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HELIOPHYSICS

Space Storms and Radiation: Causes and Effects

Edited by Carolus J. Schrijver and George L. Siscoe

Heliophysics is a fast-developing scientific discipline that integrates studies of the
Sun’s variability, the surrounding heliosphere, and the environment and climate
of planets. Over the past few centuries, our understanding of how the Sun drives
space weather and climate on the Earth and other planets has advanced at an ever
increasing rate. The Sun is a magnetically variable star and, for planets with intrin-
sic magnetic fields, planets with atmospheres, or planets like Earth with both, there
are profound consequences.

This volume, the second in a series of three heliophysics texts, integrates
the many aspects of space storms and the energetic radiation associated with
them — from their causes on the Sun to their effects in planetary environ-
ments. It reviews the physical processes in solar flares and coronal mass ejec-
tions, interplanetary shocks, and particle acceleration and transport, and considers
many of the space weather responses in geospace. Historical space weather
observations, in-situ particle measurement techniques, radiative emissions from
energetic particles, and impacts of space weather on people and technology in
space are also reviewed. In addition to its utility as a textbook, it also con-
stitutes a foundational reference for researchers in the fields of heliophysics,
astrophysics, plasma physics, space physics, solar physics, aeronomy, space
weather, planetary science, and climate science. Additional online resources,
including lecture presentations and other teaching materials, can be accessed at
www.cambridge.org/9780521760515.
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Preface

Over the past few centuries, our awareness of the couplings between the Sun’s
variability and the Earth’s environment, and perhaps even its climate, has been
advancing at an ever increasing rate. The Sun is a magnetically variable star and
for planets with intrinsic magnetic fields, planets with atmospheres, or planets like
Earth with both, there are profound consequences and impacts. Today, the suc-
cessful increase in knowledge of the workings of the Sun’s magnetic activity, the
recognition of the many physical processes that couple the realm of the Sun to our
galaxy, and the insights into the interaction of the solar wind and radiation with the
Earth’s magnetic field, atmosphere and climate system have tended to differenti-
ate and isolate the solar heliospheric and geo-space sub-disciplines of the physics
of the local cosmos. In 2001, the NASA Living With a Star (LWS) program was
initiated to reverse that trend.

The recognition that there are many connections within the Sun—Earth sys-
tems approach has led to the development of an integrated strategic mission
plan and a comprehensive research program encompassing all branches of solar,
heliospheric, and space physics and aeronomy. In doing so, we have devel-
oped an interdisciplinary community to address this systems-science. This has
raised awareness and appreciation of the research priorities and challenges among
the LWS scientists and has led to observational and modeling capabilities that
span traditional discipline boundaries. The successful initial integration of the
LWS sub-disciplines, under the newly coined term ‘“heliophysics”, needed to be
expanded into the early education of scientists. This series of books is intended
to do just that: aiming at the advanced undergraduate and starting graduate-
level students, we attempt to teach heliophysics as a single intellectual discipline.
Heliophysics is important both as a discipline that will deepen our under-
standing of how the Sun drives space weather and climate at Earth and other
planets, and also as a discipline that studies universal astrophysical processes
with unrivaled resolution and insight possibilities. The goal of this series is to

ix



X Preface

provide seed materials for the development of new researchers and new scientific
discovery.

Richard Fisher, Director of NASA’s Heliophysics Division
Madhulika Guhathakurta, NASA/LWS program scientist

Editors’ notes

This volume is the second of a three-part series of texts (and an on-line problem set)
in which experts discuss many of the topics within the vast field of heliophysics.
The texts reference the other volumes by number:

I Plasma Physics of the Local Cosmos
IT Space Storms and Radiation: Causes and Effects
IIT Evolving Solar Activity and the Climates of Space and Earth

The project is guided by the philosophy that the many science areas that together
make up heliophysics are founded on common principles and universal processes,
which offer complementing perspectives on the physics of our local cosmos. In
these three volumes, experts point out and discuss commonalities and complemen-
tary perspectives between traditionally separate disciplines within heliophysics.

Many of the chapters in the volumes of this series have a pronounced focus on
one or several of the traditional sub-disciplines within heliophysics, but we have
tried to give each chapter a trans-disciplinary character that bridges gaps between
these sub-disciplines. In some chapters stellar and planetary environments are com-
pared, and in others the Sun is compared with its sister stars or planets are compared
with one another; in yet other chapters general abstractions, such as magnetic field
topology or magnetohydrodynamic principles, that are applicable to several areas.

The vastness of the heliophysics discipline precludes completeness. We hope
that our selection of topics helps to inform and educate students and researchers
alike, thus stimulating mutual understanding and appreciation of the physics of the
universe around us.

The chapters in this volume were authored by the teachers of the heliophysics
summer school following the outlines provided by the editors. In the process of
integrating these contributions into this volume, the editors have modified or added
segments of text, included cross references, pointed out related segments of text,
introduced several figures and moved some others from one chapter to another, and
attempted to create a uniform use of terms and symbols, while allowing some dif-
ferences to exist to remain compatible with the discipline’s literature usage. The
editors bear the responsibility for any errors that have been introduced in that
editing process.



Preface xi

Additional resources

The texts were developed during summer schools for heliophysics, held over
three successive years, at the facilities of the University Corporation for Atmo-
spheric Research in Boulder, Colorado, funded by the NASA Living With a
Star program. Additional information, including text updates, lecture materials,
(color) figures and movies, and teaching materials developed for the school can
be found at www.vsp.ucar.edu/Heliophysics. Definitions of many solar—terrestrial
terms can be found via the index; a comprehensive list can be found on the web at
www.swpc.noaa.gov/info/glossary.html.

Heliophysics

helio-, prefix, on the Sun and environs; from the Greek helios.
physics, n., the science of matter and energy and their interactions.

Heliophysics is the

e comprehensive new term for the science of the Sun—solar system connection.

e exploration, discovery, and understanding of our space environment.

e system science that unites all of the linked phenomena in the region of the cosmos
influenced by a star like our Sun.

Heliophysics concentrates on the Sun and its effects on Earth, the other planets of the
solar system, and the changing conditions in space. Heliophysics studies the magne-
tosphere, ionosphere, thermosphere, mesosphere, and upper atmosphere of the Earth
and other planets. Heliophysics combines the science of the Sun, corona, heliosphere,
and geospace. Heliophysics encompasses cosmic rays and particle acceleration, space
weather and radiation, dust and magnetic reconnection, solar activity and stellar cycles,
aeronomy and space plasmas, magnetic fields and global change, and the interactions
of the solar system with our galaxy.

From NASA’s Heliophysics. The New Science of the Sun—Solar System Connection:
Recommended Roadmap for Science and Technology 2005-2035.







1
Perspective on heliophysics

GEORGE L. SISCOE AND CAROLUS J. SCHRIJVER

1.1 Universal processes: “laws” of space weather

Heliophysics is concerned with laws that give rise to structures and processes that
occur in magnetized plasmas and in neutral environments in the local cosmos, both
temporal (weather-like) and persistent (climate-like). These laws systematize the
results of half a century of exploring space that followed centuries of ground-based
observations. During this time spacecraft have imaged the Sun over many wave-
lengths and resolutions. They have visited every planet, all major satellites and
many minor ones, and a selection of comets and asteroids. Beyond this they have
traversed the expanse of the heliosphere itself. Out of the vast store of data so accu-
mulated, the laws and principles of heliophysics are emerging to describe structures
that are natural to magnetized plasmas and neutrals in cosmic settings and to spec-
ify principles that make the heliosphere a realm of numerous, original dynamical
modes.

By “the laws of heliophysics” we are not here referring to a subset of the
laws of physics that apply to all things everywhere. A discipline that needs to
refer back to the fundamental laws of physics to explain its phenomena would be
totally derivative, having no synthesizing laws of its own, no regularities pecu-
liar to it, no inherent principles with explanatory power sufficient to link its
own distinctive phenomena; in short, no paradigms. To help fix this idea, we
list here a few familiar examples from other fields of discipline-specific general
laws or principles: chemistry — the periodic table, valence, Le Chatelier—Braun
principle; biology — evolution, double helix; geology — “deep time”, plate tecton-
ics; astronomy — Kepler’s laws, Hertzsprung—Russell diagram, expanding universe;
meteorology — Hadley cell, baroclinic instability.

In the case of heliophysics, probably most of its laws have yet to be discov-
ered, since the project of finding them is young. Moreover, heliophysics is a
unique hybrid between meteorology and astrophysics with substantial components

Heliophysics: Space Storms and Radiation: Causes and Effects, eds. Carolus J. Schrijver and George L. Siscoe.
Published by Cambridge University Press. © Cambridge University Press 2010.



2 Perspective on heliophysics

of physics and chemistry. Thus, many of the laws of heliophysics that we can list at
this time might be subjects for research in meteorology (e.g. the field of aeronomy),
astrophysics (e.g. shock waves and cosmic rays), physics (e.g. magnetic recon-
nection and particle energization), or chemistry (e.g. reaction rates in planetary
ionospheres and thermospheres). Other laws are still hiding their full relevance,
even as they hint at their existence through the (self-)similarity of processes and
scale-free power-law spectra of a wide range of phenomena, in energies of solar
flares, coronal mass ejections, and energetic particles, and from geomagnetic storm
occurrences to solar-wind turbulence spectra.

Our three volumes on heliophysics, of which this is the second, are intended to
lay out the structures and phenomena with which heliophysics is concerned that
might be organized under general laws and principles and to indicate how far the
field has progressed toward uncovering them. In particular, the present volume is
concerned with energy-conversion phenomena with emphasis on the explosive kind
that produce solar eruptions and the storms of energetic particles, which on occa-
sion render space a hostile environment for technological, space-faring humanity.
These phenomena are, of course, of special interest to space weather.

1.2 Pressure, gravity, and electromagnetism

This volume’s emphasis on time-dependent phenomena (commonly captured under
the term space weather) follows an emphasis in Volume I on structures and pro-
cesses that persist over time and that at any time can be seen at one or more places
in the heliosphere (examples of which include the solar wind and planetary mag-
netospheres and ionospheres). In Volume I the emphasis was on the rich variety
of such structures and processes, as illustrated in its first chapter by following a
wandering proton on an odyssey that began beneath the solar surface and ended
in the interstellar medium. In its struggle upward to the photosphere and chromo-
sphere it shuffled through numerous solar structures and processes. Upon reaching
the corona it passed through sites of dissipation where, being energized enough
to escape the Sun’s gravitational hold, it joined the solar wind, only to be caught a
few days later by the Earth’s magnetic field. Entrained as a member of the magneto-
sphere’s high-pressure plasma, it experienced a tour of ionospherically ruled inner
chambers before escaping again to continue its journey to freedom. Eventually
it exited through the termination shock and ultimately returned to the interstellar
medium from which it had been captured by the proto-heliosphere 4.5 billion years
earlier (which is part of the story told in Volume III).

In Volume I we noted that although narrating the odyssey of a proton illustrates
well the variety of heliospheric structures and processes, a corresponding narra-
tive exists for the magnetic field — a narrative that features the magnetic field’s
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role in generating space weather. Indeed the magnetic field is the sine qua non —
“that without which nothing” — of space weather. Without the magnetic field, nei-
ther solar activity nor magnetic storms — the solar and terrestrial sources of space
weather — would exist. Two properties of the magnetic field initiate its career as a
generator of space weather: (1) it has no conserved sources, and (2) it is buoyant.
The first of these properties means that the magnetic field must be continually gen-
erated. Although in principle fossil magnetic fields could have remained from the
creation of the solar system, this appears not to be the case (see Vol. III). Witness
the 22-year magnetic cycle of the Sun and the reversals of the Earth’s magnetic
field. On shorter time scales, the magnetic topography of the solar surface changes
so rapidly that it must be monitored constantly as input for space weather forecasts.

The telling comparison is with the gravitational field, g, which unlike the mag-
netic field, B, has a conserved source. The conserved source of the gravitational
field is mass, as can be seen in the field equations that apply to the gravitational
field:

V.g=—47Gp, (1.1)
V xg=0, (1.2)

where G is the gravitational constant and p is the mass density. Thus, gravity is
determined by the amount of mass present and its distribution. Since mass is con-
served and the gravitational force causes matter to collapse into systems in which
the gravitational force is almost perfectly balanced by thermal or inertial forces,
gravitationally organized matter tends to be stable over eons (thermally driven
instabilities in gravitationally bound gases form an important exception to this gen-
eralization, to which we return below). In contrast, the pertinent field equations for
the magnetic field are

V-B=0, (1.3)
V x B = puolJ. (1.4)

The source term for the magnetic field in these equations is electrical current, J,
which, unlike mass, is not a conserved quantity. Thus we see that B is a product
of dynamo or other magnetohydrodynamic (MHD) processes that generate current
in real time. The crucial distinction is that unlike the gravitational field, which is
in effect a byproduct of a conserved, definite quantity of mass and so is inherently
persistent, the magnetic field is generated by a variety of plasma motions in the
Sun, in the solar wind, and in planetary magnetospheres on time scales shorter
than what would be needed to reach an equilibrated state. Hence, the local cos-
mos is constantly adjusting and attempting to relax, but it never gets to such a
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quasi-stationary state. The consequence of this is what we call weather, including
the focus of this volume: space weather.

