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PREFACE
Advancing our knowledge of the Sun-Earth connection
and our capabilities to predict conditions in near-Earth geospace has captured the attention of geospace, solar and
other scientists, prompting initiatives in many countries.
These advances rely heavily on our understanding of the
coupling processes between the solar wind and magnetosphere, such as geomagnetic storms and substorms. In this
regard, the science of the storm-substorm relationship is
not an end in itself, but a critical step in unveiling the SunEarth connection.
Sidney Chapman (1889-1970) was a pioneer in the study
of the influence of the Sun on geospace. In fact, it was he
who first coined the term "substorms" to describe the many
intense disturbances that occur during a magnetic storm.
Chapman also provided us with a comprehensive view of
the relationship between storms and substorms. Since
Chapman's initial work, our understanding has undergone
vast changes. The classical notion of substorms as building
blocks of storms has evolved, allowing us to note complex
synergies between storms, substorms, and convection
enhancements in the magnetosphere.
Recent progress has accelerated our understanding here.
In particular, scientists now recognize that the ring current
during the main phase of magnetic storms is asymmetric
and driven mainly by plasma convection in the magnetos
phere. This result, obtained from analysis of ground based
magnetometers, and confirmed by the global images of the
ring current from the IMAGE spacecraft, is regarded as one
of the most important new results in magnetospheric
physics.
The present volume thus reviews several important
aspects of the storm-substorm relationship as well as what
returns scientists expect from forthcoming exploratory mis
sions in the sun-earth system. These missions, which
should provide us with unprecedented data on magnetic
storms and substorms, have the potential of resolving sev
eral long-standing issues.
We have organized the papers in the volume to represent
the key issues of the storm-substorm relationship, including

their importance to associated areas of research. The
processes that start on the Sun, such as coronal mass ejec
tions, lead to strong disturbances propagating in the solar
wind, which in turn become the drivers for geomagnetic
activity extending to the ionosphere and upper atmosphere.
Although the plethora of events in the sun-earth connection
is often viewed as a single chain, it is more like a matrix
with many cross connections among the different elements.
The multiple facets of the storm-substorm relationships
exemplify such a view.
The introduction to the book provides a broad overview
of the storm-substorm relationship, and acts as a guide to
the papers that follow - a progressive view of the process
es starting from the Sun and culminating in the Earth's
atmosphere. The concluding group of papers deals with the
issues of space weather, future missions, and some of the
open questions that require our attention.
A recent claim that storms and substorms are unrelated is
an example of how scientists often claim the resolution of
long-standing problems by calling unrelated two phenome
na previously found inter-related. Such a divorce can serve
to clarify certain aspects of both, while leaving other sig
nificant issues unresolved. While our new understanding the ring current during the main phase of the storm to be
asymmetric and driven mainly by convection - is an impor
tant advance, it is still not clear how the different aspects of
storms and substorms are unrelated or related. Certainly
questions remain, including whether the inner magnetos
phere is populated mainly by convective processes or
through impulsive injections driven by substorm-associated inductive electric fields. As substorms are almost always
accompanied by the injection of energetic particles, we
would expect them to contribute to the storm-time ring cur
rent. In view of the electrodynamic nature of the interaction
between different regions of the magnetosphere and the
dominantly global nature of its dynamics, we would not
expect these two manifestations of geomagnetic activity
merely to co-exist. Yet how they influence each other is still
unclear.
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These and other questions prompted us to convene a
Chapman Conference on the storm-substorm relationship
in Lonavala, India, March 2001. This volume derives from
the proceedings of the conference, which brought together
scientists involved in storm and substorm studies. Our pur
pose was to comprehensively pursue and clarify the specif
ic ways in which storms and substrains influence each
other from both sides of the issue, within the context of
most recent developments.
Even in a volume of this size it has not been able to do
justice to many aspects of the subject, which claim as much
right to attention as those that have received their due here.
Nonetheless, the editors hope that the topics selected repre
sent the key issues that will be most actively pursued in the
near future. Among the topics not included here are the for
mation and development of the ring current, which is influ
enced by substorms in some form not fully understood;
global MHD modeling of the solar wind-magnetosphere
coupling, which when coupled to inner magnetospheric
models is likely to yield a comprehensive picture; and mod
els of the inner magnetosphere with descriptions of the ring
current during storms.
Our colleagues who reviewed many papers in the volume
have contributed significantly to its development. We wish
to thank the reviewers for their cooperation and assistance

in generous measure: T. Araki, P. K. Chaturvedi, C. R.
Clauer, I. A. Daglis, A. C. Das, Y. Dimant, M. C. Fok, M.
Grande, P. N. Guzdar, T. Hada, B. Hultquist, T. Iyemori, A.
Korth, J. U. Kozyra, D. Laxmi, M. Liemohn, G. Lu, R. M.
McPherron, G. M. Milikh, T. Mukai, R. Nakamura, A.
Nishida, N. Nishitani, T. Obara, S. I. Ohtani, T. P. O'Brien,
A. Petrukovich, B. M. Reddy, G. Reeves, G. Rostoker, X.
Shao, V. A. Sergeev, M. I. Sitnov, W. Sun, J. A. Valdivia and
P. Yoon. Finally we thank A. Graubard and B. Matsko of
AGU Books for their efforts in making this volume possible.
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Nagoya University
Toyokawa, Japan
Gurbax S. Lakhina
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The Storm-Substorm Relationship: Current Understanding and Outlook
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G D. Reeves?, G R o s t o k e r , R. Vondrak*, and L. Zelenyiio
1

