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The committee on Solar-Terrestrial Research (CSTR) of the Board on
Atmospheric Sclences and Climate (BASC) of the National Academy of
Sciences (NAS) completed its study on the need to achieve a thorough
understanding of our Solar-Terrestrial environment. The CSTR
recommends the formation of a National Solar-Terrestrial Research
Program to implement the recommendations of the earlier National
Research Council study Solar-Terrestrdal Research for the 1980's
(1981). The earlfer study which took over 18 months to complete and

involved the participation of more than 50 scientists, specifically |

identified the principal sclentific and management recommendations
required for a balanced solar-terrestrial program. The present
study was undertaken by the Committee on Solar-Terrestrial Research
in the fall of 1983. Together, the two studies constitute a set
that prescribes a broad-gauged solar-terrestrial program. CSTR
recommends a Natifonal Solar-Terrestrial Research Program of
importance to the nation, as well as to its sclentific community.
This program will enable the nation to increase significantly its
understanding of the key physical mechanisms coupling the
solar-terrestrial system. Solar-terrestrial research is the study
of the essential processes by which energy in all forms is generated

by the Sun, ¥s transported to Earth, and ultimately vitally
influences the terrestrial environment. The principal science issue
today in solar-terrestrial research 1s to understand this coupled
system. CSTR stresses that the recommended science are not subsets
of one another and that all require funding in parallel for a
balanced program. Only the fullest possible understanding of the
physics and chemistry of the solar-terrestrial system will make it
possible to evaluate the effects of growing human influences on our
environment. Of all the planets, Earth and its blosphere present
the widest range of Interacting physical and chemical processes.

The nation now has the technical resources and the skilled personnel
to study this 1iving system on a day-to-day basis and on a global
scale,
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NOTICE: The project that is the subject of this report was

approved by the Governing Board of the National Research

Council, whose members are drawn from the councils of the

National Academy of Sciences, the National Academy of

Engineering, and the Institute of Medicine. The members of

the committee responsible for this report were chosen for

their special competences and with regard for appropriate

balance. o
This report has been reviewed by a group other than the .0

authors according to procedures approved by a Report Review '““‘*“+

Committee consisting of members of the National Academy of

Sciences, the National Academy of Engineering, and the

Institute of Medicine.

The National Research Council was established by the
National Academy of Sciences in 1916 to associate the broad
community of science and technology with the Academy's
purposes of furthering knowledge and of advising the federal
government. The Council operates in accordance with general
policies determined by the Academy under the authority of
its congressional charter of 1863, which establishes the e ey
Academy as a private, nonprofit, self-governing membership T
corporation. The Council has become the principal operating |
agency of both the National Academy of Sciences and the
National Academy of Engineering in the conduct of their
services to the government, the public, and the scientific
and engineering communities., It is administered jointly by
both Academies and the Institute of Medicine. The National H
Academy of Engineering and the Institute of Medicine were
established in 1964 and 1970, respectively, under the
charter of the National Academy of Sciences.

The Committee on Solar-Terrestrial Research is pleased to
acknowledge the support of the National Science Foundation,
the Air Force, the National Aeronautics and Space
Administration, and the National Oceanic and Atmospheric
Administration. However, any opinions, findings,
conclusions, or recommendations expressed herein are those

of the authors and do not necessarily represent the views of
these agencies. )
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PREFACE

Tn response to a request from several concerned federal
agencies--the Department of Defense, the National Science
Foundation, the National Oceanic and Atmospheric Adminis-
tration, and the National Aeronautics and Space Adminis-
tration--the Board on Atmospheric Sciences and Climate
asked its Committee on Solar-Terrestrial Research to
undertake this study. It was requested now because of a
strong shared conviction on the part of the federal agen-
cies, the scientific community, and the Office of Science
and Technology Policy that there is an urgent need to
achieve a thorough understanding of our solar-terrestrial
environment, In addition, there is a belief that achiev-
ing such understanding will require a well-planned and

rganized effort to elucidate the physical and chemical
processes controlling the complex interactive behavior of
the solar-terrestrial system.

This report recommends the formation of a National
Solar-Terrestrial Research Program to implement the recom-
nendations of the earlier National Research Council study
Solar-Terrestrial Research for the 1980's (1981). The
earlier study, which took over 18 months to complete and
involved the participation of more than 50 scientists,
specifically identified the principal scientific and man-
agement recommendations required for a balanced solar-
terrestrial program. The present study was undertaken by
‘hie Committee on Solar-Terrestrial Research in the fall
of 1983, Together, the two studies constitute a set that
srescribes a broad-gauged solar-terrestrial program.

Chapter 1 briefly discusses solar-terrestrial research,
inciuding specific examples of the major scientific prob-
ien areas affecting our und rstanding of the coupled
folar-terrestrial system, Chapter 2, as already mention-
ed, calls for the establishment of a National Solar-
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Terrestrial Research Program and summarizes three recom-
mendations that must be implemented for a well-balanced
program. Chapter 3 describes the recommendations more
fully, and Chapter 4 discusses the justifications for the
reccmmendations.

The Committee on Solar-Terrestrial Research takes this
opportunity to thank the many contributors to the report.,
We gratefully acknowledge the cooperation and support of
many people in the National Research Council, particularly
herbert Friedman, Chairman of the Commission on Physical
Sciences, Mathematics, and Resources; Thomas F. Malone,
Chairman of the Board on Atmospheric Sciences and Climate;
ind Thomas A. Donahue, Chairman of the Space Science
Board. We also acknowledge the cooperation and support
of various agency officials, especially R. Behnke, E. W.
Bierly, A. Christiansen, R. 8. Greenfield, and D. S.
Peacock of the National Science Foundation; J. T. Lynch,
5. D. Rosendhal, S. D. Shawhan, S. G. Tilford, and M. J.
wiskerchen of the National Aeronautics and Space Adminis-
tration; J. H. Allen, D. M. Hunt, and H. Leimbach of the
National Oceanic and Atmospheric Administration; R. C.
Sagalyn of the Air Force; and P. Try of the Department of
Defense.

Devrie S. Intriligator, Chairman
Committee on Solar-Terrestrial Research
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we recommend a National Solar-Terrestrial Research Program )
¢t importance to the nation, as well as to its scientific i
.cmmunity. This program will enable us to increase sig-

nificantly our understanding of the key physical mecha-

nisms coupling the solar-terrestrial system. Solar-ter- {
restrial research is the study of the essential processes )
} oy which energy in all forms is generated by the Sun, is 1
4 - inoported to Earth, and ultimately vitally influences

' ~.» terrestrial environment. The principal science issue

tciay 1n solar-terrestrial research is to understand this

csupled system. We stress that the recommended science T
sr» rot subsets of one another and that all require fund- i
'ng 1n parallel for a balanced program.

RECOMMENDATION 1. We recommend an approved new start
tor tne International Solar-T¢ -restrial Physics Program, a

»a7or opservational miss »n “.hat is already well along in
NAsA'S planning.

[

© e

: RECOMMENDATION 2. We recommend an increase in annual
solar-terrestrial research funding above present levels
by $65 million in fiscal year 1986, to be held level (in '

1354 dollars) over the next decade, to support other . :
essential programs. L .

RECOMMENDATION 3. We recommend that there be formal b
P interagency coordination among the interested federal '
agencles for the implementation and conduct of the

. Naticnal Solar-Terrestrial Research Program discussed in
+~is document.

s ol
i

Only the fullest possible understanding of the physics
and chemistry of the solar-terrestrial system will make it ‘
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possible to evaluate the effects of growing human influ-
ences on our environment. Of all the planets, Earth and
its biosphere present the widest range of interacting
physical and chemical processes. We now have the tech-
nical resources and the skilled personnel to study this
living system on a day-to-day basis and on a global scale.
This is a challenge to which we must respond without
delay.
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INTRODUCTION

Almost all of the energy resources available to man--
light, wood, water power, wind, coal, and oil--can be
traced to the solar radiation intercepted by the Earth.
It is indeed providential that the Sun is so stable, for
even minor variations in solar illumination of the Earth
have been found to be closely correlated with ice ages.
The potentially hazardous invisible emanations from the
Sun are much more variable. Without proper shielding,
astronauts and space-based systems could be exposed to
catastrophic doses of radiation from great flares. Solar
activity also produces disturbances in communications and
in electrical power distribution, effects that are
clearly important from both practical and national
security viewpoints.

