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PREFACE

As we become a space-faring culture, there is an increasing
need for reliable methods to forecast the dynamics of electro-
magnetic fields, thermal plasma, and energetic particles in
the geospace environment, as all these factors affect satellite-
borne systems. From the electrodynamics viewpoint, on the
other hand, the inner magnetosphere is a key element in the
Sun-Earth connection chain of processes. Most notably, it is
a region where a significant part of the storm-time energy
input from the solar wind is deposited and dissipated.

Because the most interesting and crucially important
phenomena, as noted, develop relatively close to Earth (in the
transition region separating the innermost quasi-dipolar
geomagnetic field from the magnetotail), understanding them
is a complex task. Moreover, the stronger the disturbance,
the deeper its impact penetrates into the inner magneto-
sphere. In this region plasma no longer behaves like a fluid,
and the motion of energetic charged particles becomes
important for the dynamics of the system. This fact leaves
“particle simulations” as a primary tool for studying and
understanding the dynamics of the inner magnetosphere
during storms. An integral element of such simulations is an
electromagnetic field model. Recent studies of the inner
magnetosphere have substantially improved our understand-
ing of its dynamics while creating new paradigms and reviving
old controversies.

In this book we focus on clarifying issues related to the
physics and structure of the inner magnetosphere. Toward
this end, David Stern introduces the main part of the mono-
graph with a brief historical review of early ring current stud-
ies. Five sections follow. Section I, which deals with the
sources and losses of plasma and energetic particles in the
inner magnetosphere, opens with two invited reviews (by
Jordanova and Koskinen) and includes five contributed
papers. Section II concentrates on the acceleration mech-
anisms, as addressed in an invited review by Baker and in six
contributed papers. Section III analyzes external driving
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mechanisms of the inner magnetosphere, a subject of a long-
standing debate that recently gained renewed interest by way
of latest particle simulation results. It opens with an invited
review (Ganushkina), followed by five contributed papers.
Section IV focuses on some observational aspects of inner
magnetosphere dyamics. Its lead, review paper (by Green
and Fung) on electromagnetic wave studies in the inner mag-
netosphere would equally well fit in sections I or I, as such
waves are an essential factor in particle loss and acceleration
processes. The last section V contains five papers on large-
scale modeling efforts of the inner magnetosphere, including
latest results from using the RCM approach in modeling
electric fields as well as MHD simulations.

In our effort to organize a forum on current understanding
of processes in inner geospace, a Chapman Conference on
the Physics and Modeling of the Inner Magnetosphere was
held August 25-29, 2003, in Helsinki, Finland. This mono-
graph largely derives from papers presented at that meeting.
The monograph became possible owing to the help of many
people. We are grateful to the members of the Program
Committee: Joe Borovsky, Ioannis Daglis, Toshihiko
Iyemori, Janet Kozyra, Rumi Nakamura, Joe Lemaire, Xinlin
Li, and Victor Sergeev. We acknowledge the many scientists
who served as referees for the papers in this monograph, and
who provided numerous helpful, candid, and insightful criti-
cal comments. Their names are given below in a separate list.
We also thank AGU book staff for their expert help in
developing and producing this book.

Financial assistance from the National Science
Foundation, NASA’s Living With The Star Program,
Academy of Finland, and the Vilho, Kalle and Yrjo Viisald
Foundation made it possible to support the participation of
several students and young scientists in the Conference. The
local organizing committee and the staff at the Finnish
Meteorological Institute are gratefully acknowledged for
smooth running of the Conference.

Tuija I. Pulkkinen
Nikolai A. Tsyganenko
Reiner H.W. Friedel
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A Historical Introduction to the Ring Current

David P. Stern

Laboratory for Extraterrestrial Physics (Emeritus), Goddard Space Flight Center, Greenbelt, Maryland

“One ring to rule them all” (Vayliunas [1972], citing Tolkien)

The first global observations of magnetic storms in the mid-1800s suggested
that at such times a huge electric current circled the Earth, later named the ring
current. Only in the satellite era was its nature established: carried mainly by ions
around 20-200 keV which are trapped on field lines with L = 2-7, it is present at
all times but is greatly reinforced during magnetic storms. Initially all ions were
assumed to come from the solar wind, but after 1972 when trapped O* ions were
also detected, it was gradually realized that ions drawn from the ionosphere and
accelerated were major contributors. Attention has now returned to the magnetic
storm, source of practically all the ring current, and to the electric fields which
energize its ions. This short review traces the history of ring current research, and
cites reviews and research articles where further details can be found.