2

3

5

6

8

The intensification of the ring current during a geospace storm has been one of the key
issues in space physics. Substorms have been considered responsible for bringing in par
ticles from the magnetotail, which get trapped on closed drift paths to form a symmetri
cal ring current. It is now recognized that the ring current develops dominantly from a
sustained enhancement of the convection electric field. The magnetic perturbations
observed during a storm main phase are then due to a partial ring current, which closes
in part through the ionosphere and in part through the magnetopause. An enhanced con
vection electric field moves the plasma Earth-ward, thus energizing it, and when this
field is reduced, the particles become trapped and a symmetric ring current is formed.
Substorms, however, are always accompanied by the injection of energetic particles and
their contribution to the storm-time ring current is a matter of current debate. Considering
the electrodynamic nature of the interaction between different regions of the magnetosphere and the dominantly global nature of its dynamics, storms and substorms are not
expected to just co-exist, but the ways in which they influence each other are not clear
yet. The Chapman Conference at Lonavala (2001) saw the cementing of a new paradigm
for the ring current and the storm-substorm relationship. The accumulating evidence
against the substorms being the main constituents of storm main phase and the recogni
tion of the dominant role of partial ring current led to a consensus (Lonavala consensus)
marking a turning point in the understanding of the storm-substorm relationship.
1. INTRODUCTION
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The relationship between storms and substorms is a key
problem in solar wind-magnetosphere-ionosphere coupling
and one of the long-standing questions has been what caus
es the development of the ring current, leading to the main
phase of a magnetic storm. The relative importance of the
substorm occurrence and sustained enhancements of magnetospheric convention in the development of magnetic
storms has been an open issue. It is widely believed that the
main phase of a magnetic storm is the interval in which
many intense substorms must take place successively.
Among the questions that have been raised in this context
[Gonzalez et al, 1994; Kamide et al, 1998] are: Is this a
necessary condition for the occurrence of magnetic storm?
How many is "many"? How intense is "intense"? How suc
cessive is "successive"? These are the type of practical
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2 STORM-SUBSTORM RELATIONSHIP: CURRENT UNDERSTANDING AND OUTLOOK
questions which have not been settled in storm-substorm
relationship studies.
In terms of physical processes in the magnetosphere, the
two major questions are: (1) What is the physical difference
between storm-time substorms and non-storm-time sub
storms, if any? (2) Is the main phase of magnetic storms a
result of (a) the impact of southward interplanetary magnet
ic field (IMF) which also relates to substorm activity, or
(b) the successive occurrence of substorms which also have
a direct relationship with southward IMF? Numerous stud
ies in the past have not been conclusive and only recently is
a coherent picture emerging.
The Chapman Conference at Lonavala [Sharma et al,
2001] was held at a critical juncture, and it saw the cement
ing of a new paradigm for the ring current and the stormsubstorm relationship. The change has been summarized by
Clauer et al. [this volume]. In the past, the conventional
idea has been that the ring current results from the accumu
lation of many elementary disturbances, viz. substorms.
Each substorm would produce an enhanced westward elec
tric field near the outer ring current boundary and bring par
ticles in from the plasma sheet, a so-called "substorm injec
tion". These particles become trapped on closed azimuthal
drift paths, and form a symmetrical ring current. The sub
storm would promptly enhance the plasma sheet population
with ionospheric particles which would also then contribute
to the ring current. The new view is that the ring current
development results directly from a sustained enhancement
of the convection electric field. Most of the ring current
magnetic perturbations are due to a partial ring current,
which closes in part through the ionosphere and in part
through the magnetopause. The energetic neutral analyzers
aboard IMAGE spacecraft observe that the ring current is
not symmetrical during storm onset [C:son Brandt et al,
Reeves et al, this volume]. The enhanced cross-magnetospheric electric field moves the Alfven layers inward thus
energizing the plasma and also moving the ring current clos
er to the Earth. Only after the enhanced field is reduced do
particles find themselves on closed drift paths and the ring
current becomes symmetric. Thus the classical two-stage
decay of the ring current during recovery is seen as a prompt
initial decay due to plasma on open paths convecting out of
the system, followed by a slow decay due to charge
exchange within the trapped population. Substorms can play
a role in storm development in different ways, e.g., in initi
ating ionospheric ion out flow [Grande et al, this volume;
McFadden et al, 2001], or injection of energetic ions into
the inner magnetosphere [Reeves et al, this volume; Daglis
and Kamide, this volume]. The emerging picture of storms
consists of a dominant role of convection which brings in

the plasma into the inner magnetosphere thus increasing its
energy due partly to the conservation of the adiabatic invari
ants, and substorms which may contribute to the energiza
tion of the particles and facilitate their trapping in the ring
current region.
The debate on the role of substorms in the storm devel
opment can now be viewed from a new perspective of deter
mining the relative roles of substorms and convection. At
this stage the role of convection is clearer than that of sub
storms. The plasma and fields in the different regions of the
magnetosphere are coupled strongly and efficiently due to
the electrodynamic nature of interaction of the plasma in the
anchor dipole field of the Earth [Sharma, 1995]. This cou
pled with the close proximity of the ring current region,
(4-6) R , and the region of substorm initiation, which could
be as close or closer to Earth than 8R , make the develop
ment of storms without any influence from the substorms
very unlikely. Moreover the substorm injections during
storms are ubiquitous during storms [Reeves et al, this vol
ume].
Our understanding of the storm-substorm relationship
has been derived mainly from the global characteristics of
the magnetosphere. For example, from the observational
point of view, the global indices such as Dst and AL have
been used extensively to study storms and substorms,
respectively. On the theoretical side, energy balance
conditions such as the virial theorem have been used to
evaluate the partition of stored magnetic energy into the
kinetic energy of the ring current and the dissipation in the
ionosphere [Siscoe and Petschek, 1997]. This use of the
global quantities to describe many essentially local
processes is perhaps the main cause of many of the previ
ous misunderstandings. The study of substorm injection
during a storm main phase using indices is one such exam
ple. Neither the auroral indices such as AL representing
substorms, nor the Dst representing the ring current, can
yield spatial dependences of a substorm injection, which is
a local process. The study of the global as well as the local
processes is needed to understand the interrelationship
between convection, substorms and storms. Many studies
presented in this volume use data from spatial extended
locations [e.g., Clauer et al, C:son Brandt et al, Filligim
et al, Reeves et al, this volume].
E

