporates
from the solar corona with enough energy to escape
the Sun’s gravitational field. He also showed that at a
critical distance that depends on coronal conditions, the
gas’s outward flow can transition from sub- to super-
sonic flow. This suggested that a super-sonic solar wind
was a permanent property of our space environment
rather than the sporadic structures envisaged by Chap-
man and Ferraro (1931).

3. Considering the cases of isotropic equatorial mirroring
particles, Dessler and Parker (1959) showedAtigt s,

the magnetic perturbation observed on the ground, is di-
rectly proportional tcErc, the total energy of the ring-
current particles. Sckopke (1966) demonstrated the va-
lidity of this Erc relationship for all pitch-angle distri-

butions. Stern (2005) provides a simple estimate of what

y

the same velocity and carry no current. However, as elec-

trons and ions encounter gradients in the magnetic Earth’s

field, they are subject to eastward and westward drifts, re-

spectively. The natural consequence is a westward ring cur-
rent. Unlike Stgrmer and Chapman—Ferraro who envisaged
individual particles encircling the Earth, Alwn argued that

it was the aggregate of guiding center motions that gave rise

to the ring current and the main-phase perturbations seen at
the ground. He also showed that the particles are energized

by the electric field as they drift close to Earth and that field- 4.

aligned currents also form to couple the ring current to the

Hist. Geo Space Sci., 3, 131-142, 2012

is now called the Dessler—Parker—Sckopke relation by
Erc (Joules)~ 3.87x 1013 x |ABy_g| (nT). Dessler and
Parker (1959) were also the first to suggest that the de-
cay of the ring current during the recovery phase of the
storm is due to charge exchange between energetic pro-
tons and cold hydrogen atoms in the geocorona. This
gas was known to exist due to its resonant scattering of
ultraviolet light from the Sun.

As chairman of the International Association of Geo-
magnetism and Aeronomy’s (IAGA) Committee on

www.hist-geo-space-sci.net/3/131/2012/
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Figure 6. Alfvén’s concept ofA) energetic electron drift paths in the equatorial plane of a dipolar magnetic field with a uniform dusk-
dawn, andB) the resultant ring current in the equatorial plane. Note thatéN® ring current is highly asymmetric requiring that it close
through the auroral ionosphere via magnetic field aligned currents —i.e. Birkeland currents (Stgrmer, 1955).

Characterization of Magnetic Disturbance during the
1950s, Julius Bartels (1899-1964) championed the de-
velopment of a magnetic index that monitored ring-
current variations (Mayaud, 1980). Hifferts resulted

in the development of two competing methodologies.
Kertz (1958, 1964) usedBy_s perturbations measured
at 27 stations at mid- and low-magnetic latitudes to
develop an index he calleBgc that characterizes the
energy contributions of the equatorial ring current. To

minimize contamination from magnetic perturbations 53 |4 fing current in the space age

produced by the dayside electrojet and the solar quiet
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ported at a 1-min cadence (lyemori, 1990). In most ap
plications Sym H can be treated as a high-resolution ve

sion of Dst, albeit with reduced absolute accuracy (Want

liss and Showalter, 2006). TheBy_s trace in Fig. 1 is
actually Sym H measured during the November 2003
magnetic storm. Dst and Sym H are regularly publisheq
for scientific use by the University of Kyoto's World
Data Center.
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(Sq) current system, Kertz opted to use only the dataThe months following the 1957 launch of Sputnik were times
subset acquired on the nightside. Measurements fromyf frustration as one Vanguard payload after another failed t
nightside stations were averaged and reported at a 3-Bchijeve orbit. The successful launch of Explorer 1 and dis

cadence. Sugiura (1964) argued that dayside contamicovery of the radiation belts made the wait seem worthwhile