More than ever, mankind appreciates that human activity
can significantly affect the environment and that space
is an essential part of economic and social progress.

Solar-terrestrial research is the study of the essential
processes by which energy in diverse forms is generated
by the Sun, is transported to Earth, and ultimately vital-
1y influences the terrestrial environment. It deals with
the direct irradiation of the upper atmosphere by the full
spectrum of electromagnetic radiation and with the trans-
port of particles and fields from the Sun, through the
interplanetary medium, to and through the magnetic field
of the Earth and into its atmosphere.

Solar-terrestrial research is concerned with the crit-
1cai complex interplay of physical and chemical processes
in every element of the Sun-Earth system. The principal
science issue in solar-terrestrial research today is the
need for understanding the coupled system.
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1 NATIONAL SOLAR-TERRESTRIAL RESEARCH PROGRAM

THE SOLAR-TERRESTRIAL SYSTEM

ATMOSPHERE ,IONOSPHERE
SOLAR WIND

—

INTERPLANETARY

MEDIUM
————e e
MAGNETOSPHERE
—_—_——
ELECTROMAGNETIC
RADIATION 8owSHOCK

FIGURE 1 The Solar-terrestrial system (courtesy of
D. S. Intriligator, Carmel Research Center).

The solar output reaches the Earth either through elec-
tromagnetic radiation or the magnetized plasma streams of
the solar wind (see Figure 1). The electromagnetic radi-
ation directly drives the circulation of the atmosphere,
while the solar wind drives a diverse collection of funda-
mental phenomena ranging from the acceleration of parti-
cles in interplanterary space to geomagnetic storms and
the aurora. A further complication results because the
Sun is a variable star, with transient outbursts such as
solar flares and long-term cyclic changes in solar mag-
netism,

There are major complex scientific dilemmas surrounding
our understanding of the coupled solar-terrestrial system.
The following three examples illustrate these problems.

Processes within the solar convection zone give rise to
the magnetic field, which is carried toward the Earth by
tne solar-wind plasma. The solar wind is deflected by the
Earth's intrinsic magnetic field, thus producing the mag-
netosphere. The variable orientation of the interplanetary
magnetic field with respect to the fixed orientation of
the Earth's internal dipole field determines the extent
to which processes within the magnetosphere and the auro-
ral zone perturb the ionosphere and atmosphere. In this
complex chain of cause and effect it is necessary to

D T L W

At 0. DA Pl Sl Al Rl )

© -
NN

)
r&h&qdﬁj




L L e g ey e e e e ova disasd e —— Rra A gurs S et S SR M St
. . ~ - - - - - - . > - . - N . .
]

et i

————-"— -

-

e

B dade I JRen dEhe AR A

REPRODUICED AT GOVERNMENT FXPENSE

Irrr~ductior S

determine the major mechanisms responsible for the gener-
ation of the solar magnetic field, its important inter-
actions with the magnetospheric field, and the effect of
the ionosphere and atmosphere on the resulting inter-
action,

As a second example, it is known that small changes in
the solar radiative output can significantly influence the
ozone chemistry of the atmosphere. Despite its thinness
(0.3 cm at atmospheric pressure), the ozone layer plays an
essential role in the preservation of life on Earth since
it absorbs nearly all of the potentially lethal solar-
ialtraviolet radiation that enters the atmosphere. 1In this
critical chain of cause and effect it is necessary to
determine the Sun's short-term and long-term variability
in the relevant (175-242 nm) wavelength range and the
corresponding variations in atmospheric ozone.

A third example concerns the response of the coupled
Sun-solar wind-magnetosphere-ionosphere-atmosphere system
o transient events originating at the Sun. These give
rise to both radiative and plasma effects. Solar extreme-
ultraviolet and x-ray outputs can be dramatically
increased for short periods, producing substantial atmo-
spheric-chemistry perturbations related to both the ozone
budget response and the enhanced ionization. A traveling
chock wave in the solar wind triggers a violent magneto-
sghere response, resulting in strongly intensified auroral
activity. To understand this sequence it is necessary to
determine the nature of the flare process; the manner in
walch & shock disturbs the solar wind, including its local
acceleration of particles and its perturbations of the
interclanetary magnetic field; the important and complex
changes induced in the magnetosphere by the passage of
the shock; and the major chemical consequences of sudden
enhancements in the level of atmospheric ionization from
potn radiative and particle energy.

The solar-terrestrial system also provides us with a
unique laboratory for investigating questions of astro-
ohysics and of many other branches of science. For
example, the increasing precision of measurements, numer-
ical modeling, and theory applied to space-plasma problems
Aamounts to a revolution in technique relative to 10 years
ago. As a result, the study of space plasmas has become
cne of the primary motivations and exper imental areas for
prasic nlasma research. The solar-terrestrial system is
the primary laboratory in which astrophysical processes
of great generality can be studied in situ., In addition,
the Sun is the only star available for close-up, detailed
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.tudies. The physical processes responsible for its
structure and dynamic energy transformation phenomena are
still not understood, but they are particularly important
to the understanding of other main-sequence stars, and
they serve as a model of many stellar phenomena. For
example, study of solar activity is providing insight into
stellar wind flows from the Beta Cephei class of pulsating
stars such as Sigma Scorpius. Also, the magnetospheres

of Earth and Jupiter are much more accessible than the
iragnetospheres of neutron stars or galaxies, and our
xnowledge of planetary magnetospheres has yielded impor-
tant insights into how pulsars and radio galaxies may
tehave. Our studies provide knowledge of the evolutionary
history of the Sun-Earth system and of the solar system.
Some of the plasma processes, which are so important for
the development of controlled thermonuclear power, were
first ‘dentified and analyzed within the context of solar-
terrestrial research. High-energy particle acceleration
by shock waves--at the Sun and in the interplanetary
plasma~-is relevant to both astrophysics and laboratory
plasma physics.

This report presents an implementation strategy for the
recommendations contained in the NRC report Solar-
Terrestrial Research for the 1980's (see Appendix A}.

That report emphasizes the need to develop a unified
physical description of this coupled system. Other inde-
pendent NRC reports, such as Solar-System Space Physics
in the 1980's: A Research Strategy and Space Plasma
Physics: The Study of Solar-System Plasmas (see Appendix
B) illustrate the unanimity of this conclusion among
sclar-terrestrial researchers and researchers in many
related scientific fields. 1In responding to this chal-
lenge, we are recommending a National Solar-Terrestrial
Research Program for the unified study of the intricate
causal chain by which events on the Sun significantly
influence our environment on Earth.

In studying these important causal connections, we must
necessarily achieve a synthesis of many disciplines in-
cluding solar physics, interplanetary physics, magneto-
cpheric physics, ionospheric physics, aeronomy, and
atmospheric physics and chemistry. The various elements
of the solar-terrestrial system have been explored aggres-
sively, and many of these elements are well understood
individually. In some cases, major progress has been
made in understanding the mutual interactions of these
elements. The time has come to put all the pieces of the
puzzle together. Recent technological advances and theo-
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- ! retical understanding of the individual aspects are such >

that a well-planned, adequately funded interdisciplinary
effort should lead to significant advances in our under-
standing of the system as a whole, Favorable action by
the government beginning in fiscal year 1986 can bring
this global initiative to pass.
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SUMMARY OF RECOMMENDATIONS

we recommend the establishment of a National Solar-
Terrestrial Research (STR) Program. We present here only
those elements that we consider to be most vital. We
refer the reader to the report Solar-Terrestrial Research
for the 1980's (see Appendix A) for additional science
justifications and for a description of other useful
programs needed for a broad-based effort. Other recent
studies that are pertinent are listed in Appendix B.