E

2. THE RING CURRENT: A N E W UNDERSTANDING
Our understanding of the ring current has been derived
mainly from the Dst index and its correlation with the
solar wind. Another part is obtained from an interpretation
of the Dst index in terms of simple models including
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Chapman-Ferraro theory of the magnetopause, single par
ticle drift in a dipole field, magnetospheric convection,
substorm collapse of the tail field and charge exchange
loss of ring current protons. Only a small part of our
understanding is derived directly from in-situ observation
or remote sensing.
A simple model of the ring current, represented by the Dst
index, is the Burton et al [1975] equation, which can repro
duce nearly all the variance in hourly values of Dst
[McPherron, 1997; McPherron and O'Brien, 2001]. The
root-mean-square prediction residual is of order 8 nT, com
parable to most estimates of the noise in the solar wind and
Dst data. This equation uses only solar wind data to make
the prediction, completely ignoring substorms, while the
standard paradigm for storm development [Gonzalez et al,
1994] requires a substorm expansion to inject ions and
accelerate them to the energies observed in the ring current.
This indicates that something is lacking in the standard par
adigm since it requires substorms.
In its simplest form the Burton et al [1975] equation
states that the rate of change of dynamic pressure-corrected
Dst is a balance of injection controlled by the solar wind
electric field, and decay controlled by charge exchange. For
data of hourly resolution, the injection filter is a delta func
tion at lag zero, i.e., itis a simple constant of proportionali
ty equal to 4.4 nT/hr per mV/m and the decay time is gen
erally taken to be 8 hours. The interpretation of this empiri
cal relation is that the rectified solar wind electric field
drives magnetospheric convection that injects particles into
the ring current that then decay away by charge exchange.
This alternative model however has a problem as there is no
known way for a steady electric field to produce a symmet
ric ring current. A steady convection electric field drives
convection from the tail along drift paths that are open to the
magnetopause and thus the particles do not form a symmet
ric ring current.
It might be thought that this is the role of the substorm
expansion. Although the solar wind electric field is steady,
the internal convection electric field is not. Each fluctuation
in the internal field traps some of the drifting particles onto
closed drift paths. Unfortunately the data do not support this
conjecture. Iyemori and Rao [1996] have shown that the
rate of decrease of Dst becomes smaller after a substorm
expansion, not larger. Also Fay et al [1986] showed that the
high time-resolution injection filter is a Gaussian pulse
peaked at about 20 minutes delay, a time scale much short
er than the average time for an expansion phase to develop
after a southward IMF turning.
The Chapman Conference on Storm-Substorm Relation
ship [Sharma et al, 2001] coincided with the emergence of

a new paradigm for the ring current and the storm-substorm
relationship. The change has been summarized by Clauer et
al. [this volume] and C:son Brandt et al [this volume] and
presents the ring current and Dst index in a new light. In the
standard view the Dst is caused by the symmetric part of the
ring current, and asymmetry by a separate partial ring cur
rent. However the new results show that the ring current is
not symmetric during the storm main phase. In this view
ions simply drift Sunward in the convection electric field
until gradient and curvature drifts take over close to the
Earth. On the night side the ions drift across equipotentials
of the convection electric field gaining energy and increas
ing their density as they approach the Earth. This produces
an effective westward drift current that increases across the
night side all the way to dusk. As the ions move into the day
sector they drift opposite to the convection electric field,
lose energy, move outward, and the current decreases. Of
course, the divergence of the westward current must be con
nected to the ionosphere with an outward current on the
nightside and an inward current on the dayside.
In this picture there is no symmetric ring current, only a
combination of tail current, partial ring current, and dayside
continuation to the magnetopause. However, if the convec
tion electric field begins to decrease slowly, some of the
open drift paths will be converted to closed drift paths and
a symmetric ring current should begin to develop. A sudden
northward turning of the IMF should convert all open drift
paths to closed drift paths and eventually the ring current
should become completely symmetric. It is easy to demon
strate that this never happens. A plot of the asymmetry index
versus the Dst index reveals that the two vary together, and
that asymmetry is never zero. In fact Dst can explain over
half of the variance in asymmetry. It appears that a substan
tial fraction of asymmetry is produced by the same current
as Dst. The fact that asymmetry is never zero might be
explained by the existence of a convection electric field
driven by the viscous interaction. Such a field would main
tain a background convection electric field and some open
drift paths that lead to asymmetry by the mechanism
described above.
This model may also explain a perplexing observation
that the initial ring current recovery rate after V B reaches
its minimum value is much faster than any possible charge
exchange lifetime of observed ring current ions [O'Brien
and McPherron, 2000]. For very strong solar wind electric
fields (E>10 mV/m) the recovery rate is of order of four
hours. This time scale is close to the travel time of particles
from dusk to the magnetopause, a loss mechanism that has
been named the "flow-out effect" [Takahashi et al, 1990].
Thus the observed dependence of the ring current recovery
g
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rate on the solar wind electric field may be a consequence
of a gradual transition from the flow-out effect during
strong convection to charge exchange further and further
from the Earth as the convection field diminishes.
Many papers in this volume emphasize and elaborate dif
ferent aspects of the point of view that substorms are not
essential to the ring current development during the storm
main phase. Tsurutani et al. [this volume] have shown that
storms are possible without substorms. Korth et al. [this
volume] showed that the cycling of 0 to the tail was inde
pendent of substorm activity. FAST data showed the action
of a partial ring current during stormtime [McFadden et al,
2002].Baker and Li [this volume] showed that the same pre
diction algorithms relate Dst to solar wind parameters at
solar maximum and at solar minimum. It is interesting to
consider that if this is so, then ionospheric material, which
is largely absent at solar minimum, can not be directly
mediating the process. Grande et al. [this volume] showed
that on the timescale of order one hour or less there is no
major change in the average behavior of the Dst index itself,
when ordered by substorm onset, which implies that there is
no prompt connection between the injection of energetic
particles at substorm onset and changes in the energetic par
ticle population of the ring current.
Overall, it is becoming clear that whereas in the past
there was a tendency to think of substorms as the "quanta"
of storms, a new view is emerging with a whole range or
"family" of coexisting magnetospheric disturbances, in
cluding storms, pressure pulse events, enhanced convection
interludes, multiple and single onset substorms, pseudobreakups and enhanced flows. All of these enable the magnetosphere to respond to solar wind drivers, and dissipate
energy. The question of to what extent, and under what cir
cumstances, these responses are associated, will form one of
the important areas for the field in future. A further major
question is the need to understand the build-up of relativistic electrons during storm-time [Baker and Li, this volume].
While the association is clear, the precise correlations are
certainly not. It seems clear [Grande et al., this volume] that
substorm activity does not directly provide these electrons.
However, it may provide the seed population, as in the idea
that substorms "precondition" the storm-time plasma.
+