DISCOVERY OF THE RING CURRENT

Magnetic storms were first observed in the 1700s, but it was
Alexander von Humboldt who proposed the name. Humboldt,
together with Gauss, Sabine and others, set up the first world-
wide network of magnetic observatories (see Stern [1989,
1996, 2002]), which quickly showed such storms were world-
wide, displaying essentially the same signature all around the
equator. Typically, the north-south component of the field
would decrease within a few hours by about 50-100 n7, then
gradually recover over a day or longer. It was as if a huge elec-
tric current was temporarily turned on, circling the Earth’s
equator, and Adolf Schmidt [1916] named it the Ring Current.

Around 1850 the sunspot cycle was recognized, and
shortly afterwards Sabine and others (see Cliver [1994a, b,
1995]) found a correlation between sunspot activity and
large magnetic storms. In 1859, by a rare chance, Richard
Carrington observed a large white-light flare erupt near a
sunspot region, followed within a day by an extreme magnetic
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storm [Tsurutani et al., 2003]. Although this observation
stood alone for many years, it ultimately turned out that
storms were indeed closely correlated with flares, and more
recently, with coronal mass ejections. Big storms also tended
to be accompanied by displays of the polar aurora (“north-
ern lights”) far equatorward from their usual locations—as far
as Cuba, in 1859.

Around 1905 Maunder pointed out that moderate storms,
recurring one solar rotation apart, tended to cluster near
sunspot minimum,; such storms are now seen [Dessler and
Fejer, 1963] as triggered by the fast solar wind streams
which define the interplanetary magnetic sector structure
during low sunspot activity.

The location of the ring current, and the way the Sun pro-
moted magnetic storms and auroral displays, remained a
deep mystery for a long time. As recently as 1956, Parker
[1956] proposed that the storm-time ring current might flow
in the upper ionosphere, at an altitude of the order of
400 km. In that view, it was caused by the heating of the
upper neutral atmosphere, causing it to lift the highly con-
ducting outer layers. Those layers, assumed (as an approxi-
mation) to be perfectly conducting, carried with them,
outwards, embedded magnetic field lines, causing the main
field to weaken. A similar idea was later applied by Parker
as “magnetospheric inflation” to more realistic models.



2 A HISTORICAL INTRODUCTION TO THE RING CURRENT

He was challenged by Hines [Hines, 1957; Parker, 1958;
Hines and Parker, 1958] who pointed out, among other
things, that the ambient magnetic field inhibited electric cur-
rents driven by electric fields perpendicular to field lines.
Those studies were largely based on the known MHD of
isotropic plasma, while what was needed at this point was a
better appreciation of the role of particle motion in a mag-
netic field.

Particle motion was first addressed around the turn of the
20th century in the work of Kristian Birkeland. Trying to
model the polar aurora, Kristian Birkeland during the decade
1895-1905 aimed beams of electrons at a magnet (or away
from it) in a vacuum chamber and noted they were steered
towards the poles. His associate Carl Stormer tried to calcu-
late their motion in a dipole field and soon showed (see
Stoermer [1956]) that trapped orbits existed, which in princi-
ple could carry a ring current, though the energies he studied
were unexpectedly high. Only in 1957 did Singer [1957]
point out that low-energy ions and electrons could also be
responsible, if present in sufficient numbers. He also showed
that their motion could be calculated using the guiding cen-
ter approximation, introduced by Alfvén [1950], yielding a
motion similar to the one derived by Stormer using laborious
integration. Then in 1957 artificial satellites entered the
scene, making it possible to study the ring current in-situ.

Sorting out the observations took time. Van Allen’s inner
belt (1958) carried too little current to explain magnetic
storms, and was also rather steady. Its protons (around
50 MeV) turned out to accumulate gradually from cosmic ray
albedo; auroral particles, identified from stopping range and
rocket data as electrons in the 10 kel range, were quite dif-
ferent. Clues to the actual situation came from Pioneer 3
(1958) and Pioneer 4 (1959) which observed an “outer belt”
typically extending to 6-8 Ry (Earth radii) [Van Allen and
Frank, 1959].