This proposed program is fiscally conservative and
relies heavily on already existing or planned programs.
It balances major observational efforts (Category A) with
a vigorous program of theory, data analysis, and ground-
based and suborbital research (Categories B and C) to
maximize the results from the whole program. These cate-
gories (A, B, and C) have been established on the basis
of the scale of resources required for their completion.
We emphasize that this separation has been done for budget
planning purposes only, with Category A components being
"major" (over $100 million), Category B components
"moderate” (each on the order of $10 million per year),
and Category C components "modest"” ($1 million to $§5
million per year each). We stress that these categories
are not subsets of one another, and all should be funded
in parallel for a balanced program. Priorities have been
established within the categories, with Priority 1 the
Lighest priority and Priority 2 of very bigh priority.
The increment of $65 million in fiscal year 1986, to be
held level (in 1984 dollars) over the next decade, should
be allocated to the appropriate federal agencies: the
National Science Foundation (NSF), the National Aeronau-
tics and Space Administration (NASA), the National Oceanic
and Atmospheric Administration (NOAA), and the Department
of Defense (DOD).
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RECOMMENDATION 1. We recommend an approved new start

El ‘.~ +khe International Solar-Terrestrial Physics Program,
1 m.ior observational mission that is already well along
Li ir. YASa's planning.

CATEGORY A. Major Components (each over $100 million
in total)

The International Solar-Terrestrial Physics Program
/ISTE) [Priority 1]

Vie acknowledge and are pleased that the federal govern-
rent has approved the Upper Atmosphere Research Satellite
\UARS) and the Solar Optical Telescope (SOT) missions.

We view ISTP, UARS, and SOT as integral elements of the
National Solar-Terrestrial Research Program. We urge that
tnese approved missions proceed expeditiously.

e\

————

RECOMMENDATION 2. We recommend an increase in annual
s~lar-terrestrial research funding above present levels by
$6€ millien, to be held level (in 1984 dollars) over the
next decade, to support Category B and C components.

CATEGORY B. Moderate Components (each $10 million to
‘ 220 million per year)

Initiative in Data Analysis [Priority 1]

Solar Variability [Priority 1)}
Mzgretosphere-Tonosphere Coupling [Priority 1}
¥iddle-Atmosphere Studies [Priority 1]
zapid-Turnaround Projects [Priority 2]

Tar e
e . . ‘ T . .o

CATEGORY C. Modest Components (each $1 million to
35 million per year)

Ty
e .

Increased Acquisition of IMP-8 Data [Priority 1]
‘"oordinated Campaigns [Priority 1]

Sroundi-Based Synoptic Measurements [Priority 1]
Solar Seismology {Priority 2]

7]lobal Electric Circuit (Priority 2]

#ducational Programs {[Priority 2]

Thermospheric Measurements [(Priority 2]

i Stokes Polarimeter (Priority 2}

o 4
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10 NATIONAL SOLAR-TERRESTRIAL RESEARCH PROGRAM

RECOMMENDATION 3. We recommend that there be formal
Interagency coordination among the interested federal
agencies for the implementation and conduct of the
National Solar-Terrestrial Research Program discussed in
this document.
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EXPANDED PROGRAM DESCRIPTION AND RECOMMENDATIONS

S -
g |

RECOMMENDATION 1 ]

CATEGORY A. Major Components

—
1
pa

P This category comprises approved, continuing, or previous- ’
ly recommended major spacecraft missions. Our recommenda-

tion in this category is for a fiscal year 1986 new start

for the International Solar-Terrestrial Physics Program. ]
This mission has equal priority with the previously ap- ' . ‘i
proved Upper Atmosphere Research Satellite and the Solar ]
Optical Telescope missions. ?

PR 4

v

Major New Start: International Solar-Terrestrial Physics
‘rogram (ISTP) [Priority 1]

B \ABAAN
. . ol

olans for six new spacecraft systems in key regions that
w1ll investigate the chain of processes from the solar :
interior to the Earth's magnetosphere and ionosphere. -3
7ris is a joint U.S.-European-Japanese Program involving
tnree U.S. spacecraft. The U.S. portion of this program " 1
was previously called the Origin of Plasmas in the Earth's : 1
Neighborhood (OPEN). It is proposed to launch the ISTP -
spacecraft in the period from 1989 to 1992 and that the '
resulting data base be accessible to the worldwide scien-

tific comnunity. Measurements of the solar wind, the

irt.rplanetary magnetic field, and related parameters are

¢ssential to many phases of solar-terrestrial research.

“ne first ISTP spacecraft, WIND (scheduled for launch in

1at2 1989), will conduct these fundamental interplanetary

ohservations. The SOLAR spacecraft will study the Sun's

outwvut; the MULTIPOINT series will investiqgate the micro-

ohysics »f the magnetopause; and POLAR, EQUATOR, and TAIL

i
Tne International Solar-Terrestrial Physics Program (ISTP) ‘j
)
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12 NATIONAL SOLAR-TERRESTRIAL RESEARCH PROGRAM

spacecraft will survey the flow of energy and particles
through the magnetosphere. The National Research Coun-
cil's Space Science Board has strongly endorsed ISTP. 1In
view of the critical nature of all the ISTP measurements,
we strongly recommend that the ISTP be given a fiscal year
1986 new start.

Upper Atmosphere Research Satellite (UARS)

The most effective means for acquiring comprehensive data
on the upper atmosphere is the use of remote-sensing
instruments on a satellite. Current technology has made
it possible to develop instruments that can measure, with
high precision on a global scale, incident solar radia-
tion, ozone and other chemical species, and the tempera-
ture and motion of the upper atmosphere. The UARS program
takes advantage of these capabilities and will provide for
the first time the global data set required to probe chem-
istry and dynamics and the radiative and magnetospheric
inputs of the upper atmosphere. The Space Science Board
strongly endorsed UARS. We strongly support NASA's com-
mitment to UARS as an important new start program in fis-
cal year 1985.

Solar Optical Telescope (SOT)

The Solar Optical Telescope (SOT) will provide frontier
observations of solar magnetic, velocity, and intensity
fields with unprecedented spatial resolution. The SOT
observations will be fundamental for understanding the
physical bases of both solar variability (time scales from
days to years) and solar activity (seconds to hours).
After the initial flight and two or three reflights, each
lasting 7 to 10 days, SOT is expected to become one of the
major facilities of an Advanced Solar Observatory, which
would function for at least 6 to 12 months as a free flyer
or on a space platform. The Space Science Board strongly
endorsed SOT., We strongly support a timely launch of this
scilertifically important and cost-effective facility.

RECOMMENDATION 2

we re~ommend the Implementation of the following Category

F and ratecory C components of the National Solar-Terres-

tr:al Pesearch Prcgram.
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Aot g’

"ATEGORY B. Moderate Components
Initiative Iin Data Analusis [Priority 1]

It is vital that there be a new initiative in data analy-
sis to make full use of existing and planned ground-based
and space-based data in order to investigate the many
connections that exist between various components of the
solar-terrestrial system. To achieve this goal, the
ccgnizant agencies, NSF, NOAA, and NASA, should undertake
i substantial augmentation of existing programs. This
initiative has three major elements:

) a. Modeling, simulation, and analysis of existing data.