3. ROLE OF OXYGEN ION AND
WAVE-PARTICLE INTERACTIONS
The role of energetic 0 ions of ionospheric origin in the
development of magnetic storms is among the key unsolved
problems [Daglis and Kamide, Grande et al., Korth et al,
this volume]. The storm triggers ionospheric upflow, and if
+

it persists long enough, this material finds its way into the
plasma sheet, and eventually injected into the ring current.
Simulations of ionospheric processes show the formation of
patches at altitudes where the oxygen concentration is the
highest, thus indicating their potential role in the outflow of
oxygen ions [Gondarenko and Guzdar, this volume].
Because of its high mass, the oxygen ions contribute a large
part of the energy density, which can be represented in terms
of the Dst index. However, the role of the oxygen ions is not
quite clear. The case when it does not play any special role
in the process is presented in Grande et al. [this volume].
The other view in which they play a significant role is pre
sented in Daglis and Kamide [this volume]. An important
issue is how the thermal oxygen ions are extracted from the
ionosphere and then energized to ring current energies of- a
few keVto hundreds of keV. As the particles convect into
the region of stronger magnetic field closer to Earth they
gain energy due to conservation of the first adiabatic invari
ant. Studies of single-particle dynamics in models of
magnetic field dipolarizations indicate that low-energy
ionospheric-origin 0 ionscan be accelerated up to a few
hundreds of keV and injected earthward during substormrelated dipolarization events. However this does not yield
the required energies and different types of fluctuating
fields have been considered as sources of ion energization.
Intense plasma waves could provide an efficient mechanism
for energy transfer between different ion species and may
prove important for selectively heating and accelerating
thermal heavy ions [Thorne and Home, 1994]. In fact,
assessing the integrated effect on storm-time ring current
losses due to the scattering of ions by waves is one of the
unsolved problems concerning magnetic storms [Lakhina
and Singh, this volume]. The fact that the occurrence of par
ticular plasma modes is usually limited in time or confined
to localized regions casts doubts on the ability of the wavescattering processes to affect significantly the energy bal
ance of the ring current globally.
Interaction between the ring current ions and modes such
as electromagnetic ion cyclotron (EMIC) waves is consid
ered as an important ring current loss process. The global
impact of ion cyclotron waves on the ring current have been
modeled by using the Ring Current-Atmosphere Interaction
Model (RAM) which follows the evolution of three major
ring current ion species (H , H e , and 0 ) considering adi
abatic drift motion, Coulomb collisions, charge exchange,
and pitch-angle scattering of protons in the field of EMIC
waves [Jordanova et al., 1996; Kozyra et al, 1997]. The
model produced order-of-magnitude enhancements in the
ion precipitation as a result of diffusion in the ion cyclotron
waves within the unstable region. However, no significant
+

+

+

+
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impact of the wave losses was seen in the global energy bal
ance even though the waves reduced the anisotropy in the
proton pitch angle distributions locally. An improved
scheme has been used for estimating the global distribution
and amplitude of EMIC activity using a warm plasma ray
tracing code in the RAM model [Kozyra et al, 1997]. The
comparison of the storm development from this model with
that from the maps ofmagnetic field disturbances obtained
from ground-based measurements has contributed to a new
view of the storm main phase dominated by partial ring cur
rent [Clauer et al,this volume].
The 0 ions of ionospheric origin can also excite the elec
tromagnetic helicon mode in the near-Earth plasma sheet
region [Lakhina and Tsurutani, 1997, 1998; Singh et al,
2002]. This instability may play an important role by facili
tating the excitation of tearing instability, which is impor
tant during substorm onset. During storms, plasma sheet
oxygen ions can be accelerated by the helicon mode waves
and injected earthwards and become part of the ring current.
In addition to the EMIC and helicon mode waves, quasielectrostatic instabilities driven by loss-cone distributions of
the ring current ions can also occur during magnetic storms
[Lakhina and Singh, this volume]. The role of the wave-par
ticle interaction in storm development can be best assessed
when reliable models of the magnetic field in the inner magnetosphere are available.
+

4. SUBSTORM AND MAGNETOTAIL EFFECTS IN
THE INNER MAGNETOSPHERE
The injection of energetic particles from the near-Earth
plasmasheet into the inner magnetosphere is one of the key
processes during storms and substorms. Injections are so
commonly observed in association with the dipolarization
of the magnetic field at substorm onset that if a substorm is
documented without observing an injection it is often
assumed that there was an injection at another location but
that there may not have been a suitably-located observing
spacecraft. Recent results and understanding of the role of
injections during substorms have been reviewed by Reeves
[1998].
Among the key issues in storm-substorm relationship is
the differences and similarities of storm-time and isolated
substorms [Baumjohann et al, Petrukovich, this volume].
"Isolated" substorm injections are produced by localized,
inductive electric fields with little or no change in the largescale, externally-imposed, "convection" electric field.
Therefore the substorm injection serves to move particles
from open or untrapped drift trajectories to closed, trapped
drift orbits. During storms there are changes in both the