Sonnett et al. [1960], using Explorer 6 observations, were
the first to note a decrease in the magnetic field due to the
ring current, at distances of 6-7 R, a decrease now regularly
monitored by synchronous satellites [Rufenach et al., 1992].
Using a scattering experiment, aboard Explorer 12, Davis
and Williamson [1963] showed that the outer belt had fluxes
of positive particles above 200 kev, steeply dropping with
growing energy; the maximum flux seemed to be in the
unobserved region below 200 keV. That might have been the
first clear observation of what is now recognized as the ring
current ion population. At the same time, the idea of the
storm-time ring current became better defined [Parker and
Dessler, 1959].

Gradually satellites added information. Lou Frank [1967]
using OGO 3 observed a large population of ions (presumed
to be protons) of up to 50 keV, and later [Frank, 1971]
showed it to be contiguous with that of the near-Earth plasma

sheet. Sugiura [1972], using OGO3 and OGO 5, mapped the
magnetic disturbance due to the quiet ring current and
showed a field depression peaking at 35 nT at a radial dis-
tance of 3 R, extending further at midnight than at noon and
concentrated within 2 R of the equatorial plane. Further
from the equator the Earth field was strengthened.

The effects at Earth of the quiet-time ring current and cross
tail current (hard to separate) amount to about 40 nT, south-
wards. When spherical harmonics of the main field were
extracted from the data of the near-Earth magnetic survey
satellite Magsat [Langel and Estes, 1985], it was found nec-
essary to include a southward field of about 20 nT. Models
give a northward magnetopause field of about 20 n7, so the
ring and tail currents contribute —40 n7.

Even before trapped O ions were observed by Shelley
et al, [1972] (see further below), it had become clear that
existing information about the ring current contained a huge
gap [Williams, 1983]. Trapped ions had been observed below
about 20 keV and above 200 keV, but not in the range in
between, which seemed to contain most of the current and
energy. The gap was finally closed (e.g. Hamilton et al.,
1988, also see Daglis et al. [1999]) by spacecraft with mass
spectrometers, especially by CCE (Charge Composition
Explorer, apogee 8.8 Rg) of the AMPTE mission, and by
CRRES (Combined Release and Radiation Effects Satellite,
initial apogee 6.3 Rg), a joint NASA-USAF mission. Both
suggested a population peaking around 65 keV’, although that
peak, the energy distribution and the heavy ion content var-
ied greatly with time.

AMPTE covered a time of low solar activity (just one large
storm) and thus established a baseline inner ring current
(3.5-7 Ry) for the quiet magnetosphere, with current density
i averaging 1-4 nd/m’ and peaking at 4-8 nd/m? [Lui and
Hamilton, 1992]. CRRES operated during high solar activity
and observed a number of large storms, including one on
3.24.1991, when a large interplanetary shock caused an
abrupt acceleration of ions and electrons to 15-20 MelV
[Blake et al., 1992].

HOW DO THEY ENTER?

Early views of how ring current particles might enter the
Earth’s magnetic trap were speculative and uncertain [Alfvén
1939; Smith, 1963]. Ultimately the electric field E was recog-
nized as the essential ingredient, an idea due to Alfvén. It is
often advantageous to represent such E by the bulk flow
velocity u = E x B/B? which it produces, also known as “the
velocity of magnetic field lines” since it preserves the shar-
ing of field lines by particles. A static electric field can be
conveniently represented by a scalar potential @ which, given
E.B=0, is also constant along magnetic field lines, but
if B/0t # 0, one cannot easily use @, while using the bulk



velocity v to describe the electric field (especially with
E.B = 0) remains appropriate and intuitively meaningful.

That was the approach used by Dungey [1961], who sug-
gested that “magnetic reconnection” of the Earth’s magnetic
field lines with the interplanetary magnetic field (IMF)
greatly strengthened the linkage to the solar wind and pro-
duced inside the magnetosphere a “global convection,” a pat-
tern of bulk flow. Axford and Hines [1961] pointed out that
similar convection might accompany viscous-like momen-
tum transfer at the magnetopause. Dungey’s reconnection
idea seemed confirmed when Fairfield [1966] noted that
magnetic activity was enhanced during periods when the B,
component in the interplanetary magnetic field (IMF)
pointed southward, and was suppressed when it pointed
northward. Southward B, (henceforth denoted B,) allowed
Earth-IMF interconnection with a minimum of bending of
field lines.