The non-steadiness of space weather arises from the dynamical properties of the
magnetic force and its interaction with the other force fields — gravity, pressure,
and inertia — as given by the MHD momentum equation (see Vol. I, Chapter 3):

dv
PE-FVP:Pg—l-JxB. (1.5)

For a time-independent equilibrium to be possible, or at least one without motion,
solutions without the dv/ds term must exist. But there can be no such equilibrium
involving the magnetic field because of the different makeup of the stress tensors
of the three forces. On this point, Eugene Parker states in his book Cosmical Mag-
netic Fields (1979): “When there is a magnetic field present in a compressible
fluid, there can be no equilibrium unless the gravitational force is parallel to the
magnetic force” (p. 298), which of course is not possible everywhere within a nat-
urally occurring, autonomous, gravitationally bound magnetized plasma. The role
that the gravitational force plays in establishing an equilibrium can be stated in
terms of the stress tensors of the three forces: thermal pressure, gravity, and mag-
netism. Whereas the pressure terms in the stress tensors of the thermal pressure
force and magnetic field force are positive definite — they act to force the plasma
to expand — the corresponding term for the gravitational force is negative definite —
it acts to force the plasma to contract. Therefore, unless restrained by gravity, hot
plasmas and magnetic fields would expand indefinitely (note that because of the
specific form of the gravitational field equations it is not the pressure term in the
gravitational stress tensor that causes matter to contract, it is the tension term —
gravity really does pull). That it is the nature of hot plasmas and magnetic fields
to expand and of gravitational fields to contract can also be seen from the virial
theorem for an isolated system (e.g. Rossi and Olbert, 1970, p. 305):
1d*1

where [ is the trace of the moment-of-inertia tensor of the system, 7 is the
total kinetic energy (bulk plus thermal), M is the total magnetic energy, and G
is the gravitational energy (taken to be positive definite like the other energies).
Thus, equilibrium is possible only if the gravitational energy term balances the
kinetic and magnetic energy terms, which act to make the system expand, thereby
increasing the system’s moment of inertia.

Taken together, as in the Sun, the three forces — thermal pressure, gravity,
and magnetism — produce a situation in which gravity and pressure are in quasi-
equilibrium, but the magnetic field with its positive pressure expands and, being
massless, becomes buoyant in the pressure gradient set up by the pressure—gravity
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equilibrium. Thus begins the odyssey of a magnetic flux tube newly generated in
the subsurface solar dynamo. But this story is complex and is better told in chapters
dedicated to it (Vol. I, Chapters 4 and 8; and Vol. III).

For the present purpose, the point is that in the Sun the magnetic field neces-
sarily introduces motion, and this motion is subject to instabilities that result in
magnetic structures with a wide range of scale sizes. The situation is further com-
plicated by thermally driven motion fields, such as convection cells and differential
rotation, that redistribute and concentrate magnetic flux. What, on occasion, raises
this interesting but esoteric behavior to a level of importance to space weather is
that magnetic structures sometimes reach a dimension so large that the amount of
ambient energy that can be tapped explosively by an instability (the nature of which
is the subject of ongoing research, see this volume, Chapter 6) is huge enough to
disrupt the space between Sun and Earth and beyond.

1.3 Structure and dynamics of the local cosmos

The magnetic field’s inherent tendency to expand does not by itself account for
its space weather effectiveness. If expansion were enough then the expanding
corona unassisted by the magnetic field would manifest storms, which it does not
do. An additional property of the magnetic field that adds to its space weather
effectiveness is tension. Tension is not a property of thermal pressure but, as
noted above, it is a property of gravity. Tension allows gravity and the magnetic
field to organize matter into coherent volumes. In the case of gravity, one such
volume is called the Sun. As for the magnetic field, tension gives spatial coher-
ence to magnetic flux tubes through transmission of Alfvén waves (a statement
that assumes the validity of the MHD condition, i.e. the “freezing” of magnetic
flux to the plasma). There is an important difference regarding the types of vol-
umes that the gravitational and magnetic tension forces organize. The gravitational
field has no shielding currents (V x g = 0), and since its source is mass den-
sity (V - g = —4nGp), it has no discontinuities because that would require an
infinite mass density. Hence, the gravitational field is relatively homogeneous; it
varies smoothly and continuously in space. On the other hand, the magnetic field
has shielding currents (V x B = uoJ) which spontaneously form discontinu-
ities, called current sheets (Parker, 1994). Therefore the flux tubes into which the
magnetic field organizes plasma by tension can have relatively well-defined outer
boundaries.

In fact one may picture the heliosphere as being filled rim to rim with more-
or-less discrete magnetic flux tubes (Vol. I, Chapters 4 and 6). On the Sun these
take the form of filaments, fibrils, and sunspots, to name a few. In the helio-
sphere flux tubes range in size from the dissipation scale of solar wind turbulence
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(Vol. 1, Chapter 7) up to global-scale spiral flux tubes that emerge from coro-
nal holes. Planetary magnetospheres are composites of magnetic flux tubes with
dimensions from flux-transfer events — small tubes that adhere like parasites to
a magnetosphere’s “skin” — up to the open-field-line lobes that constitute the
magnetotail. The heliosphere’s menagerie of flux tubes is tightly packed since a
magnetic flux tube expands until stopped by another flux tube expanding in the
other direction. For example, magnetospheres are magnetic flux tubes anchored
in gravitating planets, which expand until stopped by the momentum-bearing,
plasma-filled flux tubes of the solar wind. The dynamics of expanding mag-
netic flux tubes results in a network of flux tubes separated by current sheets
and filling the heliosphere. Current sheets so formed play an important role
in space weather by being sites of magnetic dissipation known generally as
magnetic reconnection (Vol. I, Chapter 5). Manifestations of magnetic recon-
nection at current sheets — in some cases quite dramatic manifestations — have
been observed on the Sun, in the solar wind, and at various places around
magnetospheres.

To recount briefly, from the structure of the stress tensors of the three forces
that act on magnetized plasmas in cosmic settings one can deduce these general
properties:

(i) On time scales relevant to space weather, gravitational fields are smoothly varying
fixtures of space that do not change in time. In contrast, the magnetic field forms
a discontinuous, space-filling network of flux tubes that are for the most part in a
continual process of non-steady creation and dissipation.

(i) Plasmas and magnetic fields will expand indefinitely unless held down by a gravita-
tional field or, at a local level, unless restrained by opposing expansions.

(ii1) Gravity and pressure create stable, static structures (thermally driven convection and
circulation excepted and discussed separately) whereas magnetic fields do not form
stable, static structures with gravity or pressure, but in a fluid medium like the Sun
form buoyant flux tubes that shred on rising and (passing here from deduction to
observation) reform on the surface into filaments, tubes, and loops that cover a great
range of sizes.

The manifold sizes, forms, and temporal modes of magnetically derived structures
(described here in Chapter 5) are not deducible merely from the structure of the
stress tensors of the participating forces. To understand these — indeed, not just the
extremes but all space weather phenomena — is part of the business of heliophysical
research as covered in these volumes.

Creation, buoyant rise, surface transport, flux-tube formation, stretching, expan-
sion, and dissipation-assisted expulsion name events in the lives of magnetic field
structures that at any time and at all times traffic in their thousands from the Sun
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to the heliopause and create the time-dependent conditions that constitute the solar
manifestations of space weather. These magnetic structures are, of course, plasma
filled. They form a continuous network of moving magnetic plasma carriers that
stretches about 100 AU from the Sun to the border of the heliosphere. The geome-
try and topology of the network of magnetic plasma carriers reflects the distribution
of closed magnetic structures on the Sun and thus changes with the phase of the
solar cycle. At solar minimum it usually forms a singly connected wavy sheet,
called the streamer belt, forming a low-latitude, Sun-circling band. By the time of
solar maximum it has evolved into a multiply connected, pole-to-pole honeycomb-
like network. If one could see it, the network would be streaked with flux tubes of
variable density and spotted with magnetized plasma blobs of many sizes, mostly
advecting outward with the solar wind. Within the heliosphere, but outside the
network, we have the domain of the fast, more-or-less unstructured solar wind
that emanates from coronal holes and fills most of the three-dimensional helio-
sphere. Typically one to a few times per day, this picture of orderly outward
transport through 3D volumes of fast solar wind interlaced with 2D-like sheets
of magnetically structured slow solar wind is disrupted by explosive ejections of
quasi-spherical magnetic clouds that expand rapidly and shoot outward. These are
coronal mass ejections, CME:s, the bringers of space storms.

CMEs are macroscale magnetic flux tubes that can suddenly, coherently form
low in the corona and accelerate to speeds sometimes in excess of 2000 km/s
before leaving the Sun (Chapter 5). As presently understood, their high speed is a
consequence of unbalanced magnetic forces operating on magnetically organized
volumes of plasma (Chapter 6). By contrast — to emphasize again the magnetic
field’s role as the prime generator of space weather events — the pressure gradient
force (aided by waves) is able to propel the solar wind to peak speeds of only about
800 km/s, as measured by the Ulysses spacecraft over the solar poles. The storm
that follows a CME’s arrival at Earth — a magnetic storm as it has been called
since before CMEs were discovered — disturbs the magnetic field everywhere in
the magnetosphere and at ground level, sometimes enough to disrupt power and
communications systems (Chapter 2). The radiation belts in the magnetosphere are
pumped up and become more than usually hazardous to satellites and astronauts
(Chapters 13 and 14).

As mentioned, CMEs often move faster than the prevailing solar wind and thus
plow through it, sweeping it up and compressing it to form shock waves. CME
shock waves can claim importance not just because they signal the arrival of the
storm (and so predicting their time of arrival is a high-priority activity of space
weather forecasters), but also because they themselves are the generators of one
of the most serious hazards of space: solar cosmic rays, or as they are more con-
ventionally called, solar energetic particles (Chapter 8). In the rarefied solar wind,
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shock waves, viewed at the microscale, are not the result of particles impacting par-
ticles with consequent rapid thermalization, as happens in dense media, but rather
of waves impacting particles that in turn stimulate the impacting waves through a
positive feedback process. Here a subset of the particles can experience multiple,
energy-increasing wave encounters before leaving the energy-exchanging shock
layer and end up with energies high enough to be of concern to humans who would
otherwise have no interest in CMEs. These subjects fall under the headings of par-
ticle acceleration in shocks, which Chapter § treats in substantial detail, and of
the radiation effects on biological materials and spacecraft hardware, which are
reviewed in Chapters 13 and 14.

CME shock waves occupy a special place in heliophysical studies because of
their sometimes harmful effect on human enterprises outside of heliophysics. But
within heliophysics they represent just one example, not especially exceptional,
of a large population of shock waves. Shock waves form not only in front of fast
CMEs but wherever the solar wind impacts relatively stationary objects, such as
planets and the interstellar medium, and where fast solar wind streams are brought
into contact with slow solar wind streams by the spiral geometry that the Sun’s
rotation imparts to all long-lived solar wind structures, so-called corotating inter-
action regions (CIRs). The frequent occurrences of CMEs, CIRs, and the multitude
of planets result in a collection of shock waves that are accessible by spacecraft
for detailed study, which is an advantage that puts heliophysics at the forefront
in the study of collisionless shocks and particle acceleration at shocks. In this
regard Eugene Parker in his Cosmical Magnetic Fields has stressed the value of
the broader role that heliophysical research plays: “It cannot be emphasized too
strongly that understanding of the magnetic activity in the astronomical universe
can be achieved only by coordinated study of the various forms of activity that are
accessible to quantitative observation in the solar system.” Accordingly, Chapter 7
treats shock waves in their heliophysical varieties and, as already noted, Chapter 8
treats particle energization at shocks generally. The heliosphere serves as a labo-
ratory not only to study energization of particles at shocks, but also to look into
their transport within the heliosphere once energized, as Chapter 9 describes. Here
the coverage includes galactic cosmic rays as well as locally produced energetic
particles.

1.4 Energetic particles

On the topic of energetic particles we may segue from the Sun and the solar wind
as places where the elements of space weather are generated to magnetospheres
as places that lie at the receiving end of all this generation. But not passively —
magnetospheres also generate space hazards, especially energetic particles, which,
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magnetically trapped, fill reservoirs known as radiation belts because they cir-
cle the planet equatorially. Earth’s radiation belts (also known as the Van Allen
belts) are best known, but all magnetized planets have them. They reach their acme
of damage potential at Jupiter. The origins and properties of radiation belts are
related in Chapter 11, and this concludes the book’s description of hazardous space
weather elements as such. But recall that all space weather elements entail the con-
version of energy between the kinetic and the magnetic forms — kinetic energy
of subsurface flows in the dynamo region of the Sun creates magnetic energy,
some of which eventually converts explosively into the kinetic energy of CMEs,
and some of which drives hydromagnetic shock waves (creating magnetic energy),
the dissipation mechanism for which entails the energization of particles (creating
kinetic energy). Once CMEs reach Earth and create magnetic storms, the swap-
ping of energy back and forth, starting with the kinetic energy of the CME and
ending in part in the radiation belts, becomes even more involved. This story mer-
its its own treatment in Chapter 10, which considers energy conversion at planetary
magnetospheres in a fully general way.