large-scale convection electric field and superimposed fluc
tuations of the more localized inductive electric fields
(which are often hard to separate observationally). Either
process or, more commonly, both together serve to move
energetic particles from the magnetotail to the inner magne
tosphere. Whether those particles are eventually trapped on
closed drift trajectories or lost to the day side magnetopause
depends on the precise time history of the electric fields
experienced by the particles, but, whatever their fate, those
particles (particularly the ions) are the particles that carry
the storm-time ring current which is the defining feature of
a geomagnetic storm.
With the advent of global Energetic Neutral Atom (ENA)
imaging the limitations due to the inability to obtain a glob
al picture of the injection and transport of the actual currentcarriers through the inner magnetosphere is beginning to be
overcome. Energetic neutral atoms are produced by the
charge exchange of magnetospheric ions with tenuous, cold,
exospheric neutrals. Since the first application of ENA
observations to geomagnetic storms [Roelof, 1987] this
technique has led to many new advances. Among these is a
direct relationship between ENA flux and the Dst index dur
ing the recovery phase of storms. This is expected because
the charge-exchange of ring current ions which produces the
ENA fluxes is also a direct loss process for ring current ions.
If charge exchange is the only loss process then the time rate
of change of Dst is proportional to Dst.WmTe the ENA
emission during the recovery phase is generally proportion
al to Dst it is not the only loss process [Jorgensen et al,
2001]. In a two-phase recovery, charge exchange accounts
for roughly 7 5 % of the decay of the ring current but in the
early, rapid recovery phase it accounts for only a small pro
portion of the loss. The rapid recovery of Dst is produced
primarily by loss of ring current particles to the magne
topause—what is often called the "partial ring current" but
might better be called the "untrapped ring current".
Liemohn et al [2001] recently provided compelling obser
vational and model-based evidence for the importance of
magnetopause loss in rapid recovery and Reeves et al [this
volume] show ENA evidence that Dst (and SYM-H) can
reach values o f - 1 0 0 nT without any substantial flux of ring
current ions extending past noon local time.
The injection of energetic particles during storms and
substorms need to be studied using simultaneous data from
many different observations. Reeves and Henderson [2001]
undertook a study which compared 7 isolated substorm
injections with 7 storm-time injections using POLAR ENA
observations and in situ geosynchronous fluxes in order to
gain better understanding of the storm-substorm relation
ship. For the geomagnetic storms they used the first injec-
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tion in order to have a clear and unambiguous timing signa
ture. One conclusion was that while main-phase substorms
can be difficult to identify, essentially all storms began with
a clear substorm and a clear substorm injection. Further they
found that the storm-time injections were essentially identi
cal to isolated substorm injections. They were neither larg
er (in flux or local time) or more intense (e.g., in spectral
hardness). What distinguished storm-times from isolated
events was (a) continued injection activity for a period of
hours following the initial injection, (b) a spreading of the
local time extent of ion injection toward dawn - opposite to
the direction of ion drift, and (c) an immediate response in
Dst for the storm-time injections compared to no measura
ble response for the isolated events. This study led to the
conclusion that it was the presence of large-scale, external
ly-imposed, "convection" electric field superimposed on
localized, inductive electric fields which differentiated
storm-time particle injections from typical substorm injec
tions. More recently Lui et al [2001] reached a similar con
clusion using Geotail ENA observations of the ring current
and SuperDARN radar observations of polar cap convec
tion. Two papers in this volume [C:son Brandt et al., and
Reeves et al.] present the first IMAGE observations of
storm-time substorms and ring current evolution with
unprecedented spatial and temporal resolution of the injec
tion and transport of inner magnetospheric ions.
One of the unique features of ENA observations is that
they remotely sense the dominant current carriers in the
inner magnetosphere and yet are completely insensitive to
other magnetic perturbations such as magnetopause cur
rents, substorm current wedges, or ionospheric electrojets
all of which have added ambiguity to understanding the
storm-substorm relationship. With the pace of recent devel
opments it is not difficult to imagine the day when the most
popular proxy for ring current intensity, Dst, is superceded
by actual, global, time-dependent measurements of the ring
current ions themselves.
5. RELATIVISTIC ELECTRONS DURING STORMS
As noted by Baker and Li [this volume], most major geo
magnetic storms give rise to relativistic electron enhance
ments in the Earth's outer radiation belt. However, some
large storms do not show such electron enhancements
[Reeves, 1998]. Thus, it is an area of active research to try
to understand in detail how high-energy electron accelera
tion occurs in the magnetosphere during the course of
strong geomagnetic activity. Long-term studies of relativis
tic electrons in the magnetosphere have shown many of the
occurrence characteristics. A very obvious role is played by

solar wind speed in producing subsequent relativistic elec
tron enhancements. In fact, the solar wind speed is the sin
gle biggest determinant of electron enhancement. However,
there is also a key role played by the north-south component
of the IMF. There typically must be a significant interval of
southward IMF along with a period of high ( V = 845
km/s) solar wind speed. Thus, it is generally thought that
enhancement in geomagnetic activity (e.g., magnetospheric
substorms) is a key first step in the acceleration of magne
tospheric electrons to high energies. A second step is then
thought to be a period of powerful low-frequency waves
that is closely related to high values of V . In this picture,
substorms provide a "seed" population, while high-speed
solar wind drives the acceleration to relativistic energies in
a two-step geomagnetic storm scenario. This picture seems
to apply to most storms examined whether associated with
high-speed streams or with CME-related events.
The terrestrial magnetosphere clearly is an efficient accel
erator and effective trapping device for energetic particles.
The acceleration and transport processes for energetic elec
trons remain primary issues in magnetospheric physics even
four decades after the discovery of the radiation belts. High
energy electrons hold special interest because of their con
tinuous presence in the magnetosphere and their effect on
human technology. Present-day spacecraft missions have
given a remarkable view of energetic particle phenomena.
Long-term measurements have unveiled many interesting
features of relativistic electrons and have also presented a
great variety of new challenges in understanding the
dynamics of these particles in the Earth's magnetosphere.
Examination of the 10-year record of SAMPEX data [Baker
and Li, this volume] shows that the highest electron fluxes
were seen in late 1993 and in 1994. The 1993-94 period was
a time of very prominent high-speed solar wind streams and
was also the period of most extreme relativistic electron
radiation in the past solar cycle. There was a clear and
prominent 27-day periodicity in the electron flux enhance
ments. This was well associated with solar wind velocity
enhancements. Thus, during the approach to sunspot mini
mum, high-energy electrons are at their highest levels
throughout the outer radiation belt and this population is
well associated with recurrent geomagnetic storms. Many
authors have studied mechanisms that might account for
acceleration of electrons to relativistic energies during geo
magnetic storms. An important correlation has been found
between electron flux enhancements and ULF waved power
in the magnetosphere [Baker et al, 1998a]. Data show
increases from quiet day wave power by as much as a fac
tor of 1000 in the frequency range -1.0 to 20 mHz. Based
on correlation studies, it is argued that these ULF waves can
s w