[ En increment of approximately $10 million per year is )
3

p

'L""'

required for this important effort. Preference should be

given to research projects that investigate the inter- .
4 connection of the various elements of the solar-terres- =
f. trial chain. This analysis effort should complement

NASA's Solar-Terrestrial Theory Program and Guest Inves-
tigator Programs, which should be continued.

b. Computer Networking. The establishment of a com- i
ruter network to enable scientists to interchange data and .
models more effectively is critical. An initial commit- '
ment of about $10 million per year in fiscal year 1986 and
1987 in order to establish a "STR network,"™ including 1
minicomputer hardware as necessary, and approximately $3
in1llion per year thereafter is needed. The system should
include NASA's expanded Space Physics Analysis Network and )
National Space Science Data Center, the NSF incoherent-
scatter radar data base and the NOAA World Data Centers,
as well as individual scientists at various institutions.

Forthcoming observational programs should be encouraged to
incorporate their data into the system (see Appendix E). )

C. horkshops. A series of workshops is vital to assim-
ilate and analyze interdisciplinary data. A funding level
near 32 million per year is necessary for supporting pre-
workshop and postworkshop studies and analyses as well as
the workshops themselves. Studies that focus on the sig-
nificant interconnection of links in the solar-terrestrial
. r.ain should be emphasized. The Study of Traveling Inter-
b planetary Phenomena (STIP) sponsored by the Scientific
Committee on Solar-Terrestrial Physics (SCOSTEP) is a good
exzmple of such an interdisciplinary study. ™he develop- :
¢ ment of computerized data bases and analy .5 Jftware is E
- tech..nlogically feasible and necessary to max. aize the

scientiric return. These costs are included in our
estimate.
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Selar Variability [Priority 1]

The 1initiation of a systematic long-term study of the
total solar irradiance (the "solar constant") and the
solar ultraviolet spectral irradiance is critical. A
funding augmentation averaging about $10 million per year
is needed. The most direct link between the Sun and the
Earth is the flow of radiative energy, and even small
variations can have profound effects on the atmosphere and
ionosphere. Space-based observations through NASA, NOAA,
and DOD should be enhanced by ground-based NSF- and NOAA-
sponsored observations,

Magnetcsphere-Ionosphere Coupling [Priority 1]

it is important to enhance and upgrade the existing
ground-based instruments studying the coupling among the
magnetosphere, ionosphere, and thermosphere. A funding
augmentation of approximately $10 million per year is
needed for a vigorous program of well-planned and coord-
inated ground-based and spaceborne measurements of key
1onospheric and atmospheric parameters. Funds should be
allocated to upgrade the chain of incoherent-scatter radar
stations and other existing instruments (e.g., magnetom-
eters, photometers). Through NSF and NASA, funds should
be used to develop new techniques and sensors for ground-
based and spaceborne measurements.

Mid3le Atmosphere Studies [Priority 1]

Support for the initiatives recommended by the U.S. Panel
on the Middle Atmosphere Program (MAP) is required. This
includes an aggressive theoretical and ground-based pro-
gram of study of the radiation, chemistry, and dynamics
of the upper mesosphere, middle-atmosphere waves and
turbulence, and long-term measurement of dynamically and
chemically important quantities. A funding augmentation
of about $5 million per year is needed.

®ipid-Turnaround Projects [Priority 2]

Significant strengthening of rapid-turnaround projects
sich as balloons, rockets, Spartans, and other Shuttle
payloads 1s needed. This increase in small~scale flight
opportunities is essential to picmote the development and
testing of new instrumentation, for the more rapid testing
of theoretical ideas, and to provide for training in
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A A 2 & 4 ¢

experimental techniques for graduate and postdoctoral
students. In addition, these activities will be useful
for coordinated campaigns. A funding augmentation of $10
rnillion per year is the minimum required.

vq,v_r‘r’q"r_'r'r

CATEGORY C. Modest Components

O M

Iroreased Acquisition of IMP-8 Data [Priority 1]

el it A

b 4ASA should ensure the maximum interplanetary data acqui- 4
. sition from IMP-8, which obtains the only near-Earth meas- 4
‘!a urements currently available of interplanetary magnetic y
i field and solar-wind density, speed, and temperature. A

! funding level near $2 million per year is necessary to

{ :aintain tracking. We consider this to be the highest .
priority in Category C. X

?' “eardinzted Campaiqns [Priority 1}

o s series of coordinated campaigns, triggered either by
O specific solar or interplanetary events or by predesig-
L nated "world days,"™ to facilitate the study of intercon-
‘I iections within the Sun-Earth system is critical. These
, campaigns will coordinate data acquisition, postobserva-
= ¢tional studies, and data analysis. The required funding
n_- ; i5 estimated to be $2 million per year.

e b acan bttt A A

A a o a

h.‘ r.r-ur~-hased Synoptic Measurements [Priority 1)

' " long-term program for the acquisition of synoptic meas-

; urenents of the solar-terrestrial system by means of

L ground-based facilities is vital. These measurements

° c¢rzuld include optical solar data (e.g., spectrohelio-

jrais), radio observations (e.g., dynamic radio spectra,

rcdicteliograms), interplanetary radio scintillations,

terrestrial magnetic activity (e.g., Auroral Electrojet

I1-~cex), ionospheric and atmospheric parameters (e.g., den-

° nity, electric fields), and high-energy cosmic rays (e.g.,
nectren monitors). A funding augmentation of about $2
~.illion per year is required,

A Motz a .

s o

— ~ ~

Inlar Seismclogy [Priority 2]

instrumentation and theory program in helioseismology
r prebing the convective zone of the Sun and for under-
anding the dynamics of the solar interior is needed.
nding at a level of 1ibout $2 million per year is needed.
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16 NATIONAL SOLAR-TERRESTRIAL RESEARCH PROGRAM
Glecbal Electric Circuit ([Priority 2]
A coordinated theoretical and observational effort is

needed to explore the electrodynamic coupling among the
troposphere, the ionosphere, and the magnetosphere. A

"'11"[
L J

.L
—ta o

i funding level near $1 million per year is needed to aug-
ment balloon and rocket experiments and global modeling
efforts.,
Educational Programs ([Priority 2] -
¥
J The NSF should enhance its educational and research pro- »

gram to train qualified scientists in solar-terrestrial

research, A funding increase of at least $1 million per

year is necessary to enhance undergraduate, graduate, and ¢

3 postdoctoral education. y
y

Thermosphere Measurements ([Priority 2] /

A program is required to measure neutral atmosphere param-
: eters in order to study the effects of electromagnetic and .
ﬁ particulate solar radiation and the interaction between A L0
] the ionosphere and the neutral atmosphere. A funding ';
q level near $2 million per year is required to develop
F‘ innovative ground-based techniques.

% Stckes Polarimeter [Priority 2] 1

The construction of a new generation Stokes polarimeter

to be incorporated in a telescope with active optics at a

ground-based site with very-high-quality seeing conditions
' is needed to measure the small-scale magnetic and velocity i
J , fields on the Sun and to determine their relation to both ).

’ solar variability and solar activity. Development and 3
implementation of this instrument is expected to cost J
about $2 million per year.

RECOMMENDATION 3

el

Interagency Coordination for the National Solar-Terres-
trial Research Program

Since the emphasis of the National Solar-Terrestrial
Research Program is to understand the coupling between the
various components of the system, efforts from individual
~ { groups or agencies cannot solve these complex problems in
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- : isolation. Interagency coordination is essential to maxi-

h' | mize the scientific outputs of this program. We believe

; ‘ that the scientific effectiveness of the National Solar-

1 !