The properties of space weather elements that render them hazardous aid in
their detection and measurement. Energetic particles can be detected and mea-
sured directly in situ with instruments carried on spacecraft. In-situ measurements
have sampled the heliosphere’s energetic particles from its inner region around
Mercury to its border with the interstellar medium. As Chapter 3 describes,
such measurements have determined how electrons and ions from protons to
multiply ionized iron are distributed over multiple decades of energy, revealing
long tails extending to high energies (the space weather hazardous range) end-
ing finally in cutoffs. These data have led to the discovery that the high-energy
tails have a universal slope, instancing Parker’s pronouncement on the value of
quantitative heliophysical studies. What cannot be measured directly in situ, as
near the Sun or in the heart of Jupiter’s radiation belts, can often be inferred
through X-rays and synchrotron radiation and other emissions that energetic elec-
trons cause. Chapter 4 reviews these techniques and shows how the radiative
signatures of energetic particles have proven invaluable in probing unreachable
environments and, with the advantage of global monitoring of the space environ-
ment, of continuously documenting the occurrence of explosive energy conversion
events.

1.5 Weather and climate in space

We have named many of the main players in magnetically induced space weather:
networks of advecting blobs and ropes of magnetized plasma, CMEs, magnetic
storms, shock waves, solar energetic particles, cosmic rays, and radiation belts. As
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a prelude to this cataloging of space weather elements we emphasized the differ-
ence in the behavior of gravitationally organized matter and magnetically organized
matter. We return here to this difference as it shows up in time-dependent (weather-
like) phenomena; that is, we compare gravitationally organized weather with the
magnetically organized type in terms of energy conversions.

Gravitationally organized weather is the kind of weather that occurs in the atmo-
spheres of the Sun and the planets. Weather arises in response to a need to move
energy from a source to a sink. On the Sun the source is thermonuclear reac-
tions in the core and the sink is electromagnetic radiation from the photosphere.
A small fraction of this energy flow is diverted into the generation of magnetic
fields, which is the source of energy for space weather, as already narrated. To rep-
resent weather on planets, we will look at the Earth. Here the source of energy is
incoming solar radiation, mostly in the visible band of wavelengths, and the sink
is outgoing terrestrial radiation, mostly in the infrared (a small amount of energy
enters the atmosphere from below, but it is negligible as a source of weather; this is
not the case for the Sun, of course, or for the giant planets, which have a significant
internal energy source that we are not considering).

The flow of energy from source to sink at both the Sun and the Earth is conveyed
in part by the atmosphere carrying the energy from a hot region to a relatively cold
region. However, in the case of the Sun, energy is transported mainly by means
of radiative diffusion from the core to about 70% of the way to the photosphere.
In the outer 30% of the Sun’s atmosphere, radiative energy transport gives way
to convective transport, the motion field of which takes the form of convection
cells, which can be seen as a granular pattern in the photosphere. The photospheric
granular pattern is more-or-less homogeneous since there is little variation in the
rate of energy outflow over the solar surface to give a variation in the sizes and
shapes of the granules; in magnetically active regions, granulation is deformed with
little impact on the brightness, but in sunspots it is strongly suppressed, resulting
in a pronounced drop in brightness.

A pattern of homogeneous convection cells is not a description that applies to
the situation at Earth, where the rates of incoming and outgoing radiative energy
vary significantly from equator to pole. Here, atmospheric transport acts to reduce
the equator-to-pole temperature difference that would result from local radiative
equilibrium. If the Earth did not rotate and solar radiation were nonetheless dis-
tributed uniformly in longitude (a highly artificial situation to make a point), there
would be one global convection cell rising at the equator and sinking at the pole.
But Earth’s rotation does not allow an energy conveyor belt to stretch from equa-
tor to pole in one loop. Instead it takes three loops, like a gear chain with three
gears. The gears are called cells, the Hadley cell in the tropics, the Ferrell cell at
mid-latitude, and the polar cell on top. The Hadley cell drives them all. Each hemi-
sphere (north and south) has such a three-celled conveyor belt carrying energy from
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the equator to the pole. But there is a thermodynamic anomaly in this arrange-
ment. As a convection cell, the mid-latitude Ferrell cell circulates backwards, in
that it rises at its cold, high-latitude end and sinks at its hot, low-latitude end. It
must do this to mesh with the near-equatorial Hadley cell, which is driving the
whole three-celled belt. So instead of carrying energy poleward across the middle
latitudes by means of a reversed, vertical convection cell, the atmosphere adopts
another option; it does it mainly by means of a horizontal serpentine flow that
picks up heat at the low-latitude extreme of its meanders and drops it off at the
high-latitude extreme. Now here is the interesting part. The Hadley cell and the
polar cell are stable because they circulate in a thermodynamically proper sense.
So they do not generate weather, but they generate climate: the equatorial rain belt,
trade winds, subtropical deserts, and the polar highs. But the meandering mid-
latitude transport system is unstable; it makes weather: eastward migrating high-
and low-pressure systems with associated warm and cold fronts. The instability
behind this behavior is called the baroclinic instability. The baroclinic instability
operates at the discontinuity (called the polar front) between hot air coming pole-
ward across mid-latitudes and cold air coming equatorward in the polar cell. It
is the mechanism that allows the cold air and the warm air that have built up at
the front between the Ferrell cell and the polar cell to finally exchange places, as
the transport of heat from the equator to the pole demands. It is the mechanism
that releases the gravitational potential energy inherent in a pool of dense cold air
abutting a pool of light warm air.

There are interesting analogies between terrestrial weather and space weather
to assist communication between the disciplines. Space weather has, of course,
for a long time borrowed heavily from meteorological nomenclature: solar wind,
magnetic storms, magnetic clouds, particle precipitation, and others. The analo-
gies we have in mind are not just phenomenological but dynamical. The Hadley
cell as the engine that drives the general circulation of the atmosphere is the
prototype for the Dungey cell as the main driver for the general circulation of
the magnetosphere (Vol. I, Chapter 10). The Hadley cell is fueled by solar radi-
ation, the Dungey cell by the solar wind. At Jupiter we have the Vasyliiinas
cell fueled by the planet’s rotation. Terrestrial weather is driven by a heat
engine operating between the hot equator and the cold poles, with Earth’s
rotation acting to complicate the process and creating terrestrial weather as a
byproduct.

The ionosphere and thermosphere constitute the interface between the domains
of gravitationally organized terrestrial weather and magnetically organized space
weather. Its gravity waves, tidal waves, and ionospheric stratification are ter-
restrial features, whereas its space weather features include the imprint of the
Dungey cell on thermospheric circulation and traveling atmospheric disturbances
(TADs) launched by massive inputs of energy and momentum from the solar
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wind during magnetic storms (Chapter 12). The ionosphere and thermosphere are
where the two weather types come together and affect each other: Dungey cir-
culation in the thermosphere is strongly modified by Earth’s rotation and TADs
can run from pole to pole and dominate thermospheric dynamics during magnetic
storms (see Vol. III, Chapter 15). In terms of energy and momentum, during mag-
netic storms this border region receives about 90% of the energy and momentum
extracted from the solar wind (Chapter 10). In return, through an outflow of ions
from the ionosphere driven by an interaction with the magnetosphere during mag-
netic storms, the ionosphere can supply more than half of the magnetosphere’s
resident charged particles. There is a still-unknown feedback process regulating
the rate of ionospheric outflow. As those who are responsible for understand-
ing the ionosphere and thermosphere and those who specialize in magnetospheric
phenomena pursue the mutual influence of the two modes of dynamics interact-
ing in the ionosphere-thermosphere nexus, what is emerging is the realization
that the atmosphere—thermosphere—ionosphere—magnetosphere—solar wind must
be treated as a strongly coupled system. It seems not unlikely that the lesson
learned here in this most accessible space weather system will, upon further
investigation, be seen to apply to other such systems, such as those associated
with the production of CMEs and the production and transport of energetic
particles.

1.6 Universal processes in the local cosmos and instrumentation

As you read the volumes in this series on heliophysics, you will encounter
several different perspectives on the theme of “universal processes”. The most
common perspective is one in which some approximation or conceptualization
of the real world is applied to the various environments in the local cosmos:
these include MHD, turbulence, reconnection, current sheets, flux tubes and
ropes, bow shocks, or various types of waves and instabilities. The essence
of such a perspective is that whereas we understand, of course, that the basic
laws of physics apply everywhere, we need to transform the real world into an
approximation that allows us to think about it in terms of a limited number of
simple concepts for which, ideally, we have an essentially intuitive understand-
ing. In other words, this understanding comes from one area in which we have
direct experience, but which is applied to other situations that we are trying to
understand.

One such concept that appears throughout these volumes is that of “reconnec-
tion”. This term, widely used, turns out to be very poorly defined. It can be used
to refer to the changing connectivity in a vacuum potential field as much as to the
decoupling of particle motions from the background magnetic field by any number
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of concepts, ranging from inertia to wave—particle interactions, or from resistivity
to infinitesimal current sheets. It is thus as much a culturally accepted term for
something that we really do not understand, as a descriptor of a well-understood
consequence: we can say that reconnection occurs whenever the approximation of
frozen-in flux fails (Vol. I, Chapters 3-5).

Other “universal processes” are better defined, and thus more directly applicable
across discipline boundaries: shocks, turbulence, and associated particle accel-
eration (Chapters 5, 7, 8, and 9), instabilities (Chapters 5, 6, 11, and 10), and
wave—particle interactions (Chapter 11 and Chapter 9 in Vol. I).

Thus our quest for “universal processes” is about finding the common ground
between one phenomenon and another to deepen our insight, and to enable the
application of a vast area of knowledge from one discipline of physics to another.
In this volume, this has a particularly wide reach. Let us take the particular exam-
ple of energetic particles that interact with matter through which they (attempt to)
propagate. These particles lose energy by Coulomb collisions or by direct colli-
sions (depending on their energy and charge state), and as they do so, they cause
ionization, dissociation, photon or particle emission, and ultimately the distribution
of their energy over many other particles as the energy thermalizes in a multitude
of interactions. These interactions occur throughout the local cosmos, be it in the
formation of flare ribbons associated with a solar eruption (Chapters 5 and 6) or
in the glow of the aurora on Earth (Chapter 12) or any of the other planets with a
substantial magnetic field (Chapter 10).

The empirical scientist or instrumentalist will point out that these processes also
occur in particle detectors (Chapter 3), and the space weather forecaster and space-
flight engineer will note that they also form the foundation for understanding the
impact of space weather on satellites (Chapter 14) and on humans in space (Chap-
ter 13). The concept of “stopping power” by ionization collisions thus appears
when we discuss instrument design (Section 3.4), deep-electric spacecraft charging
(Section 14.3), and astronaut protection (Chapter 13). But it also appears when we
discuss ionization and charge-transfer collisions in the solar and planetary atmo-
spheres that lead to emission of neutral particles (see Fig. 3.23), charged particles
(Chapters 4 and 5), or photons (Chapters 4, 5, and 12). One could even view these
atmospheres as parts of a detector system in which energetic particles interact with
the surrounding medium, which leads to emission of photons or particles that, in
turn, can be detected by another part of the detection system, namely the hardware
built into optical telescopes and particle detectors, respectively.

It takes a few grams of material to stop most of the energetic particles associated
with a solar flare or the Earth’s radiation belts (1 keV/nucleon to 1 GeV/nucleon),
with little dependence on the properties of the material that is impacted (see Sec-
tion 3.4). That is therefore about the weight per unit area of aluminum shielding
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used for astronauts (see Section 14.4). It should come as no surprise that this is
also the column depth between the high corona and the chromospheric flare rib-
bons: the mass column depth for coronal energetic particles totals about 0.05 g/cm?
when the particles reach the bottom of the chromosphere (at about 500 km above
the photosphere) and about 5 g/cm? at the photospheric level (e.g. Avrett, 1981).
For comparison, note that the column mass of the Earth’s atmosphere is slightly
larger than 1kg/cm?, so that the atmosphere provides an extremely effective
shield against almost all of the energetic particles from the Sun, heliosphere, and
beyond.

When it comes to learning about our local cosmos, environments such as atmo-
spheres, satellite electronics, and biological tissue are all part of the tool set
available to measure properties of the populations of photons and particles, in addi-
tion to the specifically designed optical systems or the electric or magnetic deflector
systems, with CCDs or charge amplifiers in their focal planes.

In these heliophysics volumes, we do not venture into details of the impacts
of solar activity and space weather on human health. If you are interested in
these aspects, then PubMed Central,” the searchable archive of the biomedical
and life-sciences literature maintained by the US National Institutes of Health,
provides an interesting entry point. There, you can find studies that relate (X)(E)UV
and energetic-particle radiation to, e.g., fertility, longevity, benign and malig-
nant neoplasms, auto-immune disorders, and even mental health, and — for
example — their dependence on geographic latitude as affected by seasonally
varying effective atmospheric thickness, the geomagnetic field, and the altitude
(particularly important for air crews).

T PubMed Central: www.pubmedcentral.nih.gov
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Introduction to space storms and radiation

STEN ODENWALD

2.1 Introduction

The opening chapter of Volume I, Heliophysics: Plasma Physics of the Local Cos-
mos, gave an overview of heliophysics that ranged from the deep interior of the
Sun to the most distant reaches of the heliopause beyond the orbit of Pluto. The
bottom line is that we are talking about a system, knit together by particles and
fields, that displays complex behavior at scales from less than seconds to more
than centuries, and meters to terameters. The heliosphere may thus appear to be an
extremely enriched physical system that contains more than enough phenomenol-
ogy to keep us focused on an ever-increasing supply of intriguing questions. That
is why we need to find patterns in the form of universal processes.