s w
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play an active role in electron acceleration [e.g., Rostoker et
al, 1998; Hudson et al, 2000]. Another important point,
however, is that there needs to be a "seed population" of
electrons available on which the ULF waves (or other
agents) act [e.g., Baker et al, 1998a]. Using plasma wave
and particle data from the CRRES satellite, Meredith et al.
[2002] suggested that the gradual acceleration of electrons
to relativistic energies during geomagnetic storms can be
effective only when there are periods of prolonged substorm
activity following the main phase of the geomagnetic storm.
Thus, magnetospheric substorms are essential to providing
the seed population [Baker et al, 1998b]. Baker and Li [this
volume] suggest that magnetospheric substorms and geo
magnetic storms are closely related to one another when it
comes to energetic electron phenomena. They note that it
would be remarkable if a southward turning of the IMF that
opens the magnetosphere to energy input would lead to two
totally separate and unrelated phenomena. The original
view that storms are merely a superposition of substorms
was clearly too limited. But, on the other hand, it seems
unlikely that storms could occur without substorms.
Baker and Li [this volume] espouse the belief that sub
storms are an important step along the way to geomagnetic
storms. The magnetosphere crosses many thresholds in its
progression of development and it begins to admit many
new forms of energy dissipation as it is driven harder and
harder by the solar wind. Substorms are an elementary (and
essential) component in this progression. Substorms have
many important properties like nonlinearity, complexity,
self-organization, and even criticality [Sharma et al, this
volume]. As the magnetosphere progresses toward major
storms, however, the external driver (the strong flow of the
solar wind energy) overwhelms and drives the magnetos
phere into a mode of powerful direct response. This strong
driving of magnetospheric convection, in turn, produces the
conditions that, very frequently at least, produces highly rel
ativistic electrons during geomagnetic storms.
6. GROUND BASED DATA: THE NEED FOR A
PROPER INTERPRETATION
The community of researchers working on the storm-sub
storm relationship has, for years, tried to define the global
behavior of particles and fields in the magnetosphere that
lead up to substorm expansive phase and to explore the
global response of the system as it goes through the devel
opment of the expansive phase and the ensuing recovery.
The primary reason that these issues have not yet been suc
cessfully resolved has been the lack of observation points in
the vast volume of space in which the expansive phase

develops. The research community is almost always in the
position of being unable to separate spatial and temporal
effects when trying to analyse satellite data, simply because
the magnetosphere is not a homogenous medium in which
all perturbations detected can be identified as temporal
changes. In an attempt to alleviate this problem, researchers
use ground-based data obtained from instruments such as
magnetometers and auroral imagers. These can provide con
tinuous two-dimensional imaging of the auroral ionosphere
and the input required by models to infer the three dimen
sional structure of the electric current distribution and
particle populations. Ground-based magnetometer data, in
particular, have been used to identify substorm onsets and to
track the evolution of the phases of substorm activity.
However, these data are rarely used to the full extent possi
ble with the consequence that some conclusions reached are
not warranted.Two such situations are identified below to
elucidate how treatment of only a limited part of the ground
based magnetometer data available may lead to incorrect
conclusions.
The first case is on the use of the auroral electrojet indices
for individual event studies.lt is very common to see the
state of activity in the magnetosphere quantified by a plot of
the AE or AL index, and sometimes onset times will be
determined from sudden increases in the value of either of
the aforementioned indices. In terms of the storm-substorm
relationship, the problem arises because the indices contain
contributions of two different types of activity—directly
driven and storage-release (cf. Rostoker et al, 1987 for a
review of these processes). It is well to remember that the
AL index does not reflect the disturbance at any particular
point in space. It is derived by superposing all available
records of the north-south (H) component of the magnetic
perturbations from a specific set of stations (normally 12) at
average auroral zone latitudes distributed as uniformly as
possible around the world. The maximum negative value
from all these records is chosen and AL is assigned that
value. The problem that arises is best seen referring to
Figure 1. In that figure, the slowly changing perturbation
represents a single H-component magnetogram featuring a
rise and fall of the directly driven system, whose peak neg
ative magnetic perturbation at any time is normally found in
the dawn sector. A second trace represents a single H-com
ponent magnetogram showing a substorm expansive phase
onset, which normally occurs in the midnight sector. The
third trace is what would appear as the time series of AL val
ues for this event. It is immediately evident that the expan
sive phase onset would only be a small short-lived increase
in AL occurring some time after the start of the increase in
the index value. Even more important to note is that, if the
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midnight magnetogram
dawn magnetogram

Figure 1. Schematic diagram showing midnight sector and dawn
sector H-component magnetograms during a substorm distur
bance, together with the AL index that would be formed if these
two magnetograms provided the largest disturbance at any time
during the three hour interval portrayed. Similar scenario was also
discussed in Kamide and Kokubun [1996].
peak magnetic perturbation of the midnight sector magne
togram had been less than or equal to the perturbation due
to the directly driven activity, the expansive phase onset
could not have been identified from the time series of the
index. It is clear that for substorm expansive phase identifi
cation, AL is unsuitable for either statistical or individual
event studies.
The second case deals with the source region of substorm-like disturbances. One point is that there are actually
two regions in the auroral oval in which substorm-like per
turbations can be found, namely the near the equatorward
edge of the oval (expansive phase onsets and pseudobreakups) and at the poleward edge of the oval (poleward
border intensifications or PBIs). In establishing the stormsubstorm relationship, it is important to first understand the
origin of the belief that the development of the storm main
phase is always accompanied by substorm activity.
Figure 2 gives some indication of the nature of this prob
lem. For the event shown, there are two clear disturbances
that look very similar in terms of their signatures in the
north-south component of the magnetic field. It is only
when one examines the evolution of this episode of sub
storm activity, that one recognizes that the disturbance
around 0430 UT is initiated at the equatorward edge of the
oval (i.e. is a normal expansive phase onset) while the dis
turbance at - 0630 UT is at the poleward edge of the oval
(i.e. is a PBI). The reader is referred to Rostoker [2002] for
a full description of this event. Figure 3 shows latitude pro
files for the 0630 UT event which illustrate this point unam

biguously. Panel a shows a latitude profile near local
midnight just before the onset of the disturbance in ques
tion. Panel b shows a differential profile using 0630 UT as
the baseline from which the perturbations are measured.
Prior to the intensification there is a strong broad westward
electrojet centered at - 66.5° N (PACE) with a poleward
border at - 67.5° N. The intensification is centered north of
the poleward border of the pre-existing westward electrojet
with the poleward edge of the latter coinciding with the
equatorward edge of the new electrojet (marked by a verti
cal line in the figure). The weak perturbations (< 100 nT) in
the latitude regime of that pre-existing electrojet seen in
Panel b clearly show the new system to be an independent
entity, with the old system not responding significantly at
the time of the -0633 UT intensification. Clearly this event