Terrestrial Research Program can be significantly

X , increased by interagency coordination. Intergroup and

. international coordination will further enhance the
cignificant scientific output of the national programs in
solar-terrestrial research.
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P ) RECOMMENDATION 1. .
CATEGORY A. Major Components ]
t' : The National Solar-Terrestrial Research Program outlined ii
p , here seeks to emphasize the interconnections between dis- i
f , ciplines by a coordinated observational and analytical
9 5 study. This requires sophisticated simultaneous measure- -]
\ : ments of each of the key regions, by in situ measurements =
§ or by remote sensing as needed. The major spacecraft Pex?mw,fl
i missions provide important observations and a focus for g )
' coordinating ground-based, rocket, balloon, and Shuttle {I
experiments. We are confident that great new discoveries ‘i
and insights will result from these improved measurements By
and new instrumentation. T
The field of solar-terrestrial research has seen a rev- , »

olution in the last few years, with many unexpected but .
important coupling phenomena observed. Exciting new dis-

coveries have shown the impact on the magnetosphere of

outflowing energized ionospheric plasma. The existence

of electrostatic double layers have been demonstrated, i‘
leading to an alternative outlook based more on the con- - 3
tinuity of electric current than on the motion of magnetic :G
field lines. Such double layers may be of basic impor- bom o

tance on the Sun, and within the auroral circuit, and give
a new importance to small-scale phenomena in the global
system. The discovery of coronal holes as a major source
of high-speed solar-wind streams has led to a necessity
for three-dimensional models of solar-wind generation. )
Variability in solar ultraviolet flux can affect strato- b
spheric ozone levels, with serious consequences to the 4
biosphere. Magnetospheric convection has been shown to ] -1

drive upper-atmospheric motions via ion-neutral colli-

18
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ci.ns, anc surprisingly, the converse has also been shown
wc e true--the upper atmosphere keeps the magnetosphere
1.: motion. These and other discoveries of the past few
veurs, which would not have been possible without latest-
Jereration instruments and techniques, have emphasized the
interccnnections among the different regions of the solar-

4_4‘,'..”.' Tt T

ii » terrestrial system and the necessity of feedrack among
9 theory, data analysis, and state-of-the-art observations.
- Jertain measurements are essential for investigating the

ceunling mecharisms., The major spacecraft missions, taken
tcgether, provide critical data with the high precision o

- .
¥ v and resolution required. The specific measurements are
_‘ dezcribec in detail in Appendix C, along with a descrip-

tion of the xinds of instruments and analysis techniques
that are required. The combination of ISTP, UARS, and SOT
will provide these crucial measurements. It is urgent,
therefore, both for scientific and practical benefits,
trat the federal government ensure that these major
missicns are flown in a timely manner.

RECOMMENDATION 2

CAT=GORY B. Moderate Components
Trni*iative In Data Analysis ([Priority 1]

There already exists a substantial data base for use in H
the National Solar-Terrestrial Research Program. In light {
of new insights into the pertinent physical mechanisms,
rew analytical techniques, and newly available technology
for dealing with this vast amount of data, it is necessary )
to conduct analytical and theoretical studies that concen- )
trate on the coupling between different physical regimes.
When a spacecraft is first flown, it is natural to concen- 1
trate on local phenomena. As our understanding of the -
coupling mechanisms (e.g., magnetic-field-aligned electric )
currents) increases, it becomes vital to analyze jointly [
data from many different sources: spacecraft, ground-based ﬁ
instrumentation, and rockets, for example. Theoretical
mcdels are now sophisticated enough that meaningful con-
frortations with data can be performed. Lastly, syroptic .
rurveys of data (e.g., particle precipitation patterns !
neasured from magnetospheric spacecraft) are important in
Geveloping global models (e.q., solar, interplanetary, and
thernospheric dynamic models).
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S The initiative that we propose uses three sophisticated
*t tcols for mining the lode of solar-terrestrial data: com-
! puter modeling and simulation, computer networking, and
computer-based workshops that combine data from multiple
scurces. These are discussed further in Appendix D.

S~Tar Variability [Priorlty 2]

{ I'ne solar radiant output appears to vary slightly in total
2 power, and more significantly it varies in its distribu-
[ tion with wavelength. However, both types of variations
nave important consequences for the Earth's upper atmo-
sphere. Therefore, a first goal of any study of solar
luminosity is to measure the variation of the solar
constant over time scales from seconds to solar cycles.
These measurements are needed as inputs to climate models
and eventually in climate prediction, if solar variability
can be predicted. Measurements made with the Active-
Cavity Radiation Intensity Monitor (ACRIM) on the NASA
Solar Maximum Mission (SMM) satellite have shown that the
Sun's total irradiance--radiant output--varies by as much
as 0.1 or 0.2 percent on a time scale of days. This
variation is important and may significantly affect the
Earth's atmosphere. In some cases, decreases in solar
irradiance also seem to correlate with the occurrence of
sunspots on the Sun's visible disk. Much remains to be
learned about this correlation, its underlying physical
mechanisms, and its influence on the Earth's atmosphere.
in view of the importance of total irradiance variations
to terrestrial atmospheric phenomena and their possible
relation to the ll-year sunspot cycle, it wiil be impor-
tant to extend the ACRIM measurements to overlap with even
more-sensitive measurements planned from the UARS mission
in 1989. Supporting solar magnetograms, spectrohelio-
grams, and white-light images are crucial for understand-
ing and interpreting the spacecraft data.

A continuing program of ultraviolet spectral irradiance
measurements is in progress and is also planned for the
remainder of this decade both from the Shuttle [Spacelab
and Environment Observation Missions (EOM)), from UARS,
and from the NOAA operational sctellites. It is essential
to establish the credibility of widely differing measure-
ments of the spectral irradiance, which may be due to
changes in the Sun or differences in instrument calibra-
tion or sensitivity. Therefore, the planned NASA and NOAA
programs should be augmented with strong support for both
laboratory calibration, in-flight intercalibration, and
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the additional calibration that can be derived from anal-
vzing supporting solar magnetograms and spectroheliograms.
Supporting extreme ultraviolet spectroheliograpis would
be of considerable value if they were obtained from each
EOM flight.

With this program of augmentation, more reliable infor-
mation concerning solar radiation will be available for
studies of the Earth's atmosphere.

Migretosphere-Tonosphere Coupling [Priority 1]

A vast portion or the magnetosphere is electrically con-
nected to the polar regions through the magnetic field
lines. The polar regions are truly a window to outer
space from which the solar wind-magnetosphere interactions
can be studied. The ionosphere is not a passive element
in this interaction--it plays a principal role in the
globhal electric circuitry of the entire magnetosphere-
atmosphere system. This circuit is extremely complex and
constantly changing. Ground-based studies of the system
include both radio and optical technigues. Incoherent-
scatter radar measurements provide a wealth of information ‘”“*W?“@
about the ionosphere including electric fields, current f
L
L

densities, ionospheric conductivities, Joule heating
rates, ion-neutral collision rates, ionospheric composi-
tion, neutral wind and temperature, and precipitating
particle fluxes. A great deal of progress has been made b
in recent years in establishing a meridional chain of !
radars extending from the polar cap to the equator. How-
ever, parts of the system employ old equipment that is in
great need of repair and upgrading. Recent developments
in electro-optical technology are stimulating research in
ionospheric mapping, neutral dynamics and composition,
particle precipitation, and spectroscopy of the upper
atmosphere., Each radar's usefulness can be enhanced by
adding a cluster of relevant sensors (e.g., photometers,
Fabry-Perot interferometers, all-sky imagers), and funds
are needed as well to develop and implement new instru-
mentation concepts fully. Cooperative efforts on an
international scale involving radar and optical networks
along with concerted global modeling of relevant phenomena
can further enhance our understanding of the importar:
coupling mechanisms.

el B o

Middle Atmosphere Studies [Priority 1]}

4 e = em. ma_e_ %

Two augmentations for the Middle Atmosphere Program are
needed. The first focuses on the mesosphere and the
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stratosphere, which is the frontier for demonstrable
renetration of effects of solar variability and on possi-
le sular-cycle effects that may impact our knowledge of
climnatically and chemically significant anthropogenic per-
tirbations. An array of either mesosphere-stratosphere-
vroposphere (MST) or ST radars and lidar systems observing
sritical physical mechanisms contributing to the mainten-
snce of the structure and dynamics of the middle atmos-
chere. The second major augmentation relates to measure-
rent of variations of constituents on time scales of the
crder of several solar cycles., Measurements of strato-
coreric aerosol content and the radiatively important
lung-lived ozone chemistry precursors (e.g., NyO, CHy,
CFCly, CFoCl,, Hy0), including particularly a time series
of profiles from the ground to the upper stratosphere at
selected locations, are necessary.