Pure research leads to an increase in our understanding of heliophysics for its
own sake. At the same time, this understanding improves our predictive abilities,
which help us mitigate financial, technological, and societal impacts. Conversely,
as we strive to improve our technological operations in the space weather environ-
ment, these help to advance our theoretical understanding of radiation effects and
other essential physical phenomena because they drive the modeling process to be
more accurate and relevant to engineering issues (see Chapter 13). Heliophysics
research is one of the few examples in astronomy where such a direct mutually
reinforcing and stimulating relationship is found.

In this chapter, I explore how the human experience of heliophysics has pro-
vided certain kinds of interesting boundary conditions to the theoretical modeling
of heliophysical phenomenology. I would like you to think of this as a process
of going back over the important human impacts of heliophysics research to see
whether there are any stones unturned that would be of considerable interest to
look beneath in our thriving twenty-first century technological culture.

Heliophysics: Space Storms and Radiation: Causes and Effects, eds. Carolus J. Schrijver and George L. Siscoe.
Published by Cambridge University Press. © Cambridge University Press 2010.
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2.2 Uncovering the Sun-Earth connection

Prior to 1700 CE, explanations for aurorae, sunspots, and Earth’s magnetic field
more often than not included mythological elements (Fig. 2.1). For aurorae, the
advent of magnetic observations in the 1700s led to other more “scientific” pos-
sibilities. Anders Celsius (1701-1744) and his assistant Olof Hiorter (1696-1750)
had made observations of magnetic fluctuations from Uppsala, Sweden, in 1741,
discovering that they occurred at the same local times as aurorae were sighted. The
variability of the magnetic field was of great interest to Alexander Von Humboldt
who — around 1806 — spent many tedious hours recording its minute changes at
his villa in Berlin. These investigations led to the establishment of a dozen mag-
netic observatories, and millions of observations, from which these magnetic storm
changes were found to be global in scale, and nearly simultaneous everywhere
(Lovering, 1857). The magnetic effects of aurorae were soon well appreciated in
the first-half of the 1800s, and often aurorae would be forecast through their mag-
netic traces alone even during daylight hours, and at distances quite far from the
auroral zone (e.g. Paris).

By 1837, Dennison Olmstead had provided a convincing logical argument that
the cause for the aurorae (e.g. the currents that give rise to them) must exist outside
Earth due to the global scope of the auroral-magnetic phenomenon and its speed
of propagation (Olmstead, 1837). The cyclical rise and fall in sunspot number over
time was uncovered in 1843 by Samuel Heinrich Schwabe (1789-1875). Edward
Sabine (1788—-1883) went on to show that there was a detailed correlation between
the sunspot cycle and the frequency of auroral displays (Sabine, 1852). This was a

Fig. 2.1. Early drawing of the aurora, depicted as candles in the sky; c. 1570
(Original print in Crawford Library, Royal Observatory, Edinburgh.)
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spectacular finding because it forced the search for auroral causes away from Earth,
and into space. In fact, the Sun, and specifically its spots, had to be implicated in
some way as the ultimate cause of the auroral phenomenon.

One of the key events that advanced our thinking about space weather was
the double Great Aurora of August 28 to September 2, 1859. One model for the
1859 geomagnetic storm (e.g. Green and Boardsen, 20006) is that a pair of coro-
nal mass ejections (CMEs) was ejected from the Sun on or about August 27 and
September 1. The first CME impacted Earth one day later on August 28. A second,
faster, CME erupted from the Carrington—Hodgson flare (see Fig. 2.2) observed on
September 1; the first solar flare ever to have been recorded by humans. In 17 hours,
it collided with the back of the first CME on September 2, which by that time
had evacuated a cavity in the interplanetary medium. The sighting of aurorae and
magnetic deflections at low geomagnetic latitudes (20°) suggests that magnetotail
reconnection propagated from L = 10 Rg to L = 1 R within a few hours, and
may have emptied the outer Van Allen belts (Chapter 11) completely. The CME
impacts, meanwhile, caused the magnetopause to be compressed to R = 3 Rg
(19000 km). While this electromagnetic mayhem was playing itself out, humans
below thought their cities were on fire, and lost telegraph service for many days
(Green and Boardsen, 2006).

2.3 Human impacts of space weather

While scientists had been busy thrashing out the details about how aurorae,
magnetic storms, and solar activity were interrelated, other issues emerged that
provided great impetus for a speedy understanding of this problem (see Oden-
wald, 2000). Beyond the sterile theoretical issues of currents and fields, it is the
human-scale drama that tends to galvanize and focus our interests.

Last evening, while Charles F. Krebs stood outdoors admiring the aurora borealis, the
money-drawer was taken from his saloon, and all the cash it contained, to the amount
of between $3 and $4, stolen.

(Chicago Daily Tribune, May 30, 1877, p. 10)

2.3.1 Magnetic compasses

Magnetic compasses were at the high-tech frontier of the eighteenth and nine-
teenth centuries, but there are numerous examples of severe magnetic variability

TLisa parameter describing a magnetic surface around the Earth in which L, in RE, is the distance from Earth’s
center to the field lines at the magnetic equator for the instantaneous — or, often, unperturbed — geomagnetic
field; RE is a widely used geophysical unit equal to the radius of Earth: 6378 km.
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that briefly made navigation using them unworkable. For example, according to
Lovering (1857) there were reports of compass disturbances up to 8° reported
at Fort Reliance between 1833 and 1835. At Toronto a 2° deviation was seen in
May, 1840, and the same disturbance was also recorded at magnetometer stations
in Philadelphia and Cambridge, England. On November 18, 1841, the magne-
tometer in Philadelphia measured a 3° amplitude change over the course of 5
hours. In the face of these changes, daytime navigation was a tricky prospect,
since the only guarantee that you were on a stable course would be by repeated
compass measurement over the span of several hours. No single measurement
could be reliable unless it was a-priori assumed that no magnetic storms were
occurring.

During the Great Auroral Display of September 2, 1859, the disturbances of the magnetic
needle were very remarkable. At Toronto, in Canada, the declination of the needle changed
nearly four degrees in half an hour.

(Harper’s New Monthly Magazine, June 1869, Vol. XXXIX, p. 12)

Brussels, Sept. 23 (AP), Budget Minister Joseph Merlot today said “abnormal weather
conditions and the aurora borealis” might have put the instruments out of order on the
Sabena airlines plane that crashed near Gander, Newfoundland killing 26 persons.

(Los Angeles Times, September 24, 1946, p. 4)

The issue of magnetic navigation led to an increased understanding of the Earth’s
dipolar field, and from these studies, knowledge blossomed about its long-term
variations spanning centuries and geological eras. This led, eventually, to the recog-
nition of the dynamic nature of the field, its drift in space, and, by the twentieth
century, its reversals in time and the development of the dynamo theory by Larmor
in 1919 and Parker in the 1950s (see Vol. I, Chapter 3; and Vol. III).

The most dynamic interactions between the solar wind and the geomagnetic
field occur during times when a CME arrives at Earth. The arriving pressure pulse
compresses the geomagnetic field, causing a sudden storm commencement (SSC)
that appears on magnetometers as a short-lived increase (a few tens of nanoteslas)
in the ground-level field. If the CME field is northward-directed, the SSC will be
strong, but may not be followed by an active magnetic storm. If it is southward-
directed, the effects will be striking.

Immediately following the SSC, the topology of the geomagnetic field subse-
quently evolves through the Akasofu—Chapman sequence (Akasofu and Chapman,
1972) during which time magnetotail narrowing and reconnection appear at about
20 Rg. A “Birkeland current” flows from the reconnection region (or the current
disruption region near 6 Rg) into the auroral oval and ionospheric E region. The
conductivity of the E region increases so that the Birkeland field-aligned current
(FAC) completes its circuit by crossing the field lines to form the auroral electrojet.
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The current density of the auroral electrojet is time varying, and increases
with Kp index, which is a measure of the globally averaged degree of mag-
netospheric disturbances recorded by mid-latitude magnetometer stations. It can
involve approximately 1 million amperes per magnetic substorm. With a typical
ionospheric resistance of about 0.1 ohms, the total power dissipated by the current
will be about 7> R = 100 GW per hemisphere (see Chapter 12). This is minute
compared to the typical solar irradiance, so aurorae are hard to see in the daytime,
except with narrow-band filters tuned to bright auroral lines.

Up to two centuries ago, the only human-observed evidence for these machina-
tions was that, at some point in the ionospheric circuit, the FAC electrons are further
accelerated to enough energy (~3 keV) to excite oxygen and nitrogen atoms to pro-
duce the familiar auroral curtains, draperies, and other forms. However, an entirely
new phenomenon began to be noticed by the middle of the 1800s.

2.3.2 Telegraphy

Earth currents were first proposed by Sir Humphry Davy (1778-1829) in 1821, and
later by Michael Faraday in 1831 (Burbank, 1905). It was expected that Earth’s
magnetic field was created by currents flowing inside the Earth, and in most cases,
just below its surface. Telegraphs operated through a single wire strung between
poles, with a battery at one of the two stations. The “return current” was provided
by connecting the battery/transmitter at one station and the “sounder” at the other
to the local ground. The theory was that the battery would drive a closed circuit, in
which an “Earth current” would complete the circuit. Little did telegraph engineers
realize that such a circuit would also be very efficient in detecting geomagnetically
induced currents (GICs) caused by the electrojet.

The advent of the electric telegraph c. 1830, and its commercialization c. 1838,
was followed by the recognition that it could be affected by magnetic storms
once the telegraph network had reached a large-enough geographic scale. Carlo
Matteucci (1811-1868), the Director of Telegraphs in Pisa observed the electric
telegraph connecting Pisa and Florence behave in an unexpected manner during
a brilliant aurora on November 17, 1848. The electromagnets remained powered
even without the battery attached, and ceased once the aurora dimmed. This is the
first documented technological impact of a space weather event. The strongest geo-
magnetic storms can generate Earth currents, which can induce electric fields from
1 to 10 volts/km. This leads to, potentially, thousands of volts on ocean or ground
telegraph and telephone cables.

Related to the very large voltages and currents reported during some exceptional
storms have been reports of humans actually being shocked and injured by currents
flowing in telegraph wires.



20 Introduction to space storms and radiation

“At its climax [October 31, 1903] there were 675 volts of electricity — enough to kill a
man — in the wires without the batteries attached”
(New York Times, November 1, 1903, p.1.)

In the instance of the September 25, 1909, event, a telegraph operator in Lulea,
Sweden, actually experienced a severe shock that paralyzed her hand (Stenquist,
1914). A similar injury befell Frederick Royce during the September 2, 1859,
storm:

During the auroral display, I was calling Richmond, and had one hand on the iron plate.
Happening to lean towards the sounder, which is against the wall, my forehead grazed a
ground wire. Immediately I received a very severe electric shock, which stunned me for an
instant. An old man who was sitting facing me, and but a few feet distant, said that he saw
a spark of fire jump from my forehead to the sounder.

(American Journal of Science, Article XIL, Item 6)

Telegraph systems “over charged” by Earth currents were frequently seen to pro-
duce sparks, so it is not surprising to hear of the occasional fire. Frequent mentions
of this appear during the 1859, 1882, and 1921 storms; indeed, during the 1921
storm a telegraph office in Karlstad, Sweden was actually burned to the ground
(Miami Herald, May 17, 1921, p. 2). Elsewhere during the 1921 storm, voltages
exceeding 1000 volts were reported, and electric field strengths in the range of
20 volts/km inferred (Kappenman, 2004). These GICs continued to be a problem
in more recent times:

From Newfoundland came reports that magnetism from the aurora has caused the voltage
in electric circuits to vary in a range of 320 volts. Utility companies in many parts of the
United States reported similar disruptions.

(New York Times, February 11, 1958, p.62.)

Through the numerous magnetic storms that disrupted telegraph services, at
times for days, normal commerce was suspended at some economic cost. A snap-
shot of the US post-office telegraph network c. 1858 (Prescott, 1860) would show
50000 miles installed (128 000 in Europe), serving 1400 stations and employing
10000 operators. The 5 million US messages relayed each year generated $2 mil-
lion in revenue. Although a 1-day storm might only cost $5000 in lost revenue to
the telegraph company, such was the nature of the commerce that relied on reliable
telegraph communication that the collateral impacts were quite large, especially
when stock markets were involved (e.g. Chicago Tribune, November 18, 1882,
“The Electric Storm Caused a General Dearth of News and Orders”). If any damage
occurred, replacement or repair could be expensive; this was a particular issue for
the tens of thousands of miles of underwater cable that had been installed by 1900:

Three of the eight transatlantic cables owned by Western Union were affected by Earth
currents accompanying the aurora. Two of these were in full operation again, but the third,
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although not entirely out of commission, was not back to normal. The cost of repairing
even a small fault in a cable in deep water would reach $200,000.
(New York Times, May 18, 1921, p. 12)

It did not take long before the call went out for scientists to figure out what was
going on, and to provide some forecasts of future interruptions. In 1879, William
Ellis of the Royal Greenwich Observatory informed the telegraphic community
that sunspots are correlated with periods of strong auroral activity, and that the
next sunspot cycle was coming to a maximum in 1882. He noted that, in the most
recent years, there was little magnetic activity, and that telegraphic technology had
taken a turn towards even more sensitive apparatus:

I would therefore ask whether any of the new apparatus possesses such peculiarity in their
principle or construction as would render it more liable than were the older forms to be
temporarily deranged or interfered with by Earth currents?