January 10,1997

700 nT

Figure 2. North-south component magnetograms from selected
CANOPUS stations for a four hour interval on January 10, 1997
(after Rostoker, 2001). The four bottom traces are from the
Churchill meridian line from PINA in the south to RANK in the
north, while CONT and FSMI are auroral oval stations approxi
mately two hours in local time west of the Churchill line. The
attention of the reader is drawn to the ESKI and RANK distur
bances at ~ 0430 UT and ~ 0630 UT, which look quite similar
to one another and might be identifed as substorm expansive
phase onsets. The -0430 UT event is, in fact, an expansive phase
disturbance.
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was a poleward border intensification, with little or no
response in the equatorward portion of the electrojet (which
maps close to the earth near the inner edge of the plasma
sheet).
We now can see why the claim that the main phase of a
magnetic storm is accompanied by substorm activity must
be treated with care. PBIs, as seen in normal magnetograms,
look very much like expansive phase onsets. Therefore, it is
quite possible that the strong magnetic perturbations seen at
average auroral zone locations during storm main phase
development are really PBIs. In fact, since the polar cap
expands during the development of a magnetic storm, one
would expect the poleward edge of the oval to move to lat
itudes normally occupied by the equatorward edge of the
oval. Thus it is entirely possible that the large magnetic per
turbations detected at average auroral zone stations do not
reflect substorm expansive phase onsets.
The magnetic field variations measured on the ground are
driven by the solar wind and in specific cases the relevant
solar wind variable can be identified. In the case of January
1997 magnetic cloud event the ground magnetic variations
are found to be strongly correlated with the solar wind plas
ma density [Kamide et al, this volume].

dynamical description independent of particular modeling
assumptions, and embodies the information in the past
observational data [Sharma et al, this volume].
Predictability is a natural consequence of the low dimen
sionality, which represents the global aspects of the magne
tospheric dynamics. The input-output nature of the solar
wind-magnetosphere interaction is incorporated into the
local-linear techniques by including the solar wind input
along with the geomagnetic response. In input-output stud
ies, the local linear technique has been successful in yield
ing simple predictive models of the global magnetospheric
dynamics by using the main features of the system. In the
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7. FORECASTING STORMS AND SUBSTORMS:
ROLE IN SPACE WEATHER
Storms and substorms are the major geomagnetic events of
interest for space weather and arise from an efficient coupling
of the solar wind energy and momentum to the magnetos
phere and ionosphere. They can cause severe damage to our
technological systems in space as well as on Earth, and fore
casting storms and substorms is essential for protecting these
systems. Nonlinear dynamical models of the magnetosphere
derived from observational time series data using phase space
reconstruction techniques have yielded new advances in the
understanding of its dynamics [Sharma, 1995]. In particular,
it is now recognized that the dynamics has a strong global
component which leads to overall coherence in the magne
tosphere. This forms a basis for the predictability of the mag
netospheric behavior and space weather.These techniques
have been successful in developing nonlinear models for pre
dicting the global dynamics in terms of the geomagnetic
indices, such as the auroral electrojet index AL, or the storm
time disturbance index Dst, from the spacecraft data of the
incoming solar wind.
The importance of nonlinear dynamical studies to space
weather arises from its ability to reconstruct the dynamics
from the observational data of a limited number of vari
ables. The reconstructed phase space of the system yields a
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Figure 3. Latitude profiles composed from data taken along the
Churchill line just prior to (Panel a) and shortly after (Panel b) a
substorm intensification that occurred at ~ 0633 UT. The profile in
Panel a shows the disturbance with respect to a baseline before the
-0430 UT onset while Panel b is a differential profile showing the
disturbance with respect to a baseline at 0630 UT, just before the
intensification in question. The intensification is, in fact, a PBI
originating further back in the magnetotail than where expansive
phase onsets take place.
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study of storm-substorm relationship, such a model was
developed from the high resolution data set for 1979 using
AL as the input and Dst as the input. This model [Kamide
et al, 1998] showed that AL can predict Dst well. Another
issue that was examined using the input-output models is
the relative timing between storms and substorms from AL
and Dst indices data. The linear prediction filters relating
AL to Dst for data averaged over 10-50 min showed no
delay between AL and Dst indices [Sharma et al, 1998].
This indicates that there is no relative delay between sub
storms and storms, consistent with the conclusion that solar
wind, rather than the substorms, is the main driver for
storms. The nonlinear dynamical techniques thus yield pre
dictive models and in the same time provide insights on the
relationships between different processes. Many techniques
are now used to study the solar wind—magnetosphere cou
pling and among these is the wavelet analysis [Cade et al,
this volume].
The effects of geomagnetic storms on the equatorial ion
osphere are enhanced during active periods and this has
important implications for space weather forecasting [Sastri
et al, this volume].
8. SUN-EARTH CONNECTION
Although the role of storms and substorms in the basic
structure and dynamics of the magnetosphere has been iden
tified, our knowledge and understanding is still incomplete.
Because storms and substorms are temporal reconfigurations,
not objects, a successful integration of knowledge requires a
paradigm that identifies the sequence of significant events.
Some specific unresolved questions are as follows.
The primary question is the initiation of storms and sub
storms. Geomagnetic storms result from changes in the
solar wind that modify the dynamics of the magnetosphere.
However, the relative effectiveness of solar wind pressure
gradients and interplanetary magnetic field variations is not
well established. Similarly, substorms may result from solar
wind drivers or they may be initiated within the magnetos
phere. So, important progress will be made when we under
stand the entire sequence of events that initiates a substorm
or a storm. Furthermore, there is insufficient understanding
of the detailed processes that trigger a substorm, or even
how a substorm might be connected to a storm [Reeves et
al, this volume].
The energy budget of the magnetosphere during the
course of a storm or substorm is another important issue.
Although the solar wind is the primary energy source of
both storms and substorms, we do not understand how that
solar wind energy is coupled to the magnetosphere and how