nation could be minimized by using spatial and tempo- (van Allen and Frank, 1959). Did the presence of trapped
ral averages of variations in the horizontal component ofhigh energy particles indicate the ring current had been im
the Earth’s field observed at fouffeequatorial stations  mediately found? Simple calculations made it evident that ra
that are widely spaced in longitude. The resultant dis-djation belt particles could not carry figient current; they
turbance stormtime index (Dst) is reported at a 1-h ca-were something new. Soon NASA sent Mariner and Explore]
dence. The discovery by Akasofu and Chapman (1964)spacecraft towards Venus on trips that demonstrated the pd
that the ring current is not Uniformly distributed in local manent presence of Parker’s Supersonic solar wind (Snyd
time raised serious practicalfficulties for implement-  and Neugebauer, 1964; Neugebauer and Snyder, 1966) a
ing Kertz’s method. In 1969 IAGAfdicially sanctioned  ynexpectedly revealed that space was permeated with a we
the use of Dst as a measure of the stormtime ring curinterplanetary magnetic field (IMF) (Coleman et al., 1960).
rent. Recently a new index, called Sym H, has been de- To the mind of James Dungey, this new information
veloped, which uses averaged data from 6 stations resyggested a plausible explanation of how particles an
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Figure 7. Schematic of Dungey’s model as it appli@$ to the magnetosphere afig) to the high-latitude ionosphere. Numbers 1 through 9
can be viewed as either a snapshot of nine representative field lines in the convection pattern or as the history of a given field line as it passe:
through the Dungey cycle, anti-sunward across the polar cap and sunward through the auroral (grey) ionosphere (Hughes, 1995).