(Ellis, 1879)

Amazingly, no one seemed to care about Ellis’ prognostication, at least not so
that you would notice from the topics of the letters published in the Journal in the
months to follow, although his idea and data were later discussed by Professor W.
Adams in a lecture at the Royal Institution (Adams, 1881). The idea that you could
forecast when these storms would occur seemed not only an activity of wishful
thinking, but had no solid basis in fact that could be universally accepted. In 1881,
it was still a matter of some controversy that a sunspot cycle and a magnetic storm
cycle were causally related to each other. This was largely because there was no
theoretical framework in place that convincingly coupled solar conditions to ter-
restrial ones. By 1882, Lord Kelvin had already proposed that no magnetic action
by sunspots could propagate to Earth with anything like the strength of terrestrial
magnetic storms, so the connection between sunspots and aurorae simply would
have to be presumed to be unreal and an illusion. What made the argument even
more compelling was that, although many more magnetic storms rattled their way
through the telegraph networks over the decades, not a single one had a solar flare
like Carrington’s as a “kick off” event. So far as the occasional telegraph outages
of the 1800s were concerned, there was still no deep understanding of why solar
events should lead to the kinds of disruptions that bedeviled telegraph systems.
Only a few of the “dominoes” that needed to fall in the chain could be directly
observed:

Enterprising telegraph operators discovered by the 1880’s that if you used a pair of lines
connecting two stations to complete the circuit, rather than an Earth-ground, the telegraph
signals were hardly affected during the most severe magnetic storms. It was clearly Earth
itself that was the source of the problem.

(Philadelphia Enquirer, November 18, 1882, “Intense Magnetic Storm”)
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Meanwhile, the advance of technology did not grind to a stop merely because
some occasional problems could not be deeply understood in an about-to-be anti-
quated technology. No sooner had telephone systems come into play in the late
1800s than these systems also suffered from unwanted GICs. Eventually the solu-
tion became the replacement of single-wire networks with dual-wire telegraph and
telephone networks using better-quality wire insulation. In essence, the technology
evolved and was replaced before a deep understanding of magnetic storm causation
became available. There was, however, yet another technology in the making that
began showing signs of GIC sensitivity.

2.3.3 Electrical power grids

On October 17, 1879, Thomas Edison created the incandescent bulb, and ran it
for 40 hours. By 1882, he had inaugurated the Edison Electric Illuminating Com-
pany with the opening of the Pearl Street Station in lower-Manhattan. Within 14
months, it supplied power for 500 paying customers with 12 000 lights. Edison’s
“DC” grid did not use transformers. This meant that power could not be trans-
mitted for long distances without suffering significant ohmic losses. Meanwhile,
George Westinghouse bought a series of patents from Nikola Tesla to develop
an AC system for power transmission. A transformer would step-up the voltage
at the power plant and, at the higher voltages, less power would be dissipated
in the wires operating with lower currents. At the customer’s end, a step-down
transformer would bring the voltage down to useable levels for applications. In
1893, Westinghouse’s AC system was selected to transport power from the hydro-
electric facility at Niagara Falls to Buffalo, and the AC system was nationally
adopted.

Since then, North America has been thoroughly covered by a patchwork of inde-
pendent, local power grids that over time have merged to form the five regional
“Interconnections” now in existence. One of the largest of these is the Eastern
Interconnection, which serves all states east of the Rockies excluding Texas, and
also shares power with eastern Canada. Two other Interconnections, Western and
Texas, are isolated from the Eastern Interconnection, so that the three behave inde-
pendently. There are 10000 generating plants producing 1000 GW. High-voltage
lines (765, 500, 345 kV) are used for transmission, and low-voltage (12.4, 13.8kV)
for distribution to neighborhood power poles, where the voltage is stepped-down
to 220/110 volts by a power-pole transformer. Three-phase (three hot wires plus
ground) transmission moves twice as much power as single-phase (hot, neutral,
and ground). In both cases, the transformers are physically connected to the Earth
“ground”. But, as for telegraph systems, this grounding arrangement leads to
infiltration points for geomagnetically induced currents. This problem has been
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identified by Kappenman ef al. (1981) and Pirjola ef al. (2004), who have modeled
this effect in increasing detail.

The electrojet current in the ionosphere generates its own magnetic field accord-
ing to Faraday’s law. If we approximate the electrojet as a localized current flow
in space, we may use the “wire” approximation to integrate the Biot—Savart law
to obtain the usual field strength for an infinitely long wire, B = wl/(2mr). An
electrojet current of 1 million amperes at an altitude of 100 kilometers flowing east-
wards produces a north-directed magnetic field with a strength of 2000 nanotesla
directly under the electrojet. Typical latitudes for the electrojet in the Northern
Hemisphere are near 60°N, so at lower latitudes typical of the United States (43°N)
one might expect to realize variations in the north—south component of B of about
200nT relative to Earth’s mean field of 60 000 nT.

Because of the time dependence of the electrojet current, the ground-level mag-
netic field will not be steady-state. We can determine that variations in the magnetic
field strength generate ground potentials from the time rate of change of the B,
and B, components according to Maxwell’s equation, dB/dt = —V x E. This
means that changes in the north—south component of the ground-level magnetic
field lead to gradients in the east—west (and vertical) components of the ground-
level induced electric field. The response of the Earth to this electric field is to
drive “Earth currents” in the conducting upper crust to depths of up to 500 km. The
specific details depend on the electrical conductivity of the soil and rock strata and
the frequency distribution of the time-varying magnetic field. Computed examples
for various storm episodes described by Kappenman (2004) suggest that a dB/dt
of 2900 nT/minute resulted in an induced electric field of 20.0 V/km during the
May 1921 geomagnetic storm. As a comparison, the March 13, 1989, storm that
caused an electrical blackout in Quebec, produced dB/df = 800 nT/minute and
an estimated induced electric field of 7.0 V/km. Quantitatively, we might estimate
that the 1921 storm was three-fold stronger than the 1989 Quebec Blackout storm,
and a proportionately large power outage would have resulted had it occurred in
modern times.

Geomagnetically induced currents continue to be a growing concern for
continent-spanning, electric power grids. Large power transformers employed to
boost the voltages for long-distance transmission are, as were old-style telegraph
systems, grounded to the local Earth. These grounding methods allow pathways
for pseudo-DC Earth currents to enter the transformers and disrupt their optimal
performance at the nominal 50 or 60 Hertz to which they are designed (Kappen-
man, 2004). Although GICs in the range 1-10 amperes are not uncommon under
quiet magnetospheric conditions, the exact levels depend on the kilovolt rating of
the transformer. Levels as high as 200—400 amperes can be reached in 765 kV
systems. This leads to temperature spikes exceeding 200 °C and the vaporization
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of transformer coolant fluids, leading to transformer core damage. Outright power
grid outages or blackouts are, fortunately, very rare. The earliest event attributable
to GICs occurred in Geneva, Switzerland, on October 31, 1903:

In Geneva, all the electrical street cars were brought to a sudden standstill, and the unex-
pected cessation of the electric current caused consternation at the generating works, where
all efforts to discover the cause were fruitless.

(New York Times, November 2, 1903, p. 7)

Impacts on November 2, rail services invariably involve problems with electric
signaling equipment, which can apparently be susceptible to GICs, as newspaper
accounts seem to attest in 1921 and 1938:

The sunspot which caused the brilliant Aurora on Saturday night and the worst electrical
disturbances in memory on the telegraph systems was credited with an unprecedented thing
at 7:04 o’clock yesterday morning, when the entire signal and switching system of New
York Central railroad below 125th Street was put out of operation, followed by a fire in the
control tower at Fifty-seventh Street and Park Avenue. While all outgoing and incoming
trains were stopped, the Fire Department extinguished the fire in the tower, but not until
residents of many Park Avenue apartment houses were coughing and choking from the
suffocating vapors which spread for blocks.

(New York Times, May 16, 1921, p. 2)

The phenomenon was also the cause of delay to express trains on the L.N.F.R. Manchester-
Sheffeld line. At 7:48 PM, the signalling apparatus in both the parallel Woodhead Tunnels
was found to be out of order. The working of the trains through the tunnels was stopped.
An official said that the failure was apparently due to the electrical disturbances caused by
the Aurora Borealis.

(The Times, January 27, 1938, p. 2)

The most famous outage occurred in Quebec on March 13, 1989, affecting over
3 million people:

The General Motors car-assembly plant in Boisbraid lost production of $6.4 million worth
of automobiles. The Montreal Stock Exchange, located in Place Victoria, was forced to
operate on emergency power. Most trades had to be completed manually. Sidbec-Dosco,
Inc., a Quebec-owned steel company estimated yesterday’s production loss at between
$500,000 and $1.5 million, “All the steel that was already on the line in the hot rolling
mills is scrap.” Cascades, Inc., a pulp and paper company based in Kingsey Falls, said the
power shutdown would cost his company between $200,000 and $300,000, the amount
doesn’t include salaries.

(Montreal Gazette, March 14, 1989, p. A3)

Interestingly, the Quebec Blackout, which is legendary among the space weather
community and textbooks, was not covered by any major newspaper in the United
States in the days following the event.
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Even without transformer damage, added GICs cause saturation of the output
waveform during one-half of the nominal 50-60 Hz power cycle. Consequently,
magnetostriction causes mechanical expansion and contraction of the core laminae,
which can easily be heard as a chattering/clattering cacophony superimposed on the
normal transformer “hum” at 60 Hz. This contributes to power being drawn from
the primary 60 Hz grid operating mode, and pushed into higher harmonic frequen-
cies for which the transformer and grid are not optimized. To regulate this, reactive
power is drawn from the network in an attempt to stabilize the rapidly falling
voltages. This leads to increasing power regulation problems across a network.

Reactive power is the portion of the transmitted electricity that establishes and
sustains the electric and magnetic fields of alternating-current equipment at the
load. Reactive power must be supplied to most types of magnetic equipment, such
as motors and transformers. It also must supply the reactive losses on transmission
facilities. Reactive power is provided by generators, synchronous condensers, or
electrostatic equipment such as capacitors, and it directly influences electric system
voltage. It is usually expressed in megavars (MVAR).

Typical grids operate at about 100 MVAR, but during the Quebec Blackout
MVAR stresses reached 8000 MVAR, and a superstorm event would conceivably
exceed 100000 MVAR (Kappenman, 2004). Transformers can be designed to be
less friendly to GICs by adding resistive shunts to their ground lines, but these are
expensive and many thousands would be needed across the North American power
grid to provide mitigation for the very rare, once-a-decade storms that might be a
problem. Another solution is to increase the mass of the transformer core by about
10 times, suppressing magnetostriction. However, at 200 tons, the largest 765 kV
transformers, which generate the largest share of the regulation and MVAR prob-
lems, are already at the mass limit for transportation from their manufacturing site
(e.g. Japan, Austria) to their operational site, so this is not an option.

2.4 Impacts of solar flares

Geomagnetic storms and the GICs they invariably spawn have been a highly visible
part of the human impact equation for over 100 years, beginning with telegraph
outages through to the modern era of electrical power grid blackouts. These events
are often triggered by irregularities in the solar wind, high-speed coronal-hole solar
wind streams and the attendant shock fronts, and of course coronal mass ejections.
Meanwhile, a second category of space weather storms has been well known for
nearly as long, and has as its root cause solar phenomena of a different type.

The first recorded solar flare was spotted by Richard Carrington and Rodger
Hodgson on September 1, 1859, at 11:18 am (see Fig. 2.2). It was a powerful,
white-light flare associated with a very large sunspot group near the solar meridian.
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Fig. 2.2. Carrington’s sketch at 11:18 GMT on September 1, 1859, of the sunspot
and the lettered (white) flaring regions. (From Carrington, 1859.)

Without telescopic aid, and the patience to monitor the Sun for sunspot surveys,
the flare would have been missed during its brief 5-minute luminescence at vis-
ible wavelengths. Instead, the CME and geomagnetic storm events that followed
galvanized scientific interest in this phenomenon.

During the next 30—40 years, however, no further flares were ever sighted, even
under nearly identical circumstances. It was only after George Ellery Hale invented
the spectroheliograph, in 1892, that the far weaker Ho flares were spotted and stud-
ied in detail. The current understanding of the physics of solar flares is reviewed in
Chapters 5 and 6 of this volume.

Although the origins of solar flares have been extensively discussed, what is
relevant to the human impact equation is how the fluences of X-ray and particle
energy arriving 8—30 minutes later can upset magnetospheric and ionospheric sys-
tems. The Carrington—Hodgson flare, other than its dazzling white light emission,
presented no other impact that could be measured here on Earth, with the important
exception of a magnetic disturbance captured at the Kew Magnetic Observatory at
the same instant as the flare. The extra ionization in the ionospheric D and E
regions (see Section 12.3.3) allows electric currents to move more easily, which
then cause magnetic changes detectable at ground level. Once the flare subsided,
the extra ionization vanished within a few hours and the normal geomagnetic field
readings returned. These events became known as sudden ionospheric disturbances
(SIDs) when detected via radio methods, and as magnetic crochets when detected
on a magnetometer trace.