it is dissipated, e.g., by means of the ring current, highlatitude Joule Heating and particle energy input, accelera
tion of energetic trapped particles, magnetopauselosses, etc.
[Ostgaard and Tanskanen, this volume]. We need to estab
lish the efficiency of energy transfer from the solar wind
into the magnetosphere for a variety of conditions.
Understanding this transfer will enable predictive models of
the response of the magnetosphere to extreme solar wind
conditions.
The understanding of the entire Sun-Earth coupled sys
tem is the main issue. Ultimately we need a predictive
capability for space weather that allows us to go from obser
vations of the solar surface to ultimate consequences at
Earth. Current predictive ability is mainly in solar windmagnetosphere coupling [Baker and Li, Sharma et al, this
volume].
The solutions to these problems require many ingredients.
However two key elements can be identified. The first is the
development of a comprehensive paradigm of magnetos
pheric dynamics in which the sequence of events that occur
during a geomagnetic storm and substorm are represented.
This paradigm should be a synthesized picture that contains
the essential features and processes. It would be a modern,
contemporary version of the auroral substorm sequence
developed by Syun Akasofu in the early 1960's [Akasofu et
al, this volume]. His paradigm was based only on groundbased observations, yet it revolutionized our understanding
of the auroral current systems and of magnetospheric
dynamics. Such an integrated picture need not include all
the details, but should be sufficiently comprehensive so as
to describe the significant events, the controlling processes,
and the most important consequences.
This difficulty in reconstructing an accurate, integrated
picture of the essential characteristics of storms and sub
storms is reminiscent of the classic story of the several blind
men who encounter an elephant. Each provides an accurate
description of a single part of the elephant, but their com
bined descriptions are misleading and confusing.In a simi
lar way we have developed very precise characterizations of
the various pieces of storms and substorms, but we have yet
to develop a satisfactory representation of the entire
storm/substorm elephant that lives within the magnetos
phere. In fact, there are almost certainly several types of
magnetospheric elephants, which only compounds our dif
ficulty in reconstructing the true characteristics of each
kind.
Perhaps the first thing would be to provide a better para
meterization of the stormtime current as observed on the
ground. This could be done by combining simple models for
the magnetopause current, the tail current, the symmetric
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ring current, the partial ring current, and the substorm cur
rent wedge. Roughly 15-20 parameters might be deter
mined as a function of time, and used for further analysis. A
more sophisticated inversion of these currents could be
done using the Assimilative Mapping of Ionospheric
Electrodynamics (AMIE) technique [Richmond
and
Kamide, 1988]. These models should be motivated by more
detailed statistical surveys of satellite magnetometer and
plasma data during various phases of a storm. The newly
emerging technique of Energetic Neutral Atom imaging
should be used to develop a picture of where ions are charge
exchanging with atmospheric neutrals as a function of storm
phase. In conjunction with these experimental measure
ments there should be continued improvement of the
numerical simulations. In particular these simulations need
to be made self consistent so that the effects of the storm
time currents are fed back to alter the magnetic field in
which particles drift. The inner magnetosphere should also
be linked to global MHD simulations so that their outer
boundary conditions are more realistically defined.
The absence of a dynamical storm-time magnetic field
model is perhaps the greatest impediment to progress in the
field of research. This is desperately needed as a framework
in which to interpret experimental results.
The second key element consists of measurements target
ed at important questions [Vondrak et al, this volume].
Improved measurements are needed to reveal the processes
that couple the magnetospheric regions and to establish the
relationships between cause and effect. The present data are
too sparse, with inadequate spatial and temporal resolution.
Furthermore our present models and simulations have more
detail than can be measured. We cannot validate some
aspects of existing models, nor can we judge which model
is correct when their predictions differ. In general, the cur
rent data sets are not adequate to answer the science ques
tions!
The ambiguity in the observations results from the fact
that processes occur on scales smaller than our measure
ment resolution. For example, the coherence length of the
plasma sheet has been observed to be about one Earth
radius, based on the autocorrelation of measurements by a
single spacecraft. This scale size is much finer than the
spacing of most multi-point measurements that are available
today. To attain such a fine resolution over a large volume,
we need improved methods such as imaging systems, and
networks of multi-spacecraft constellations.
Future measurements need to be targeted at key ques
tions. They should not provide only additional phenomenological data that simply characterize the magnetospheric
environment. The measurements should be aimed at identi

fication of physical processes, rather than just data collec
tion. For example, they should resolve the roles of the
convection electric field versus pressure gradients during
the initiation of magnetospheric disturbances. Similarly,
they should provide comprehensive measurements of the
energy budget and its partition, as well as other significant
physical parameters.
Eventually there must be more measurements in the ring
current region by multiple spacecraft. Several spacecraft in
each of several orbits separated in local time are needed to
track the growth and decay of the ring current. Measure
ments spanning the inner magnetosphere in the equatorial
plane, as well as stereoscopic measurements in energetic
neutrals, are needed. However, overall, it is apparent that a
new consensus has emerged in storm-substorm relationship,
which will form the basis for future considerations of the
field.
It is of general interest to examine the cause-effect rela
tionships in a broader context of the interaction of solar
wind with planetary environments. In the absence of ade
quate data in this area, we can use a Gedanken experiment
to reach reasonable conclusions. There are three main com
ponents which control the solar-planetary relations: solar
wind supersonic flow with frozen in interplanetary magnet
ic field B , internal magnetic field of the planet, B , and
planetary atmosphere and the ionosphere, I. We can then
examine the effect of switching on and off one or two of
these factors. The more familiar cases are those of Venus
(developed ionosphere and almost absent internal magnetic
field) and Mercury (significant internal B and almost
absent ionosphere). Also, one could imagine that the inter
action of solar wind with these planets occurs during the
(exceptional) intervals when the intensity of IMF field is
very low ( B
—> 0). The question is what types of dynam
ical phenomena in planetary magnetospheres one might
expect during such hypothetical (although partially realis
tic) interactions? Would the resulting response be storms,
substorms, both or something else? Do we expect, for
example, that storm-type and or substorm-type phenomena
might occur in the Hermean or Venusian magnetospheres?
A list of the possible combinations is shown in Table 1 in
terms of possible "Yes" or "No" answers. However, it is not
so easy to reach conclusive answers and this Table is meant
to stimulate further discussion.
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9. SUMMARY
The prevalent view in storm-substorm relationship has
been that substorms are the main building blocks of storms
[Chapman, 1962]. This view was questioned, based mainly