These theories and others [Axford, Petschek and Siscoe,
1965] suggested that the source region for trapped particles
might be an extended tail on the Earth’s night side, and
indeed IMP-1, launched in 1963, observed an equatorial
plasma sheet there. Observations by Frank [1971] and
Vasyliunas [1968] demonstrated that populations of ring cur-
rent ions and electrons were contiguous with those of the
plasma sheet (see also Lui and Hamilton [1992]). This led to
a consensus that magnetic substorms and storms produced an
intense temporary E, convecting plasma sheet particles into
the ring current region, where they were stranded when the
surge subsided. In substorms such injections were observed
by ATSI1, 5 and 6 in synchronous orbit [De Forest and
Mcllwain, 1971], but there they did not seem to contribute a
significant global ring current field.

THE ELECTRIC FIELD E

Where did E come from? In Dungey’s crude model, moving
“open” field lines connect to the “polar cap,” a circular patch
around the magnetic pole. They cause there a dawn-to-dusk
electric field E, consistent with their tailward motion (a subtle
point to which we return later). Such E was indeed observed in
low Earth orbit by Injun 5 and OGO 6 [Cauffinan and Gurnett,
1971; Hepprner, 1972]. In the simplest model-vacuum dipole
plus constant southward field-the polar cap is a circle with a
dawn-to-dusk polar field and with lines of constant potential
® in the noon-midnight direction (the slightest asymmetry
messes up this neat picture [Stern, 1973], but we ignore that
now). Outside that circle, a fringing E is spread out by the
ionosphere, which may be modeled as a sheet conductor with
some (anisotropic) 2-D conductivity X [e.g. Vasyliunas, 1970,
1972; Siscoe, 1982; del Pozo and Blanc, 1994].

Where this situation is static, E in the ionosphere can be
represented by a scalar potential @ which, being constant
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along field lines, brings E along such lines to other parts of
the magnetosphere. At every point this E causes a bulk flow
u = E x B/B’ (the bulk flow along B needs to be derived from
other considerations), which provides the return flow of
Dungey’s model. One might expect E (and u) to be kept out
of the Earth’s immediate vicinity by E,,,, the electric field
due to co-rotation of the ionosphere; E_,, diverts the flow
around Earth, and it ultimately exits on the dayside magneto-
pause. If however the driving E fades before this motion is
complete, convected particles are left magnetically trapped,
and add to the ring current.

Vasyliunas [1970, 1972] showed that the presence of
plasma in the inner magnetosphere greatly modifies this E, in
a way which can be represented, in this simple dipole model,
by adding an extra Hall term 2* to the ionospheric conduc-
tivity in regions threading that plasma. The value of £* is an
integral over the plasma density—the more plasma, the larger
>*-and its effect is to rotate the external field and also
weaken it, limiting its penetration close to the Earth. Such
shielding-out of E has been observed, and was modeled by
Volland [1973] and Stern [1975] using empirical approximate
models, containing parameters which need be derived from
data in each case. It is derived numerically, more accurately
but still approximately, by the “Rice Convection Model”
described further below.

To account for the inflow of plasma from the tail, one must
include a cross-tail E, originating from the fringing E in the
polar ionosphere or from other sources. It is also directed
dawn-to-dusk and is a feature of the models of Dungey and of
Axford and Hines. Actually observed flows are highly vari-
able, suggesting E is strongly time-dependent, with return
flow occurring mainly during substorms; details are still being
debated. Schield et al. [1969] realized that as such plasma was
convected earthward, not only were its particles energized
adiabatically, but they also ultimately reached a region where
magnetic drifts became appreciable; they named it the
“Alfvén layer” since Alfvén in 1939 predicted a somewhat
similar process (assuming however plasma originating on the
day side). Those drifts (unlike #) do separate ions and elec-
trons—ions drift towards dusk, electrons towards dawn—and to
maintain charge neutrality, electric currents must flow in and
out of the ionosphere, named Birkeland currents. In the nota-
tion of Zmuda and Armstrong [1973] who traced the global
pattern of such currents, these are “region 2” (R2) Birkeland
currents. If E in the polar cap ionosphere (a conductor) comes
from the sheath along open lines, we may visualize the cur-
rents which convey it there as “region 17 (R1).

The local equations governing this process were derived
and studied by Vasyliunas [1970]. The R2 currents close
through the ionosphere and create there potential drops,
which are propagated back along closed field lines and fur-
ther affect the convection of plasma from the tail.