Radio transmissions via short-wave are severely disrupted by changes in the
ionospheric D layer during solar flares, causing short-wave fade-outs. This mech-
anism was proposed by John Dellenger (1886-1962) in 1939. Meanwhile, dur-
ing geomagnetic storms, particle precipitation enhances electron density in the
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E and F regions over large geographic areas, and ionospheric currents cause
plasma irregularities, which lead to radio wave scattering. These problems, due
to separate space weather effects, became increasingly more consequential after
c. 1930 when higher-frequency broadcasting technology became more common-
place, and increasingly more troublesome for global military communication:

Owing to unfavorable static conditions in the North Atlantic, which have handicapped
wireless communication between this country and Germany, the German Government for
some time has found it practically impossible to send messages here without having them
pass first into the hand of the British censors in London. Germany may thus remain isolated
from the rest of the world for several weeks. It has been estimated that the static distur-
bances now occurring often increase the wireless distance between Nauen and Sayville by
the equivalent of 2,000 miles.

(New York Times, May 25, 1915, p. 3)

Sunspots delayed accounts of the Allied landing today (September 3) in Italy. Wireless
technicians attributed to the spots the faulty transmission from the Mediterranean area
to the United States. Dispatches piled up beside the operators as they tried various wave
lengths in an effort to get through.

(New York Times, September 4, 1943, p. 2)

The United Press quoted University of Chicago scientists as calling the cosmic ray shower
the greatest ever recorded. The Admiralty speculated today that cosmic disturbances
caused a full-scale naval alarm for a British submarine feared missing. The submarine
Acheron due to report her position at 10:05 A.M. (5:05 A.M. Eastern standard time) while
on an Arctic trial, failed to make radio contact. Four hours later Acheron was heard from
and the search was abandoned.

(New York Times, February 25, 1957, p. L21)

Radio Free Europe said yesterday that its engineers found no indication the Kremlin had
resumed jamming it or its sister station, Radio Liberty, to block reports on demonstrations
in the Soviet Union. Radio Free Europe spokesman Bob Redlich said that an effect similar
to jamming could have been caused by recent increases in solar activity, which can hamper
radio reception.

(Baltimore Sun, March 15, 1989, p. 4A)

Another impact on radio communications, though not directly related to solar
flare X-ray emission, is the polar cap absorption (PCA) event. Polar cap absorption
is caused by high-energy protons with energies exceeding 10 MeV. The high-
energy protons cause ionization of the D layer so that the layer vigorously absorbs
high-frequency (HF) and very-high-frequency (VHF) radio waves. Signals rang-
ing from approximately 3 MHz through 40 MHz are attenuated by the absorption
process. During these events, radio blackouts of HF and VHF radio waves (see
Fig. 4.1) over the polar areas may result. Although there is no physical danger to
pilots or passengers flying through the PCA environment along polar travel routes
from North America to Asia (shown in Fig. 2.3), PCA interference with HF radio
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Fig. 2.3. Polar airline routes used by United Airlines c. 2006 carrying 1500 flights
per year. (Courtesy Hank Krakowski.)

communications between aircraft and ground controllers is considered an unac-
ceptable flight hazard. Some airlines, such as United Airlines, divert flights to lower
altitudes and latitudes to escape these blackout conditions, at an unavoidable cost
to flight durations and fuel economy. By 2018, United Airlines polar traffic is antic-
ipated to involve some 2 million passengers per year and over 6000 flights. Given
the realities of oil pricing and the escalating cost of Jet-A fuel, PCA events and the
required diversions to lower altitudes (less fuel efficiency) will be a major finan-
cial cost to bear by most airlines (e.g. Krakowski, 2008). Under some scenarios,
some fully booked flights will have to be canceled rather than rerouted or delayed
to avoid flying at zero or negative profit due to rising fuel prices.

2.5 The satellite era

Solar flares, and the enhanced solar X-ray and extreme ultraviolet radiation during
sunspot maximum, are capable of causing other problems. Because of the energy
transported by flares to Earth, they are a significant source of heating for the upper
atmosphere. Solar flares are classified as A, B, C, M, or X according to the peak flux
of 100 to 800 picometer X-rays near Earth, as measured on the GOES spacecraft
(see Table 5.1). Two of the largest GOES flares were the X20 events (2 mW/m?)
recorded on August 16, 1989, and April 2, 2001. However, these events were out-
shone by a flare on November 4, 2003, that was the most powerful X-ray flare ever
recorded. This flare was originally classified as X28 (2.8 mW/m?). However, the
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Fig. 2.4. The number of de-orbited satellites in low-Earth orbit compared to the
sunspot cycle. (Odenwald et al., 2005.)

GOES detectors were saturated at the peak of the flare, and it is now thought (e.g.
Thomson et al., 2005) that the flare was between X40 (4.0 mW/m?) and X45 (4.5
mW/m?), based on the influence of the event on the Earth’s upper atmosphere.

As a consequence of solar X-ray and flare heating, the upper atmosphere
expands. This effect is most noticeable when averaged over the solar cycle. The
heating of the thermosphere from 700 °C at sunspot minimum to 1500 °C at sunspot
maximum has the effect of increasing the scale height of the atmosphere. The atmo-
sphere literally expands by hundreds of kilometers, causing the density at a fixed
distance to increase nearly 50-fold. Figure 2.4 shows the impact that changes in
atmospheric solar heating have had on the frequency of 1621 satellite re-entries
between 1967 and 2005, based on the low-Earth orbit (LEO) satellite data from
Space Track (2005)." A clear correlation is evident in which the largest numbers
of re-entries occur during the peak years of sunspot cycles in 1968, 1979, 1989,
and 2000.

By the end of the 1950s, it was very clear that solar radio interference was
not about to go away through any reasonable means of mitigation humans could
deploy. Only by anticipating when the next solar “flare” was to erupt, by mon-
itoring sunspot activity, could the technology stay ahead of the impact at short
wavelengths. By the 1950s, short-wave radio communication had become the back-
bone of international communication services, and hours-long blackouts became
more intolerable as time went on. Then, with the launch of Explorer I in 1958,
and Van Allen’s detection of the “radioactivity of space”, did we enter yet another

i www.space-track.org/perl/login.pl
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technological arena. No longer did we have the atmosphere to shield us from the
worst of the X-ray and particle fluences, but now we increasingly operated in the
very regions of space where the problems are the most intense. As time went
on, and the commercialization of space grew, satellite operators and engineers
documented satellite operations “anomalies” in which satellites suddenly found
themselves in odd states, often requiring human intervention in order to save the
satellite (see Chapter 13).

Satellite anomalies (discussed extensively in Chapter 14) form a topic that dates
back to the first event recorded by the commercial telecommunications satellite
Telstar-1 in November 1962 (Reid, 1963). A sudden burst of excess charge on one
gate of a transistor caused the satellite to act improperly. The remedy was to power-
down the satellite and re-start it. This succeeded in draining the excess charge, and
the satellite returned to normal operation.

Anomalies need not be fatal to be economically problematic. On January 20,
1994, the Anik E1 and E2 satellites were severely damaged by electrostatic dis-
charges (ESDs). Although the satellites were not fatally damaged, they required up
to $70 million in repair costs and lost revenue, and accrued $30 million for addi-
tional operating costs over their remaining life spans (Bedingfield er al., 1996).
The Anik satellite problems were apparently the result of a single ESD affect-
ing each satellite (Stassinopoulos ef al., 1996), suggesting that large numbers of
anomalies are not required to “take out” a satellite. If anomalies are frequent
enough, however, the odds of a satellite failure must also increase, as will the
workload on satellite operations. According to Futron Corporation (2003), satel-
lite operators ordinarily spend up to 40 percent of their time on anomaly-related
activities. Ferris (2001) has estimated the cost of dealing with satellite anomalies as
$4300/event leading to overall operations impacts approaching $1 million per satel-
lite per year under apparently routine space weather conditions. Anecdotal reports
suggest that, during major solar storms, far higher operator activity can occur
on specific satellites. For example, the GOES-7 satellite experienced 36 anoma-
lies on October 20, 1989, during a single, severe solar storm event (Wilkinson,
1994).

Satellite anomaly statistics are not routinely available in the open literature, and
there are many good (though not necessarily logical) reasons for this confidential-
ity. Some satellite owners may regard anomaly data as a sign of failure to maintain
satellite operations at the highest state of efficiency. The data could affect a com-
pany’s competitive edge, serving as an open admission that their resources are
not 100% reliable to the end-user or investor. Anomaly data may reveal issues
of military vulnerability when traced back to specific space assets. There is also
the added economic cost for operators to keep accurate logs of these events, not
required by federal regulations. Nevertheless, anomaly logging is undoubtedly a
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widespread activity among all satellite operators because of its value in mitigating
future problems as part of an “institutional memory”.

Any direct causal connection between space weather and satellite operations is
usually hidden by the fact that no two satellites are identical in design or shielding,
and space weather conditions vary enormously in time and space, especially when
integrated over the lifetime of the satellite. This leads to perplexing cases in which
neighboring satellites report very different anomalies during the same storm-time
event. For example, the 3-year-old Telstar 401 located at a longitude of 97° W
failed during the September 13, 1997, storm event. However, the nearby 1-year-old
satellite Echostar-2 located at 119° W experienced no publicly reported problems.
Both satellites were of a similar Lockheed-Martin, AS-7000 bus type.

Among the many citations of peak anomaly rates for satellites in geo-
synchronous Earth orbit (GEO), TDRS-1 was reported to have a rate of “several
hundred per day” during the September/October 1989 solar particle event (SPE;
see Rodgers et al., 2000). This especially active satellite is well known to the space
weather community, and typically had a baseline anomaly rate of 1-2 anoma-
lies/day. A similar spike in anomalies was recorded by seven commercial GEO
communications satellites, requiring 177 manual adjustments during the major
geomagnetic storm on March 13-14, 1989 (Wilkinson, 1994) for an average rate
of 13 anomalies per satellite per day. The only published long-lasting outcome of
this high anomaly rate (consisting mostly of ESDs) for this extreme space weather
event, and for these particular satellites, was that the solar panel output on GOES-5
was permanently reduced by 0.5 amps by energetic proton “scouring”.

2.5.1 Electrostatic discharges

Cho and Nozaki (2005) investigated the frequency of ESDs on the solar panels of
five LANL satellites between 1993 and 2003. During this period, LANL 1989-046
experienced 6038 ESDs/year. Although the cumulative lifetime ESD rates on solar
panels can exceed 6000 events/kW over 15 years, the chances of a catastrophic
satellite failure involving substantial loss of satellite power steadily increases each
year. For example, in 1973, the DSCS-9431 satellite failed as a result of an ESD
event. More recently, the Tempo-2 (1998) and ADEOS-2 (2003) satellites were
also similarly lost. Koons et al. (2000) and Dorman (2005) have shown that ESDs
appear to be ultimately responsible for half of all mission failures.

Wahlund et al. (1999) and Fennell er al. (2000) have studied ESD events on
the Freja (MEO) and SCATHA (LEO) satellites and have found that the number
of ESDs increases with increasing Kp. These results are consistent with earlier
GOES-4 and 5 satellite studies by Farthing e al. (1982). In addition to Kp, Fennell
et al. (2000) and Wrenn er al. (2002) identified a correlation between 300 keV
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electron fluxes and the probability of internal ESDs from the SCATHA satellite.
The probability increases dramatically for electron fluxes in excess of 100000
pfu (particle flux units or particles/cm”s). A similar result was found a number
of years earlier by Vampola (1987). At daily total fluences of 10'? electrons/cm?
the probability of an ESD occurring on a satellite exponentially reaches 100% (e.g.
Baker, 2000). Vampola et al. (1992) analyzed CRRES data and identified an onset
threshold of 10° electrons/cm? for deep dielectric discharges. According to a study
by Baker (2001) the Anik W1 satellite power system failure occurred when the
GOES-8 spacecraft measured 2 MeV electron fluences of 30 billion/cm?.

Studies have begun to identify the sources of these bursts of super-MeV elec-
trons that lead to ESDs (mainly in the range from L = 3to5 Rg) with a resonant
process occurring between the turbulence spectrum of the impacting solar wind
and CME, and the natural gyrofrequencies of particles within the magnetosphere
(Barbara Giles (personal communication); Polar/GSFC). At the South Pole, obser-
vations of dawn chorus (a magnetospheric electromagnetic phenomenon at radio
wavelengths) by Horne et al. (2005: British Antarctic Survey) suggest that the
EM/plasma waves produced by dawn chorus may be the mechanism that accel-
erates electrons to MeV energies and makes them suitable agents for generating
ESDs when they encounter satellites. At these energies, these high-energy “killer”
electrons are capable of penetrating deeply into satellites and contributing to
internal charge buildups that eventually discharge and lead to the ESD events
themselves.

2.5.2 Energetic particles and solar proton events

Energetic protons (solar proton events: SPEs) are also a cause of satellite anoma-
lies, in particular those identified as single-event upsets or SEUs. According to
Brekke (2004), the solid-state recorder of the Solar and Heliospheric Observa-
tory (SOHO) also records SEU events as memory bit-flips, which are corrected
by error detection and correction (EDAC) algorithms, and the SEU counter is peri-
odically monitored and reset. During the 1996-2003 period, a clear indication of
cosmic-ray correlation was found with an amplitude of 1 SEU/minute near solar
minimum and 0.5 SEU/minute near solar maximum. SPEs also produce a clear and
consistent signal in the SEU frequencies, typically increasing the SEU rates up to
60 SEU/min for the strongest events (e.g. the Bastille Day Storm of July 14, 2000).
For 1996-2003, three events caused SOHO to enter spacecraft safe mode, caus-
ing major disruptions of science operations. There were five events when battery
discharge regulators went off-line, and seven events in which science instrument
boxes were switched off. SEUs also affect the attitude control and pointing system,
which employs a star tracker. There were 54 occurrences during 1996-9 when the
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satellite had to be manually repositioned, with a loss of science data, to recover a
nominal pointing state.