Rapid-Turnaround Projects [Priority 2]

There are two needs for rapid-turnaround projects. The
first is a need for studying the coupling associated with
transient events that may have only a few hours' advance
totice. The second is a need for observational projects
that can be initiated and completed in a few years. Bal-
loon and rocketborne hardware are ideal for satisfying
these requirements. These should be launched, if pos-
sitle, near clusters of ground-based instruments in order
t> study as many aspects of the coupled system at once as
possible. These projects allow for prompt testing of
theoretical models. For example, a launch into a pul-
sating aurora could distinguish between competing models
£ the location of the instability that triggers it.
These projects also provide a testing ground for innova-
tive instrumentation, including "space truth" for new
ground-based instrumentation and a training ground in both
instrument development, flight, and data analysis for
graduate and postdoctoral students. Shuttle experiments
and Shuttle-launched payloads such as Get-Away Specials,
Spartans, and Hitcnhikers are also useful in fulfilling
this need.

CATEGORY C. Modest Components
Increased Acquisition of IMP-8 Data [Priority 1]

A continuing et of synoptic in-situ measurements of
interplanetary parameters is essential for the entire
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s>lar-terrestrial research community. The only spacecraft
currently in pcsition to provide such data is IMP-8, and
we are pleased that it has performed long past its design
lifetime. Continued acquisition of these data is impera-
tive until a suitable replacement can be launched. The
WIND spacecraft of ISTP is ideal but is not scheduled to
e launched until late 1989 and at present has no real-

i tirie capability. Operational/research spacecraft, using

- off-the-shelf space-proven instruments, should be consid-
' ercd for prompt launch to supply these data on a continu-
3 ous gquick-time basis; however, in the interim, IMP-8 is

’]! in the solar wind 60 percent of the time and for a modest
[

.

outlay of funds can provide necessary input parameters for
solar-terrestrial research.

Coordinated Carpaigns [Priority 1]

It will be important to coordinate our selected solar,
interplanetary, magnetospheric, ionospheric, and atmo-
spheric studies into an integrated program so that the
entire Sun-Earth linkage is defined and understood. This
will require not only joint observational efforts but also
:I joint postobservational studies and data analyses. Coord-
ination of observations can be provided by combining
several of our recommended activities. For example, in
response to a solar flare or a stable large coronal hole
observed on the central solar meridian, the network of 1
incoherent-scatter radar stations could be activated, and

balloons and rockets studying tropospheric, stratospheric,

mesospheric, and ionospheric responses could be launched.

An analogous program called STIP (Study of Traveling

Interplanetary Phenomena) has been successful, as was a

global electric-field campaign during the International

Magnetospheric Study. The present program of "world days"

should be expanded to include these kinds of campaigns.

International cooperation in all phases of these efforts e
can maximize the scientific return.

B RARR O MSESRSE

PR A e ST Gl u

A

rround-Based Synoptic Measurements [Priority 1]

nan g

Long-term synoptic measurements should be performed from

' ground-based sites. These facilities should maintain

F continuity of observations at strategically placed sites 1

! in national and international networks. A variety of 1

opbservations are important for comparison with in situ ]
measurements and other phenomena. For example, ground- y

tased measurements of type II radio bursts, H-alpha
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observations of flares, and eruptive prominences can be J
correlated with interplanetary measurements of events
originating on the Sun and their subsequent ionospheric
and atmospheric consequences. Another example is iono-
spheric conductivity enhancements, which are correlated
with 10.7-cm solar radio flux, readily measured from
Larth.

A

e . .2 A

Solar Seismology [Priority 2]

Helioseismology provides the only available means for (TREN SRR
probing the dynamic region beneath the Sun's visible sur- 4
face, especially the convection zone that holds the key
to solar activity. Essential information for understand-
ing global oscillation phenomena includes excitation,
damping, lifetime, and long-term variations of normal
modes, rotational splitting, meridional flows, and veloc- l
ity-brightness phase relationship. A global national and 4
international network of appropriately deployed stations

can be expected to provide the almost continuous coverage |
that is required to exploit solar seismology to the ut- 1
most. A single polar station offers extended data collec- ]
tion for 3 months of the year. The global network should
include at least two or three stations with the capability
of spatial resolution (required to scan the full range of
depth within the solar interior) as well as a number of
full-disk Dopplergraphs.

Glcbhal Electric Circuit [Priority 2]

The electrical coupling among the magnetosphere, iono-
sphere, and troposphere is an important aspect of solar-
terrestrial research, and it needs to be studied. Poten-
tials on the order of 100,000 volts occur both between the
ground and the upper atmosphere and between the dawn and
dusk sides of the polar ionosphere. The latter potential
is known to be dependent on solar-wind electric fields: a
coupling to the tropospheric circuit has been suggested.

1 Coordinated measurements, including balloon flights over

' high-latitude incoherent-scatter radar and other ground-
based facilities, along with global simulations and other 3
! theoretical studies, will elucidate whether the postulated
significant coupling between these two current systems

y' exists,
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rducatisnal Programs [Priority 2]

iraining of the next generation of researchers is a high
priocrity. It is critical that students obtain a broad-
buved interdisciplinary knowlege of physical and chemical
J-ocesses that are basic not only to solar-terrestrial
r.:scarch but to other disciplines as well. Training
»aculd be increased in instrument design and multidiscip-
linary projects,

“nermw-spheric Measurements [Priority 2]

.everal neutral atmospheric parameters will not be avail-
aole with sufficient accuracy in the next decade. Such
saraveters include neutral winds and the neutral atmos-
o.eric composition in the thermosphere. Most of the
=r.ergy invol—ed in magnetosphere-ionosphere coupling is
eventually deposited in the thermosphere. Lack of accur-
. -2 thermospheric measurements (e.g., oxygen concentra-
cwen) is a serious deficiency for the interpretation of
ionospheric measurements and for the development of real-
istic theoretical models. A polar-orbiting spacecraft at
t. ermospheric altitudes with a single paylcad of off-the-
31.-1f instruments such as those flown on Atmosphere Ex-
plorer-C or Dynamics Explorer-2 is needed for these
neut-al measurements and to provide the global pattern of
varticle precipitation, convection electric fields, and
f:cld-aligned currents to complement the ground-based
instrumentation with high spatial resolution but smaller
field of view. An Explorer-class spacecraft or additions
o ~.perational spacecraft could be used to fulfill this
need. In addition, these data requirements may be satis-
fied by the development of innovative ground-based tech-
nig.es.

J:inkes Polarimeter [Priority 2]

The properties or solar magnetic fields underlie virtually
every aspect of solar variability, including changes of
total irradiance (associated with sunspots), changes in
ultraviolet spectral irradiance (associated with changes
»f chromospheric emission), and disturbances of the inter-
planetary medium (associated with coronal mass ejections).
4 new-generation Stokes polarimeter located on a telescope
equipped with seeing-adaptive optics at a ground site with
long periods of subarc-second seeing conditions will pro-
vide observations that are fundamental for understanding
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ne basic mechanisms of solar variability. With a rapid
access capapility and availability to a broad range ot
users--including students--such a facility could be de-
roted to a wide range of problems including preparation
tor, calibration of, and follow-up of the limited 7- to
lu-day duration flights of SOT and of Sunlab (reflights
of spacelab II instrumentation).