electromagnetic energy pass from the solar wind into theEarth’s field on the nightside stretching back at leasR80
magnetosphere. As illustrated in Fig. 7a, Dungey envisagedvith no end in sight. As anticipated in Dungey’s model, in the
three types of magnetic topology: (1) closed field lines with northern half of the magnetotail, the field pointed toward the
both feet tied to the Earth, (2) interplanetary field lines with Earth, and in the southern half away from the Earth (Ness,
both feet in the solar wind, and (3) open field lines with 1965; Ness et al., 1967). Shatten and Wilcox (1967) pro-
one foot tied to the Earth and the other to the solar wind.vided the first of many reports linking Dungey’s predicted
Dungey (1961) pointed out that if the IMF is directed south- onset and cessation of auroral and geomagnetic activity with
ward as it convects up to the dayside magnetopause, it erchanges in the polarity of the IMF's north—-south component.
counters northward closed field lines. These oppositely di- Dungey’s magnetic merging-reconnection cycléers
rected field lines can merge on the dayside magnetopause @ plausible alternative to the concepts of Stgrmer and
create the third, open-field line typology. These field lines Chapman—Ferraro regarding solar-wind particle entry to the
are dragged downstream by the solar wind, and their ionomagnetosphere. Solar-wind electrons and protons can cross
spheric footprints (Fig. 7b) convect from near local noon to- the dayside magnetopause along newly opened flux, then
ward local midnight across the polar cap. Somewhere downflow freely toward the Earth (1 and 2 in Fig. 7a). While some
stream open field lines of opposite polarity tied to the north-particles precipitate into the dayside ionosphere, most are
ern and southern ionosphere come together and reconnecgflected back along the open field line on which they en-
changing two open field lines into a closed and an interplan4ered. They flow tailward along open flux (3 through 6) be-
etary field line. The newly created closed field line snapsfore making back-door entries to the closed field line portion
back toward the Earth, while the new interplanetary field line of the magnetosphere across reconnection lines in the magne-
blows away in the expanding solar wind. The footprints re- totail. Subsequently they are further energized while moving
turn to the dayside through the northern and southern auroearthward into the high magnetic field region (7 and 8), then
ral ionosphere (shaded region in Fig. 7b). Dungey used théose energy as they drift back to the dayside magnetopause
image of a magnetic donut consisting of closed flux that on(9). The discovery of a permanent plasma sheet confined be-
the nightside stretched to some as yet undetermined distanctyeen the open flux lobes of the magnetotail was consistent
open flux threaded the donut hole stretching beyond the diswith this picture (Bame et al., 1966; Vasyliunas, 1968). The
tant reconnection line. The solar-wind-driven interchange beplasma sheet electrons had spectral distributions that closely
tween open and closed flux in turn drove a large circulationresembled those measured by sounding rocket experiments
of plasma and electric currents that flow in the high-latitude above the aurorae. However, establishing a definite source
ionosphere during magnetic disturbances. for ring-current particles required adaptations in the sensor
Although Dungey’s concept was initiallyfdiicult to grasp,  technology used to make measurements in space.
bit by bit evidence supporting his point of view accumu- At the dawn of the space age, two types of particle sen-
lated. Magnetometers on Explorers 10, 16 and 33 showed theors were available for immediate use: Geiger counters to
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monitor particles with energies in the mega-electron Volt On 26-27 January 1981 the Air Force Geophysics Labo
(MeV) range, and plasma traps sensitive to the properties ofatory sponsored a workshop whose goal was to specify th
very low-energy particles. These sensor types were used tsuite of particle and field sensors that should fly on the Com
discover the radiation belts and the solar wind, respectivelybined Release and Radiatiofiécts Satellite (CRRES). Don-
Early encounters with the plasma sheet showed characteristiald J. Williams, then at the NOAA Space Environment Lab-
energies in the kilo-electron Volt (keV) range. The adoptedoratory, stunned the audience with his assessment of ma
solution was to develop sensors called electrostatic analyzspectrometry measurements in the magnetosphere (Shell
ers (ESAs). Charged particles enter and aperture into a naet al., 1972). He claimed that during large magnetic storm
row gap between two cylindrical plates that are held fiedi about half the ring current’s energy was carried byiGns
ent electric potentials. If the particle has the correct energy(Williams, 1981). To illustrate the main problem in proving
it passes freely through the gap. If its energy is outside ahis contention, Williams showed a curve representing the
very narrow range, it collides with the inner or outer plate. energy spectrum of ring-current ions over the energy rang
Particles passing through the gap then impact a speciallyl keV to 2 MeV. Existing technology allowed measurements
doped glass tube that generates an avalanche of about a milp to about 20 keV and above 0.5MeV. The critical middle
lion secondary electrons for every particle impacting the tubeenergy range wagrra incognita
(Allen, 1939). By designing an ESA with two parallel sets of The Charge Composition Explorer (CCE), a part of the
plates with controlled potential flerences between them, it Active Magnetospheric Particle Tracer Explorer (AMPTE)
becomes possible to measure simultaneously the spectra afission, in August 1984 carried a new ion mass spectron
electrons and ions with energy between a few tens of eV aneter that utilized time-of-flight technology to sample energy
several tens of keV. per charge up to 300 keV ¢ (Gloeckler et al., 1985). Later
When the OGO 3 (Orbiting Geophysical Observatory) studies would show that the fraction of @onstitutes- 6 %
satellite was launched in June 1966 into a highly elliptical of the quiet-time ring current and rises dramatically during
orbit, it carried such an ESA. Within a year a paper publishedstorms (Daglis et al., 1993), becoming the dominant specie
by University of lowa professor Louis Frank showed that during large storms (Daglis et al., 1999b). Sincé i® not
spectral analysis indicated that ring-current protons origi-found in the solar wind, the ionosphere must be a majo
nated in the plasma sheet (Frank, 1967a, b, 1971). In Novemsource for the stormtime ring current. How @ acceler-
ber 1971 NASA launched the Explorer 45 satellite into anated from 0.1eV in the ionosphere to tens to hundreds @
elliptical orbit with a primary mission of detailing the dy- keV in the magnetosphere remains a subject of continuin
namics of the plasmapause and the ring current. During itsnvestigation. An ionospheric source for the ring current was
four-year lifetime, Explorer 45 had many encounters with unimaginable to both pre- and early post-Sputnik investigal
the stormtime ring current. Its measurements showed that theors.