4 A HISTORICAL INTRODUCTION TO THE RING CURRENT

All these processes make the physics of convection into the
inner magnetosphere too complicated to handle analytically.
The first numerical solution, by Jaggi and Wolf [1973] at
Rice University, was followed by a series of increasingly
sophisticated versions of the “Rice Convection Model”
(RCM). Later the RCM included details of the particle distri-
bution function and ionospheric properties, but it did not
model changes in the magnetic field B. Some of the most
recent results, combining MHD modeling of the global mag-
netosphere with the RCM approach, are reported in this
monograph by [Sazykin et al.].

ACCELERATION PROCESSES

One would expect ions and electrons to be accelerated adia-
batically as they convect from the weak field and long field
lines of the plasma sheet to the strong field and short lines of
the inner magnetosphere. This does happen, but the process
is complicated by the time dependence of the electric field.
It may take more observations, simulation and theory to
clarify, for instance, the “injection boundary” phenomenon
[Mcllwain, 1974], which claimed particles were energized
almost simultaneously along a line roughly following the
earthward edge of the equatorial plasma sheet.

Another type of “instantaneous” acceleration was observed
by CRRES [Blake et al., 1992] at L ~ 2.6 on the sunward
side, following the arrival of a strong interplanetary shock on
3.24.1991, and was explained by Li et al. [1993]. Tons and
electrons inside the magnetosphere were accelerated by the
shock almost instantaneously to 15 MeV and more. Other
abrupt accelerations were reported at this meeting by Baker
et al. and Elkington et al., associated with the storm of
3.31.2001. Such events may be particularly important in
accelerating Mel electrons of the outer radiation belt, as
reported here by Fennel et al. Those electrons cause spurious
signals in electronic circuits aboard spacecraft and are there-
fore a source of concern to mission planners; their source is
still uncertain [Li and Temerin, 2001].

O* IONS

During the 1960s conventional wisdom held that all ring
current ions originally entered from the solar wind, a-la
Dungey, then convected into the inner magnetosphere from
the tail, becoming adiabatically energized in the process.
Then Shelley et al. [1972] reported observing energetic O*
ions in the inner magnetosphere, probably coming from the
ionosphere since oxygen in the solar wind is typically in the
0% state.

Two processes responsible for accelerating such ions were
first inferred using the S3-3 satellite [Mozer, 1977]. Both are
by-products of near-Earth acceleration of auroral electrons

by E, associated with Birkeland currents, mainly currents
directed away from the ionosphere carried largely by precipi-
tating electrons. To flow through the resistive ionosphere,
such a current must be driven by (or generate) some voltage.
Apparently, some of that available voltage is redirected to
create E,, which helps precipitating electrons overcome the
mirror force; such £, expands the loss cone and makes pos-
sible a greater current density. As shown by Persson [1963;
see also Bostrom, 2003, 2004] and confirmed observation-
ally by Evans [1974], E,, 1s concentrated near Earth, agreeing
with simple theory which predicts a voltage proportional
to /B/.

The same electric field also extracts O ions from the
ionosphere, accelerating them as upward beams, though
because of their low mobility, they do not carry much cur-
rent. Such ions were observed by S3-3, and more recently in
greater detail by the FAST mission.

In addition, the non-maxwellian distribution function of
accelerated electrons leads to local plasma instability, caus-
ing waves which heat O" ions, primarily in their velocity
component perpendicular to B. Such accelerated ions were
observed higher up as “conics,” velocity distributions peaked
at some intermediate pitch angle, which by adiabatic conser-
vation translated to 90° pitch at the (lower) altitude where
perpendicular heating occurred.

If the motion of accelerated O ions were strictly adiabatic,
they would continue bouncing back and forth along their
guiding field lines, gradually drifting to neighboring ones.
Ion beams accelerated south of the equator would come down
north of it, gradually getting reflected by a combination of
the mirror force and E). This is not usually seen, suggesting
active scattering by plasma waves far from Earth, helping
such ions join the regular ring current.

It was estimated by Daglis et al. ([1999], Table 1) that at
quiet times O* accounts for about 5% of the ring current
population, rising to about 30% in small and medium storms,
and 60% or more in intense ones; Hamilton et al. [1988]
found that at the peak of one storm oxygen and nitrogen ions
accounted for 59% of the energy density at L =3-5.
Ionospheric H+ in the three ranges is credited with about
(30+, ~20, 10) percent. Typically 2-4% of the ring current
consists of He++ (alpha particles) presumed to come from
the solar wind, and of He+ (about 1%), which may come
either from the ionosphere or from charge exchange colli-
sions of He++ and neutral hydrogen.