KECOMMENDATION 3

Trreragency Coordination for the National Solar-Terres-
*ricz] Research Program

The National Solar-Terrestrial Research Program will in-
volve significant commitments by a number of federal agen-
cies; good interagency coordination is therefore essential
to maximize the scientific return. National interagency
coordination is necessary tO ensure a proper mix between
spaceborne and ground-based observations, as well as a
good balance between data analysis, modeling, simulation,
theory, and experiment. Experience has shown that efforts
to broaden the observational base and the interactive
participation of qualified scientists results in an impor-
tant increase in scientific output for only small incre-
mental financial support. Many of the major spaceflight
missions and ground-based facilities that are operationul
or planned for solar-terrestrial research have the char-
acter of national or international observatories. Some
informal interagency coordination is already taking place,
but strong formal coordination is needed. Good inter-
agency coordination and good coordination with the scien-
tific community will maximize the scientific output from
these observational efforts., The collection, archiving,
and wide distribution of scientific data from a large
variety of sources over long periods of time has played
an important role in advancing the field of solar-terres-
trial research and in the future should play an even
greater role. The continuity of long-term observing
programs tends to be given low priority by the science
agencies concerned. This work is so important for the
long-range health and scientific output of the field that
a focused and well-coordinated national program must
ensure the long-term commitment for these observations.
Close attention should also be given to possible inter-
national coilaboration, Through well-coordinated inter-
agency and international cooperation we can maximize the
short-term and long-term scientific benefits of the
National Solar- Terrestrial Research Program,
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SUMMARY

we recommend a National Solar-Terrestrial Research Program
tnat 1is of importance to the nation, as well as to its
scientific community. This program is based on previous
NRC reports that reflect the consensus of the community.
"hey show that solar-terrestrial research has now reached
a Critical point, where a major step forward is possible.
During the last decade, major discoveries and theoretical
advances related to the individual components have taken
place; these are now the base for the next step, which is
zo understand how these individual components interact.
Of all the planets, the Earth and its biosphere presents
the widest range of interacting physical and chemical
processes. We now have the technical resources to study
the entire system as a whole on a day-to-day basis and on
a global scale. We must take this opportunity to rise to

thie challenge, for we live in the solar-terrestrial
system,
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APPENDIX A

~evormetdations from Solar-Terrestrial Research for the
"+~, h. Friedman and D. S. Intriligator, co-chairmen,
o ittee on Solar-Terrestrial Research, National Research
. 2. 21li, iational Academy Press, Washington, D.C., 1981.

4
;@! . Tie S lar Radiative Qutput
«. we recommend the initiation of a long-term national
.iran to study variations of solar luminosity and
t i cursl irradiance.
9 . we rzcormend a broadly based program of theory and
, @ irounc-Lased and spaceborne observations to understand the
furaarental mecchanisms of solar variability.

2. T:rxive between the Sun, the Interplanetary Medium,

r. t.e Magnetosphere

']I : &. we recommend observational and theoretical studies

{ { unysical processes responsible for quasi-steady inter-
lanerary flows, solar-wind acceleration and dynamics, and
f.e three-dimensional structure of the heliosphere.

. We recommend observational and theoretical studies
~% how transient events on the sun propagate into and
riurough the interplanetary medium.

c. We recommend 3 coordinated program of observational
and treoretical studies to determine how energy and
rorentam are transferred between the solar wind and
maanetosphere Dboth for gquasi-steady-state and transient
conditiocns.,

o}

s

,,,,w.-_
Vel @

3. Ilinkzge between the Magnetosphere, Ionosphere, and
rtresplere

1. we recommend a coordinated scientific effort to
r."erztand the magnetosphere-ionosphere-atmosphere energy-
ransier processes in magnetic-field-line regions that
ass tunrough the auroral zone, the polar caps, and the

;eomagnetic tail,
>. We recommend a coordinated scientific effort to

® snderstand the global coupling of the magnetosphere-
1 Jnospaere-atmosphere system.

fv.f

1S

r

EE

I

-

> P Al s - " o s AT PRI TOC N S W Ry P
el A A . "1

PREVIOUS PAGE W
29 IS BLANK *
iy

oo




I - B e e o T
. - - LT et et . « e

BEPROMVICTDY AT G(H,FRPqMFhJ7;‘rDrUCr

NATIONAL SOLAR-TERRESTRIAL RESEARCH PROGRAM

~. Iinkage between the Sun and Flements of the
sfrmespheric System

a. We recommend an effort to determine the effects on
ttie chemistry and energetics of the middle atmosphere of
woth (1) exchange processes with the troposphere and
thermosphere and (il) solar variability.
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APPENDIX B

Studies Relevant to Solar~Terrestrial Research

o ¥T— oY T

-
]
]
we U'oper Atmosphere and Magnetosphere, F. S. Johnson, 1
chairman, Geophysics Study Committee, National Research
1 Council, National Academy of Sciences, Washington,
‘ D.C., 168 pp., 1977, 1
i Srace Plasma rhysics: The Study of Solar-System Plasmas, )
¢ S. Colgate, chairman, Space Science Board, National 1
| Research Council, National Academy of Sciences, h
- wWasnington, D.C., 96 pp., 1978.
izper Atmcsphere Research in the 1980's: Ground-Based,

sirbkorne, and Rocket Techniques, F. S. Johnson, chair- ’

man, Committee on Solar-Terrestrial Research, National R

Research Council, National Academy of Sciences,

wasnington, D.C., 60 pp., 1979.

zr-Sys+tem Space Physics in the 1980's: A Research .
crtrategy, C. Kennel, chairman, Committee on Sclar and -
$pace Physics, Space Science Board, National Research {
~ouncil, National Academy of Sciences, Washington, D.C., ]
=2 vo., 1980.

The Miidle Atmosphere Program: Prospects for U.S. 1
- ar+i~ipation, G. C. Reid, chairman, Panel on MAP, Com- 1
mittee on Solar-Terrestrial Research, National Research ’
Zuz2ncil, National Academy of Sciences, Washington, D.C.,
.4 pp., 1980.

Cci.r-Terrestrial Research for the 1980's, H. Friedman and
2« »~. Intriligator, co-chairmen, Committee on Solar-
m.rrestrial Research, National Research Council, ).
vatinnal Academy Press, Washington, D.C., 143 pp., 1981,

“sTir zriability, Weather, and Climate, J. Eddy, chair-

en, Geophysics Study Committee, National Research
.uncil, National Academy Press, Washington, D.C., 106
.. 1982, ]

o o ala
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‘+udu of the Upper Atmosphere and Near-Earth Space In
i~nlar Regions, J. G. Roederer, chairman, Polar Research
koard, National Research Council, National Academy
press, Washington, D.C., 42 pp., 1982.

fecearch Recommendations for Increased U.S. Participation

in the Middle Atmosphere Program (MAP), J. Mahlman,
chairman, Panel on MAP, Committee on Solar-Terrestrial
kesearch, National Research Council, National Academy
‘ress, Washington, D.C., 12 pp., 1984.

1

“rlar-Terrestrial Data Access, Distribution, and

Archiving, M. Shea and D. Williams, co~chairmen, Joint
Nata Panel of the Committee on Solar and Space Physics
and the Committee on Solar-Terrestrial Research,
National Research Council, National Academy Press,
wasnington, D.C., 31 pp., 1984,

LN PREPARATION

rnysics of the Sun, S. Colgate, chairman, Space Science
card, National Research Council.