Since the initial prediction by Wallmark and Marcus (1962) of software upsets
caused by cosmic rays, and the subsequent discovery of “soft errors” on the Intelsat
IV satellite by Binder ez al. (1975) a large body of research has grown up over the
years attempting to predict SEU rates for various space conditions (e.g. Adams,
Jr. et al., 1981), such as CREME96 (Tylka er al., 1997). These models have their
limitations, however. Hoyos et al. (2004) compared CREME96 calculations for
SEU rates on the SOHO satellite’s 2 GBy solid-state recorder during the Bastille
Day Storm SPE event. The actual rate was in the range 30 — 60 SEU/minute while
the predicted rates ranged from 10 to 3000 SEU/minute depending on the specific
assumptions made about the energy spectrum of the SPE itself. The largest model-
ing uncertainties involve the satellite shielding, assumed device sensitive volume,
and the critical charge threshold above which an SEU would be triggered by the
accumulated SPE charge buildup.

Space weather conditions can generate thousands of ESDs and SEUs in a satel-
lite each year. The vast majority of these events go unnoticed by satellite operators
and lead only to annoying data glitches (harmlessly removed by software) or
momentary spikes in a particular satellite housekeeping parameter that do not
exceed pre-set operational limits and are ignored as well. Occasionally, an ESD or
SEU can lead to an actual operational anomaly in the satellite (phantom commands,
etc.) requiring operator intervention.

The problem with both ESD and SEU related anomalies is that the event rates
for both categories are extremely large and often exceed 1000 events per satel-
lite per year. These events are caused by an even larger flux of particles passing
through the satellite volume and involve up to 10'5 particles per satellite per
year. This larger flux (mostly galactic cosmic rays) can plausibly be modeled
once specific environmental and satellite parameters are specified. However, as
we see in Fig. 2.5, even the most common and non-critical satellite anomalies
only represent 1-2 events per satellite per year. At this rate, the mean time to
failure is about 200 years per satellite for an anomaly that proves fatal. These
fatality rates from individual particle events represent a reduction by a factor
1:10' of the original annual fluences of space weather conditions. This means
that predicting normal anomaly rates, let alone the still-rarer, fatal events, is
based on small-number statistics, which are perhaps impossible to model and
estimate convincingly. To do so would require model precisions (~1:10'%) that
have heretofore only been approached by such calculational archetypes as rela-
tivistic quantum electrodynamics (1:10'°). Conversion of particle fluences/fluxes
to satellite anomalies expected for a specific satellite requires a predictive model
with accuracies that are essentially unattainable. Instead, the best that space
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Fig. 2.5. Satellite anomaly rates for satellites in geosynchronous Earth orbit listed
in the NGDC anomaly archive. The reference histogram is the annual cosmic ray
flux at climax, re-scaled to show phase. (From Odenwald, 2009.)

weather modeling can hope to provide the satellite community is a probabilis-
tic indicator of which days or hours during a space weather event are likely
to be the most troublesome for the average satellite, so that satellite opera-
tors can be on the alert for an increase in anomalies. Satellite owners, on the
other hand, should be knowledgeable about the susceptibility of their particu-
lar satellite bus type to a given storm intensity and energy spectrum, which are
parameters that may be a reasonable goal for space weather modeling efforts to
forecast.

Meanwhile, it is still possible to successfully model the annual power degrada-
tion of a satellite due to the collective action of billions of cosmic rays scouring
its solar panels. Figure 2.6 shows the power loss (solid line) experienced by the
Solar and Heliospheric Observatory (SOHO) since its launch in December 1996
(Brekke, 2004). It shows a steady decline in solar panel output by about 2%
per year. Typically, solar panels are oversized at the beginning-of-life to allow
for this inevitable degradation, so that satellite systems will be able to survive
to the planned satellite end-of-life with adequate power. A list of SPEs between
1976 and 1990 was obtained from the National Geophysical Data Center (NGDC)
satellite study (Wilkinson, 1994) and compared with the SOHO power degrada-
tion events. Very approximately from the SOHO data, above a threshold flux of
10000 particles/cm? s (i.e. 10000 pfu), the percentage power loss due to individ-
ual SPE events is about 1% per 10 000 pfu, so that a 20 000 pfu event will cause a
2% power reduction, a 30 000 pfu event will cause a 3% power reduction, etc. (see
Section 14.4 for further discussion).



2.6 How bad can it get? 35

95

Power (%)
8

85

Model “.._

1 I 1 | | | 1 |
1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Year

Fig. 2.6. Solar panel power reduction for SOHO from 1996 to 2003. The model
(dashed line) includes a 2% GCR decline per year and the effects of known SPE
events. The large dip near the center of the curve was the Bastille Day event in
July, 2000. A second drop occurred during the intense SPEs on November 4 and
23, 2001. (From Odenwald et al., 2005.)

2.6 How bad can it get?

Satellite designers use sophisticated tools to assess radiation hazards under worst
case conditions (e.g. the August 1972 and March 1991 events). However, studies
of extreme space weather conditions suggest that the period since 1960 may not be
typical.

According to McCracken ef al. (2001) and Townsend er al. (2006), the 1859
storm was the most extreme event observed in the last 500 years, as shown in
Fig. 2.7. Smart et al. (2006) have identified the Carrington SPE through atmo-
spheric nitrite abundance anomalies in ice core samples. It appears to have been
caused by a shock passage past Earth due to solar activity near the Sun’s cen-
tral meridian. No '°Be was detected (see Vol. III) so the spectrum was soft for
protons exceeding 30 MeV, for which the fluence was estimated to be about
1.9 x 10" cm™2. This fluence is about four times greater than the canonical
worst-case August 4, 1972, event, which was the strongest solar event during the
satellite era. Since 1561, there have been 19 SPEs more intense than the August
1972 SPE (approximately one every 30 years). Nevertheless, a once-a-century or
once-a-millennium superstorm would be a disaster to our satellite resources, and
its probability of occurrence is far higher than other risks, such as the next San
Francisco earthquake, which are taken more seriously.

Odenwald and Green (2007) developed a series of simple Monte Carlo models
to assess the economic impacts on this resource caused by various scenarios of
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Fig. 2.7. Fluences (10° particles/cm?) at Earth for energies exceeding 30 MeV
SPE events since 1562 derived from NOy abundance anomalies in ice cores.
September 2, 1859, is the most intense event in 500 years. Note that the Novem-
ber 15, 1960, event (fifth from the right) predates the commercial satellite era that
started around 1980. (Data from McCracken et al., 2001.)

superstorm events possible during the sunspot cycle between 2008 and 2018. From
a detailed model for transponder capacity and leasing for the entire GEO satellite
population available each year from 2008 to 2018, they investigated the total rev-
enue loss over the entire solar cycle as a function of superstorm onset year and
intensity.

Figure 2.8 is the result of this calculation. Each of the 1000 models that were
run is represented by a single point characterized by the total revenue generated
by the satellite population (vertical axis), and the intensity of the storm (horizontal
axis). The onset year of the storm at each intensity produces the vertical dispersion
of the points at each intensity level, with early onsets in 2008 defining the lower
boundary of the dispersion, and later onsets near 2018 defining the upper envelope
of the dispersion. This is consistent with earlier superstorm onsets significantly
reducing by up to 10 years the total revenue that can be generated from satellites
during the 2008-18 period, and later onsets only reducing the revenue from the
satellite population by a few years.

The modeling suggested that, by 2018, models that did not include a superstorm
event achieved a cumulative transponder revenue of approximately $230 billion
(in 2006 dollars). This is seen by examing the far-left edge of Fig. 2.8, where the
simulations are based on very weak storms (e.g. near 50 000 pfu), and for which
the average models yield $230 billion with a range from $220 billion to $250
billion.

As the strength of the superstorm increases, the far-right edge of Fig. 2.8 shows
that the cumulative revenue by 2018 declines to an average level of $205 billion
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Fig. 2.8. Monte Carlo model results for cumulative transponder revenue versus
storm strength in units of particle flux units. The 1859 superstorm event would
appear at about 150000 pfu. The largest SPE events during cycles 22 and 23
equalled 45 000 pfu. The vertical dispersion is due to the variation of the onset
year from 2008 to 2018. (From Odenwald and Green, 2007.)

with a range from $230 to $190 billion depending on the onset year. This repre-
sents an average decline by about $25 billion over the range of the calculation.
Under the worst-case conditions of the Monte Carlo modeling, where the storm
arrives early in the solar cycle, the revenues generated would be found along the
lower envelope of the data points, and also indicate a loss of $30 billion. As the
difference between the upper and lower envelopes of the models indicates (the dif-
ference between the high-revenue models near 50 000 pfu and low-revenue models
near 200 000 pfu), considerably larger profit losses approaching $60 billion may
occur.

If the events of the 1859 Carrington—Hodgson storm serve as a guide, the scope
of a contemporary superstorm will most certainly be an awesome event, but one
that the vast majority of our satellite resources may reasonably be expected to sur-
vive. Perhaps the best indication we have to suggest that our satellites are robust
is that we have experienced about a dozen major space weather events since 1980,
with no widespread loss of satellite resources. Satellites appear to have evolved
into highly resistant systems that seem able to survive the significant storms of the
last 20 years. Nevertheless, the occasional once-a-century ‘“superstorm’ remains
a cause for concern much as a recurrence of the Great San Francisco Earthquake
might be in other financial sectors.
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2.7 Outside the box

So far we have only worried about “bad things” that can be spawned from solar
activity, but there are two other phenomena that can have measurable impacts,
though perhaps on slightly different time scales.

Gamma-ray bursts (GRBs) are cosmologically distant, and probably involve the
production of beamed electromagnetic energy from massive, collapsing stars. Since
the first systematic studies by the Compton Gamma Ray Observatory in the 1990s,
about one event per day has been reported. These events can last fractions of a sec-
ond to several minutes, and probably represent several distinct classes of objects,
or their orientations in space. The flux of gamma rays and X-rays from some of the
largest of these GRBs is sufficient to cause SIDs that can be readily detected by the
propagation of low-frequency radio signals at 75 kHz. Four astronomical events
have so far produced SIDs since 1988, namely GRB-830801 (Fishman and Inan,
1988), XRF-020427, SGR 1900+14 (Inan et al., 1999), and GRB-030329 (Schnoor
et al., 2003).

On December 27, 2004, a new object called a magnetar, identified as SGR 1806-
20, erupted within the Milky Way about 50 000 light years from Earth and produced
a flare detected by both ground- and space-based observatories (Palmer et al., 2005;
see Fig. 5.14). The radiation blitzed at least 15 spacecraft, knocking their instru-
ments off-scale whether or not they were pointing in the magnetar’s direction. One
Russian satellite, Coronas-F, detected gamma rays that had scattered off the Moon.
The flare also increased the ionization of the daytime ionosphere for five minutes,
which was noticed via its disrupting effect on long-wavelength radio communica-
tions (Mandea and Balasis, 2006). Nevertheless, these cosmic events are extremely
rare and are inconsequential due to their short time scales.

2.8 Space weather awareness

The last 200 years of reporting human and space weather impacts has passed
through many stages and fads as new technological problems revealed themselves,
and old ideas passed out of scientific fashion. A historical study by Odenwald
(2007) shows that earlier accounts in the newspapers were more inclined to report
problems because the impacts directly affected how news stories were circulated
(telegraph, wireless, teletype). Figure 2.9 shows that, during the 1950s post-war
period, there was a broad array of communications media available to transmit and
receive news stories, so that any given space weather event caused little interrup-
tion in the flow of information. Therefore, the obvious impacts were more subtle
and difficult to apprehend. When this is coupled with the lack of timely informa-
tion on satellite, power grid, or radio anomalies from institutions locked in intense
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Fig. 2.9. The total number of space weather-related column lines per year pub-
lished by the New York Times, Chicago Tribune, Boston Globe, Los Angeles Times
and the Washington Post for space storms occurring each year with geomagnetic
AA index exceeding 150, showing a sharp decline in coverage after c. 1950.
(From Odenwald, 2007.)

competitive struggles and attempting to demonstrate high reliability, the present
dearth in impact reporting is understandable.

Yet, considering that there are far more technological connections to space
weather conditions today than there were 50 years ago, it is puzzling that the
“Golden Years” of space weather reportage have indeed passed, and the low-level
reporting of today is almost universally considered normal.

An important factor that may explain the lost ground in space weather news
is that most reporters do not take the time to dig for the facts themselves. So, if
no press release is available on a particular science story, a reporter has to have a
strong motivation to write the story from scratch. The Halloween Storm of October
29, 2003, was supported by press releases from NASA, and pro-active work by
the NASA Public Affairs Office, and NOAA’s Space Weather Prediction Center,
through their e-mail distribution network that reaches over 1000 news reporters.
Yet despite this effort to get the story out to the news media, the actual number
of column-lines that resulted (~888 lines) is only comparable to similar severe
storms reported between 1870 and 1950. Moreover, unlike the earlier newspaper
stories, the modern-day stories did not report on specific impacts, but focused pri-
marily on the more scientific elements of the phenomenon, reflecting the content
provided by the NASA and NOAA/SEC press releases.