THE QUIET-TIME RING CURRENT AND LIFETIMES
OF PARTICLES

The ring current density j is contributed almost entirely by
positive ions, which carry most of the energy. Even so, elec-
tron fluxes are much larger than ion fluxes, since both species



have the same density, but the lighter electrons move much
faster; therefore spacecraft charging in the inner magneto-
sphere (distorting observations and sometimes causing dam-
age) is due to fast electrons. Two components of j may be
distinguished—the current due to actual transport by drifting
charges, always flowing westward, and the magnetization
current VxM (M is the density of magnetic moment) through
which the plasma distribution modifies the profile of j. In a
relatively narrow band at the inner edge of the ring current,
where the plasma pressure p drops sharply, VxM actually
reverses the direction of j, causing it to flow eastwards. In an
isotropic plasma the sum-total current depends just on Vp.
Data-based models of B and j of the ring current were devel-
oped by Tsyganenko [2002].

Assuming that ring current ions are stably trapped, their
lifetime is determined by loss processes, of which the most
significant is charge exchange collisions with neutral hydro-
gen, a process first proposed by Parker and Dessler [1959]
and analyzed in greater detail by Liemohn [1961]. Hydrogen
forms the geocorona, the outermost layer of the atmosphere,
a large cloud of hydrogen surrounding Earth up to 3-5 Rp,
with a steep density gradient. It is the source of energetic
neutral atoms (ENA) used by the IMAGE mission and by
Polar for remotely sensing the ring current [ Williams, Roelof
and Mitchell, 1992]. For more about charge exchange life-
times, see Smith and Bewtra, [1978]. At L =5, lifetimes of
near-equatorial 10 kel ions of (O*, H+) are about (56, 17)
hours, dropping to (28, 5.5) hours at L =3.5; the charge-
exchange cross section of H+ ions drops steeply above
50 keV, giving lifetimes of (11, 110) hours for 100 kel ions
at L = 3.5 [Daglis et al, 1999]. Ions with smaller pitch angles
dip deeper into the geocorona and have therefore much
shorter lifetimes, leading to a pancake-shaped ring current.

The stormtime ring current, gauged by the Dst* index
(next section), usually decays slowly during the recovery
phase of a storm, a process ascribed to charge exchange. Big
storms near their peak, however, have a much faster decay,
around 1-2 hours. A widely held explanation [Liemohn et al.,
2001] is that a majority of Dst* at such times (up to 80%)
comes from the partial ring current (PRC) of injected ions
which are not trapped but enter from the night side and exit
again on the day side, after an hour or two.

GAUGING THE RING CURRENT

A magnetic storm adds to the energy W of the ring current,
by bringing in tail plasma and also by compressing the exist-
ing ring current; in both cases particles are convected into
stronger B and shorter field lines, and adiabatically gain
energy. The main magnetic signature of this process is an
added southward contribution AB near Earth, weakening the
field at the Earth’s equator. Dessler and Parker [1959] used a
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simple model of the ring current to show that W was approxi-
mately proportional to AB (see also Vasyliunas [2001b]).
Their formula was later shown by Sckopke [1966] to have a
wider applicability, although Carovillano and Siscoe ([1973];
see also Liemohn, [2003]) showed it was not exact, just a fair
approximation. The “DPS formula” is

AB/B, = 2WI3W,,

where By~ 30,000 nT is the field at the dipole equator and
W, ~ 810" joule is the energy of the dipole field above the
surface of the Earth.

The most common measure of AB is the Dst index, intro-
duced by Sugiura [1964]. It averages the magnetic distur-
bance at 4 near-equator stations, corrected for latitude and for
the Sg variation, and usually has a negative sign, signifying a
weakening of the field. The actual AB due to the storm’s ring
current is often greater than what is observed, because obser-
vations also include an opposing AB due to compression of
the magnetosphere, caused by increased pressure p of the
solar wind. A corrected Dst index, due to injected ions alone,
is usually derived afterwards (also denoted Dst*), with an
added term proportional to p’?.