ring-current boundary approached closest to the Earth in the As mentioned above, Dessler and Parker (1959) were firs

evening local time sector at a distance between 3 @g 5 to suggest that energetic ions are lost to the ring current vi
depending on the strength of the disturbance. When plotted¢harge exchange with low-energy hydrogen atoms in the ge
on energy-versus-time spectrograms, ring-current protongorona. When such interactions take place, energetic ior

showed a nose-like structure (Smith andfidman, 1974). become energetic neutral atoms (ENA). No longer carrying

During stormtime, outbound passes, the satellite would firsta positive electric charge, newly born ENAs do not experi-
encounter particles with energies near 15keV. As the satelence magnetic forces and fly away in the directions of motior
lite moved further from the Earth, it sampled fluxes of pro- when the charge-exchange event occurred. Lui et al. (199¢
tons with both higher and lower energies. Theoretical anal-were first to identify the presence of ENAs in measurement
yses, combining Alfén’s electric-field drift with Singer's by sensors on the Geotail satellite. In December 2005 NAS/#
magnetic-gradient drift, were applied to simulate the motionslaunched the IMAGE satellite into an elliptical polar orbit
of plasma sheet protons withfféirent initial energies under with an apogee of 7 Re. From this vantage its sensors could
storm-like conditions. Consistent with Dungey’s model, the look down on vast swaths of the magnetospheric equatd

simulated electric field was pointed from dawn towards dusk.rial plane. Its scientific payload included sensors to mont