A reporter also needs to be savvy enough to call science contacts who can pro-
vide new information, in a timely manner, for a novel story that has to be written
under a two-hour deadline. This runs into the predictable problem in space weather,
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in that most sources inside NASA, the Department of Defense, the national power
industry, or commercial satellite owners, do not want to talk about their various
problems, let alone specific events. Without access to actual stories of signifi-
cant impacts, there is literally no other story that can be written other than purely
descriptive, far less compelling, accounts from eyewitnesses. Modern-day tech-
nological impacts are vastly under-reported compared to those 50-100 years ago
because there are now fewer commercial and government sources willing to admit,
or publicly dwell on, their vulnerability to space weather conditions.

Even when a story is well written and compelling, there is a final hurdle to
be surmounted. The more familiar the Sun has become to the public, thanks to a
constant stream of real-time imagery from NASA and NOAA, the more familiar it
has become to editors, and therefore the less compelling.

2.9 Space weather forecasting

How much advanced warning can we get for a superstorm? Following the lead pio-
neered by Carrington and Hodgson, it is reasonable to assume that ground-based
solar patrols at observatories around the world will catch the brilliant white-light
flare. Prior to this stage, the larger-than-typical sunspot that spawned the super-
storm event will have been monitored continuously. Much as for the October 2003
“Halloween Storm” we can expect considerable activity from this region in the
lead-up to a major outburst. These individual events will trigger X-ray flares and
subsequent short-wave outages and ionospheric disturbances.

NASA satellites have been able to see CMEs at the time of launch, and can esti-
mate their arrival times with reasonable accuracy. A superstorm CME will no doubt
take 17 hours or less to reach Earth. However, there will be no way to determine the
magnetic field orientation of the interplanetary CME (ICME) en route since none
of the satellites (assuming ACE is unavailable) will be equipped with magnetome-
ters to study the ICME in situ. This means we will have little advance warning of
the CME’s geo-effectiveness.

For satellites, however, it will not be the ICME that will provide the greatest
immediate problem. X-ray flares and SPEs are the most destructive phenomena
from the standpoint of satellite operations and power. For large events, CMEs are
launched at the same time as the flares occur, so it is important to predict the flare
onset event before a CME is even detected.

X-ray and solar magnetic field imagers have provided 24-hour advanced notice
on large flares. SPEs, often associated with strong X-ray flares, reach Earth within
hours after the X-ray flare is detected. For hard SPE spectra, however, the particles
are highly relativistic and arrive at virtually the same time as the X-ray burst, so
the onset of the X-ray flare is already too late for SPE mitigation to be effective.
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The most famous SPE occurred on November 4, 2003. Forecasts posted by
NOAA’s Space Weather Prediction Center show that, in the five days prior to the
event, the 24-hour X-class flare probabilities were 50%, 40%, 35%, 75%, 75%. On
the day of the flare, the probability remained at 75%, and in the three days after,
dropped to 10%, 1%, 1%. Although the X-ray class had been anticipated, neither
the exact luminosity nor the day of the event had been anticipated for Active Region
10486. Including false-positives, the best estimate of 24-hour forecast reliability is
about 80% for X-class flares. This implies a one in five chance that a major X-class
superflare is unanticipated.






3
In-situ detection of energetic particles

GEORGE GLOECKLER

3.1 Introduction

Space physics started over 50 years ago with the launches on October 4 and
November 3, 1957, of Sputnik I and II by the Soviet Union, and Explorer 1 and
3 by the United States on January 31 and March 26, 1958. Explorers 1 and 3
carried James Van Allen’s Geiger counters. He had hoped to measure the low-
energy portion of the differential intensity of cosmic rays (particles with energies
of hundreds of MeV of non-terrestrial origin), which could not be observed from
the ground or with balloons because of atmospheric absorption. Yet the few min-
utes of data, received whenever the satellite was within range of the tracking
station, were puzzling. At low geocentric distances of the 2500 km apogee orbit
of Explorer 1 particle intensities were as expected. However, at higher altitudes
the intensity dropped to zero. Explorer 3 carried a tape recorder and solved the
puzzle. Again, the particle intensity or counting rate was normal at low altitudes,
but then it increased rapidly until the maximum transmittable level of 128 counts/s
was reached. A constant rate of 128 counts/s was observed for some time but then
suddenly dropped to zero, recovering to 128 counts/s later and finally returning
to normal at low altitudes. The actual counting rate was increasing rapidly far
beyond the 128 counts/s limit, reaching such high rates that the Geiger counter
“froze”, that is discharged so frequently that it could not properly recover between
counts, yielding pulses too small to be detected by the circuitry used. Earth’s radi-
ation belt was discovered. The discovery of the radiation belts was confirmed
with measurements by more sophisticated instruments on Sputnik III, launched
May 12, 1958.

Another, somewhat more recent example was the discovery in the early 1970s
of cosmic rays whose composition was vastly different from that of cosmic rays of
galactic or even solar origin. The discovery of these so-called anomalous cosmic
rays (ACRs) was made with instruments that made measurements at energies below
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about 10 to 20 MeV/nucleon. The ACRs were distinguished by a composition
that was highly enriched in O, N, Ne, and He, and were eventually explained
as, and much later shown to be, accelerated pickup ions created by ionization of
interstellar neutrals in the heliosphere, which themselves were discovered by new
instruments that made measurements in an even lower energy range and in a new
region of space.

Van Allen’s discovery of the radiation belts and the discovery of the ACRs pro-
vide several important lessons. First, if one explores new territory, be it a new
region of space (as was the case with Explorer 1 and 3), a new energy range,
or a new type of measurement, one is bound to discover the unexpected. This
has happened over and over during the last 50 years and is bound to continue.
Second, new observations and discoveries (as was the case with the Earth’s radi-
ation belts) drive our understanding of the physics of the system (in this case
magnetospheric physics) through theory and modeling, which then make predic-
tions that can be tested by further observations. Successful theories and models
that properly explain observations have led to our current understanding of helio-
physics as discussed in these volumes. As new observations are made, theories
and models must be modified, or replaced by new ones that can account for all
of the observations. Finally, there is no ideal instrument or detection device. All
have their limitations. If you get strange or completely unexpected results, first
suspect your instrument and dig hard to find the cause for the peculiar results.
Only after you have convinced yourself that it was not an instrumental effect
should you dare to believe your observations, which could well be some new
discovery.

The fact that energetic particles are observed in all regions of space explored so
far (see Chapters 7, 9, and 11 for details) implies that acceleration mechanisms that
energize these particles abound. What these mechanisms are and where the acceler-
ation takes place are key questions that are being pursued. Particles are accelerated
in various regions of the heliosphere, heliosheath, and the galaxy beyond and some
are transported from the acceleration site to the observer. During this propagation
the energy spectra are modified from the original spectra at the acceleration site.

Figure 3.1 shows the differential intensities (see Eq. (3.3) for its definition)
of protons and oxygen as a function of energy/nucleon, measured in the helio-
sphere at 1 AU. Before the space age there were no particle measurements below
~300MeV per nucleon. All of the spectra shown below these energies were
observed using satellite instruments and are classified as either quasi-steady state
(quiet, shown in black) or transient (shown in grey). The energy range and inten-
sity (dynamic) range over which these spectra need to be observed are huge,
over 6 and 19 decades, respectively, and at least three different techniques are
required to obtain these measurements, as will be discussed. In addition to the
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Fig. 3.1. Differential intensities of protons (circles) and oxygen ions (triangles) for
various particle populations (see Chapter 9 for a description of the populations)
observed in the heliosphere. The four boxes represent the energy and dynamic
ranges of four instruments (described in Section 3.8) that measure the energy
spectra and composition of ions and nuclei (see Fig. 9.1). Symbols: black, quasi-
steady state; grey, transient states.

differential intensity spectra, the elemental, isotopic, and charge state composition
of the particles provides important clues concerning their origin, as well as phys-
ical and chemical characteristics of the acceleration site region. For example, the
anomalous composition of the ACRs, similar to that of interstellar pickup ions,
pointed to their origin as ionized and then accelerated interstellar gas. But only
now, with Voyager observations in the heliosheath, are we beginning to understand
where and how ACRs are accelerated. Similarly, measurements of the charge state
of the solar wind provide information about coronal temperatures.

In this chapter, I describe how plasma, suprathermal, and energetic (~300eV
per charge to 300 MeV/nucleon) particles are detected and their properties mea-
sured, beginning with a description of what needs to be measured and how it is
measured. Next I discuss briefly how particles interact with matter. Following this,
simple detectors and devices that are commonly used in present space instruments
are described, and finally I discuss four instruments that together cover the entire
energy (over 6 orders of magnitude) and dynamic range (over 19 orders of mag-
nitude) shown in Fig. 3.1, ending with a description of techniques to detect and
measure spectra and composition of energetic neutral atoms (ENAs).
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3.2 What needs to be measured and how it is measured?

The most basic information about particles that we can obtain is the form of
their distribution function f, or phase space density as a function of velocity or
momentum. Such quantities as the number density, bulk and thermal speeds (or
temperature), and pressure can be obtained directly from f. The distribution func-
tion is the density in velocity space of a given species of particles (characterized
by mass m, ionization state ¢g) as a function of velocity v. Thus, the complete
distribution function

FO g m) = £ (0,6, ¢, q,m) = T4
v,qg,m) = v,v,o,g. M) = ——F——7—,
1 1 Bx dv

3.1
where the right hand side is just the number of particles dn (with charge g and mass
m at velocity v) per unit volume in space and per unit volume in velocity space.
The ionization or charge state ¢ is generally positive, but can be negative (electrons
and some molecules) or zero for neutral particles. Only at low enough energies (or
speeds) can g be measured at present, as we will discuss later. Measurement of
mass m or, more often, the nuclear charge Z, of nuclei, establishes the identity of
the particle (e.g. proton, carbon, iron, H;O molecule, etc.). A precise measurement
of mass is necessary to identify molecules (e.g. m = 18 amu — atomic mass units —
for water molecules) or isotopes (e.g. '*C) of chemical elements.

To illustrate how the distribution function may be measured, consider an ideal
detector looking in a direction (6, ¢) measuring the distribution function of par-
ticles of mass m and charge ¢g (e.g. protons with m = ¢ = 1). The area of the
detector perpendicular to its look direction is dA, and it has a narrow field of view
of d2 steradian centered on its look direction (see Fig. 3.2). Our ideal detector
counts (detects) each particle with 100% efficiency and measures its kinetic energy,
E = mv?/2. From the definition of the distribution function

(Cx%)

de

dA

Fig. 3.2. Ideal small detector of area dA with a narrow conical field of view d2
centered on its look direction.
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f,0,¢,q,m) = [dn(v, g, m)/dt]/[dA dQv* dv]
= [m?/2] - [dn(E, ¢, m)/dt]/[dAdQEdE],  (3.2)

where dn(E, g, m)/dt is the counting rate of particles with mass m and charge
g in the energy range between E and E + dE, and dn(v,q,m)/dA - dr =
[dn(v, g, m)/dt]/[dA - dr/dt] = [dn(v, g, m)/dt]/[vdA], where dr is along the
look direction of the detector. Equation (3.2) can also be expressed in terms of the
differential intensity dj/d E, which is commonly used to describe the energy spec-
tra of particles with energies above several hundred keV/nucleon and is defined
to be

dj/dE = [dn(E, g, m)/dt]/[dAdQdE], (3.3)
becoming

f(,0,¢,q,m) = M*(myc®?*[dj/dE(E, 0, ¢, q, m)]/[2¢*E], (3.4)

where M is the atomic mass number and m,c’ is the proton rest energy.

The common units for the differential intensity are [(number of parti-
cles)/(s cm? st MeV/nucleon)], or [(number of particles)/(s cm? sr keV/nucleon)]. If
the units for the distribution function are [(number of particles)(s3/km6)] then, with
& in keV/nucleon,

f(v,0,¢,q,m) =0.545[dj/dE]/E. (3.5)

Now we can calculate f (v, 8, ¢, g, m) from the counting rate dn(E, g, m)/dt of
(m, q) particles with energies between E and E +dFE in a detector of area dA look-
ing in direction (0, ¢) with a narrow field of view (FOV) d€2. The ion speed v (in
units of km/s) is computed from its measured energy E (in units of keV/nucleon)
using

v A 438VE. (3.6)

3.3 Geometrical factor of detectors

The quantity dA d2 is the geometrical factor (GF) of the infinitesimally small
detector shown in Fig. 3.2. The common units are cm? steradian (cm? sr). For a
detector system of finite area and FOV the GF is calculated by integrating over all
possible look directions that intersect the detector area as we shall illustrate with
a few simple examples. For more complicated detector geometries, Monte Carlo
methods or forward models are used. The forward model is especially useful when
coordinate frame transformations (e.g. from the solar wind to the spacecraft frame)
are required.
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(@ (b)

&

Fig. 3.3. Relationship (a) between dS, d<2, r, and ® for a single planar detector
and (b) between dSy, dS», d2, r, and ¢ for a two-detector telescope.

The simplest finite detector is shown in Fig. 3.3a. It is a planar detector of area S
with a conical FOV along its symmetry axis, with cone angle ®. The geometrica