Gonzalez et al. [1994] in their review of magnetic storms
classified storms by the range to which their peak Dst (in nT)
belonged, as small (-30,-50), moderate (—50,-100) and
intense (<—100). In the intense storm of 4 November 2003
the initial estimate of Dst was —430 nT'

THE NATURE OF MAGNETIC STORMS

Both storms and substorms involve intense plasma convec-
tion from the tail. Substorm convection can be observed at
6.6 Ry [e.g. DeForest and Mozer, 1971] but it does not seem
to produce a significant AB, the way convection in a mag-
netic storm does. Both require a southward component B, of
the IMF [Fuirfield, 1966]. The consensus is that while most
substorms reflect “unloading” of energy stored in the tail,
magnetic storms are “directly driven” by a strong coupling to
the sheath and solar wind, along open field lines. The greater
strength of that coupling seems to make the difference.

Analyzing magnetic observations in space from 37
storms, Tsyganenko [2003] found that in intense storms
(Dst < =250 nT), even field lines near Earth, e.g. around
L =3, are severely stretched tailwards by the magnetic effects
of the enhanced ring current. He concluded that this tail-like
behavior at low L could explain why at the peak of large
storms the electrojet and auroras descend to middle latitudes;
so does the cusp [Meng, 1983]. The anomalous growth of the
ring current may be similar to the blowing up of a rubber bal-
loon: past a certain point, as the rubber thins out, resistance
seems to drop and expansion becomes easier.
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Several factors contribute to this strong coupling. The
southward field B; must be large and have a long duration
AT. Gonzalez et al. [1994] in their detailed review of
magnetic storm studies give minimum values of B, for
(small, moderate, large) storms as (3,5,10) nT and of AT as
(1,2,3) hours. A study of 64 cases when the magnetopause
was pushed back inside synchronous orbit [Rufenach et al.,
1989] contained only 8 cases with northward B,, always
small.

Large storms are often associated with magnetic clouds
[Burlaga and Behannon, 1982; Gonzalez et al., 1994, 1999],
flux ropes associated with coronal mass ejections (CMEs);
large B, is often observed when Earth either enters or leaves
them, and also in the “sheath” they pile up as they plow
through the regular solar wind. Storms are also helped by fast
streams in the solar wind, low in density but high in velocity;
Gonzalez et al. [1994] implicate them in (23%, 45%, 90%) of
(small, moderate, large) storms (see above). The correlation
between such streams and moderate recurring storms around
sunspot minimum was already noted by Maunder and was
recently studied by Tsurutani et al [1995].

This effect of streams may be related to the role of the
Earth’s bow shock in Earth-solar wind coupling along “open”
field lines. Such lines are often portrayed as conducting wires
rooted on Earth but extending into the solar wind ([Stern,
1973], mea culpa), mapping the v x B field of the solar wind
into the ionosphere. However, as Vasyliunas [2001a] has
pointed out, open lines may not spread electric field the
way wires do. With an open field line, part of it inside the
magnetopause and part outside, the outer part may be bent by
plasma flow, but this alone need not drag its interior portion
along.

What changes this picture is the finite temperature of the
plasma. Freshly reconnected “open” lines contain sheath
plasma recently heated in the bow shock. Such plasma,
because of its temperature, will spill over into the terrestrial
part of the field line, imparting there momentum acquired
with the solar wind. This momentum transfer causes near-
Earth parts of open lines to keep pace with the outer parts
(perhaps initially lagging somewhat). Along with this bulk
flow comes the appropriate E, passed to the ionosphere at the
roots of the field lines. lons in fast streams of the solar wind
have more kinetic energy, get hotter after passing the bow
shock, and hence create a stronger coupling to closed field
lines. Interplanetary shocks may also provide heating.

To trace the origin of storms it is therefore necessary to
study the region where open lines (and presumably, Region 1
Birkeland currents) enter the magnetosphere. Although
“Polar” may have covered that region, better satellite cover-
age by constellations of satellites may be essential, especially
since at times of magnetic storms, such locations probably
shift rapidly.

CONCLUSION

Fashions in science come and go, but the long term
well-being of a scientific area depends on the number and
quality of its unsolved puzzles. In that respect, prospects for
the study of the ring current and inner magnetosphere are
good. To switch metaphors, it is now past the foothills, to
where the high peaks are in sight-the nature of magnetic
storms, the way the sheath is coupled to the polar cap and the
tail to the near-Earth plasma, and above all, the way in which
convection E arrives and develops. There may yet be exciting
times ahead.
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