The results showed that the trajectories followed by plasmadtor fluxes and directions of ENAs with low (10-500eV),
sheet protons conspired to produce just the spatial distribumedium (1-30 keV) and high (10-500 keV) energies. Indee
tion observed by Explorer 45 (Stern, 1975; Ejiri et al., 1978). these sensors successfully mapped the distributions and d
What's more, plasma sheet electrons were allowed to mova&amics of the ring current from its decay products during the
closer to Earth, allowing the aurorae to move equatorward5-yr IMAGE mission’s lifetime. However, other loss mech-
So, end of story? Not quite. Nature still held in store sur- anisms are also now known to operate. Intense wave acti
prises regarding ring-current sources, its modes of decay anitly within the ring-current environments scatters ring-current
relation to the Dst index. They remain topics of ongoing re- particles, causing some of them to be lost to the ionospher
search. Other ring-current ions are lost when their drift paths inter-
sect the magnetopause. Sorting out the relative contribution
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of these mechanisms to the loss of ring-current ions remaingf the auroral electrons in natural as opposed to laboratory
a topic pursued by computer-simulation modelers of the dis-environments were largely unknown.
turbed magnetosphere. Sidney Chapman and Vicenzo Ferraro made the next sig-
The Dst index was specifically created to monitor the nificant advance of the pre-space era. They postulated that
growth and decay of an almost literally understood ring cur-magnetic storms were initiated by the arrival near the Earth
rent (Sugiura, 1964; Mayaud, 1980). Akasofu and Chap-of fast streams of ionized gas episodically ejected from the
man (1964) found that the ring current has a significantSun. The oncoming igelectron gas reflectedfoand com-
asymmetric distribution in the main phase, with a local-time pressed the Earth’s magnetic field, producing signatures of
gap. This suggested that the asymmetric ring current closesudden storm commencements and initial phases. To explain
through the ionosphere. The advent of magnetometer-bearinthe main phase, they argued that since energetic ions could
satellites in the magnetotail revealed the strength of the prenot enter the Earth’s magnetic field directly on the dayside,
viously unknown current systems. Measurements by magthey had to come in through a side door (Fig. 5) and move
netometers on Explorer 33 and 35 showed that the strengtto the west thus constituting a ring of current. Although they
of the lobe fields increases during storms. Thus, the currentliffered on the place of entry and the species of current car-
flowing across the magnetotail to keep the two lobes apartiers, both Starmer and Chapman—Ferraro envisaged the ring
must also increase. Turner et al. (2000) showed that fringeurrent as made up of individual energetic particles that made
fields created by enhanced cross-tail currents also contributiarge loops in the magnetic field around Earth.
~ 25 % of Dst during the main phase of storms, but very little  Hannes Alfien shifted thinking by pointing out that
during the recovery phase. lijima and Potemra (1978) idencharged particles in a magnetic field with a secondary force
tified a large-scale system of field-aligned currents calledfield undergo gyro-motions around guiding centers that move
Region 1 that couples the solar widF to the polar  on trajectories perpendicular to both the magnetic and sec-
ionosphere. During storms Region 1 currents can approacbndary force fields. He also introduced the concept of a mo-
10 MA (mega-Amps) and produce significant north—southtional electric field that he supposed was directed dusk-to-
perturbations on the ground. A recent study by Tsyganenkalawn and allowed solar electrons and ions to cross the day-
and Sitov (2005) found that the symmetric ring current is side magnetopause. Inside the magnetosphere they drifted
the largest individual contributor to Dst only in the recovery around the Earth to form the ring current, before moving
phase. Magneticfiects of the combined tail (Turner et al., downstream with the passing solar gas. Although wrong in
2000) and asymmetric ring currents make the largest contridetails, Alfven’s model turned attention away from individ-
butions in the main phase. Nothing is simple. ual particle trajectories to collectivetects of plasmas in the
Earth’s space environment.
The discovery of a permanent supersonic solar wind with
a weak interplanetary magnetic field early in the space age
4 Summary and conclusions provided the necessary information needed to solve a large
fraction of the ring-current puzzle. While the ring current
This paper provides a brief overview of the “ring current’s” was not of direct concern to James Dungey, his picture of
conceptual development. Today the ring current is almost exglobal magnetospheric dynamics sketched in Fig. 7 opened
clusively regarded in the context of magnetic depressions obunderstanding of how plasma shaetroral particles enter the
served at the Earth’s surface during magnetic storms. Hismagnetosphere through the back door, convecting toward the
torically however, its existence was first postulated by CarlEarth. Analyses of ion measurements in the nightside magne-
Stagrmer to explain stormtime detections of aurorae, hundredtosphere pointed to the plasma sheet as a source of the ring
of kilometers equatorward of the auroral zone (Stgrmer,current (Frank, 1967b). Modeling of Explorer 45 measure-
1911). Taking his cue from Birkeland’s terrella experiments ments pointed out the critical role of stormtime electric fields
where faint light emissions appeared in the equatorial planein the inner magnetosphere for transporting and energizing
he showed analytically that if a ring current could producering-current ions (Stern, 1975; Ejiri et al., 1978).
a 300nT perturbation at the Earth’'s equatorial surface, the More than half a century into the space age, a major ring-
aurorae would migrate to the magnetic latitude of Chris-current problem persists. Mass spectrometry measurements
tiania. Schmidt (1917) adapted the harmonic analysis techshow that a large fraction of the ring current’s energy is car-
nigue introduced by Gauss to show that indeed a ring currentied by O ions that originated in the ionosphere (Williams,
would produce the magnetic perturbation Starmer predicted1981). How these ions pass from energies of about 0.1 eV
Briiche (1930) experimentally demonstrated that the intro-in the ionosphere to several tens of keV in the ring current
duction of a ring of electric current in the equatorial plane of remains a mystery still to be resolved.
his terrella caused the locus of auroral lights to migrate equa-
torward. Starmer’s calculations andiBhe’s simulations as-
sumed that auroral electrons came directly from the Sun and
entered the Earth’s magnetic field on the dayside. Energies
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