Space and Astrophysical Plasma Physics, C. Kennel, panel
chairman, part of a major physics survey, Board on
Physics and Astronomy, National Research Council.
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APPENDIX C

Sclar-Terrestrial Data and Instrumentation

}o—t

Femnired Data

¢ conduct a fruitful and comprehensive scientific
research program to investigate the solar-terrestrial
csyitem, we have identified the following data as

Folar Measurements
Solar x-ray and/or ultraviolet imaging
Solar radio emission (the entire radio spectrum from
microwave up to metric wavelengths)
Solar imaging coronal electron densities
Solar magnetic fields

nterrlanetary Measurements
Plasma (bulk velocity, density)
Interplanetary magnetic-field vector
Interplanetary hectometric and kilometric radio emission
Interplanetary electric fields
:inergetic particles

Mzznetospheric Measurements
Magnetic fields
Electric fields
Plasma distribution functions
Energetic particles

Icnrspheric Measurements
Plasma currents parcallel and perpendicular to the
magnetic fields
Llectron densities and temperatures
wind velocities
Thermospheric gravity waves

33

[

Aeinliniiiesndhetnbn ittt




BEL SNEA- A I R Pl ERi s St - . g T R T P p——— ——— L A e e e g

RFPRONDUICED AT O RNAIE T [ wprreg

39 NATIONAL SOLAR-TERRESTRIAL RESEARCH PROGRAM

rarticle composition
Joule heating

Auroral imaging
Precipitating particles

Zemnspheric Measurements
3tratospheric composition
Mesospheric composition

f Thermospheric composition
X Atmospneric densities, temperatures, and motions
b wave structures and turbulence
Sore of these data sets are readily available with many

of the sensors developed and in operation. These will
rejuire routine maintenance and nominal upgrading costs
in the next decade. Some sensors requlre extensive up-
gradin. and training of additional personnel to provide
adegua*e data coverage.

Jomparacle measurements 1n other planetary magneto-
spneres and at other bodies (e.g., comets) are useful and
provide depth for solar-terrestrial research studies.

Of major concern are solar-terrestrial data sets that
are not readily available. For example, a major gap
~41sts 1n the availapil 'ty of interplanetary-medium
.sarzameters, particularly solar-wind and magnetic-field
Jata, for the next 6 years, Near-Earth ISEE-3 data have
ceased Dheing transmitted, as the spacecraft moves toward
the ccmet Giacobini-Zinner. Coverage of IMP-8 data is
expected to be reduced to 30 percent, and the ability to
reactivate IMP-7 is uncertain at this time. Although we
strongly endorse efforts to increase the coverage of
interplanetary data from existing and operative sensors,
~e note that a small, simple spacecraft, utilizing space-
sroven instruments, could be built and launched in a
t1¢ly manner and should be actively pursued by interested
agencies,

Other key parameters that may not be available include
tne ionospheric electric fields, field-aligned currents,
«nd c~haracteristics of the particle precipitation (from
wi.lcn the 1onospheric conductivity can be determined).
“t.e early re-entry of Dynamics Explorer 2 means that cur-
rently no satellite is able to make these comprehensive,
! simultaneous measurements. Present DOD and NOAA opera-

r——

DA S ORI
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s

' tional spacecraft routinely include precipitation electron .1
cderectors, and the next satellite in the Defense Meteoro- ;

logical Satellite Program (DMSP) will include ionospheric L

tlow measurements. We applaud these enhancements and .
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S tLongly recommend that instruments to measure ionospheric
ii1ows ana field-aligned currents be included in all DMSP

.

.

g

Lt" .nd NOAA Tiros spacecraft. These inexpensive and off-the-

.heif instruments, when placed together in one satellite,

i rovide a comprehensive set of observations that is essen-

t13al to trulv understand magnetosphere-ionosphere coup-

liirg. Thus the scientific usefulness of these missions

~an be substantially increased at low cost. Furthermore,

, t rese spaceoorne measurements of fundamental ionospheric

. warameters, will enable the ISTP and UARS missions along

vwith the ground-based observational programs to realize

their full potential.

= I1:. PFeguired Instrumentation

~nhe following instrumentation is required to provide the
data outlineu above:

~.r nitrumentation
3oiar Dopplergraph

[ Fourier tachometers

hctive solar-optics system i

Spaceporne imager in x-ray and/or ultraviolet
wiavelengths

Solar coronagraph (both ground-based and spaceborne)

solar radio sensors (both ground-based and spaceborne)

wo-dimensional radio heliograph telescope

Swept-frequency solar radio sensors

Solar optical telescopes (both ground-based and
spaceborne)

vector magnetographs (both ground-based and spaceborne)

~srurentation to Measure the Interplanetary Medium
“atellite instrumentation to be carried on a spacecraft
in the interplanetary medium:
s50lar-wind plasma analyzer
Interplanetary magnetic field detector
Long-wavelength solar radio receiver
riectric-tield detector
inrrgetic particle detector
jround-tased interplanetary scintillation array
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“zrnetospheric Instrumentation
Magnetometers (both ground-based and spaceborne)
:-D plasma analyzers
bElectric-field sensors
Energetic-particle detectors

Tncsrheric Detectors

Fabry-Perot interferometers

hAll-sky camera imagers

Spectrometers

Coherent and incoherent radar systems

Riometers

Pnotometers

Balloonborne electric-field, particle, and x-ray
detectors

Ztm-mertheric Detectors
MST or ST radars
Lidar
Fabry-Perot interferometer

“rouni-Based Cosmic-=Ray Detectors
Neutron monitors

I11I. Unattended Geophysical Observations

Instrumentation for obtaining unattended ground-based
measurements of electric and magnetic fields exists, but
there is a need for support for the construction and
raintenance of stations, especially in the critical high-
iatitude regions. A specific budgetary item earmarked for
the erection and maintenance of a chain of electric and
magnetic sensors is recommended in order to provide a
comparatively inexpensive yet invaluable solar-terrestrial
synoptic data base.

The MST radar technology is currently used to obtain a
long-term data base of auroral-zone middle-atmosphere
neutral wind measurements. Preliminary analyses have
detected effects of solar and magnetospheric variability
down to the mesopause (86 km). Further analysis will be
used to search for effects in the mesosphere. The pos-
sibilty of such effects warrants continued support of
~hece facilities.
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9 ! Essential Methods for Coordinated Research ]
b. '
]
)
g
1
- . . »
1. Theory, Modeling, and Data Analysis
The recent implementation or the NASA Solar-Terrestrial
Treory Program illustrates the value of a program separate !
from missions that is specifically attuned to the needs ]
of analytical and numerical scientific analyses. Further, ’

the success of the SCOSTEP SMY, STIP, IMS, and MAP sym-
rosia has dramatically illustrated the value of combining
the analytical/numerical studies with specific events in
wnich interdisciplinary data sets have been merged for
joint coordinated studies. The overwhelming response of »
the community to the Announcements of Opportunity for the

funded NASA theory program has demonstrated the need for

a greater effort in this direction and for a broadening

~f{ the scope of the program to include combined theory )
and data-analysis investigations. The latter should be »
encouraged by the availability of additional support at
NSF, NOAA, and NASA.

U UV TP UV G vy Y

il. “omputer Networks

?4
Corputer technology has reached the stage where vast new 1?
opportunities in interdisciplinary, interactive data anal- o
vsis, theoretical studies, and combined theory and data -
interpretation are possible through networking. 1In recog- .

nition of this, several study committees have already
jealt with the concepts of data management and sharing and
the design of networks that link institutions involved in
colar-terrestrial research. One pilot program (based at
Marshall Space Flight Center) is in operation as a result, .
and the design of a system for the ISTP era is under con- ’
z1deration. An augmentation to NASA and NSF funding for
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computer facilities would support implementation of a
long-term organized Solar-Terrestrial Research Computer
Network, This network would be used to solve scientific ]
vIoblems and at the same time establish the essential

elenients for domestic software and data sharing and

cclence coordination for the future ISTP period. (See A
fppendix E.)

b il o nahe

I

+ 1. Workshops

L Ledicated science workshops that have been conducted under p
‘ the umbrellas of the IMS, STIP, and MAP programs produced '
the environment that is essential for driving interdis-
ciplinary prospective and retrospective studies. The need
for the education, motivation, and inspiration that
results from regular workshops should be recognized as an
integral part of the solar-terrestrial research program.
Latest results of the theory and data-analysis efforts
collectively presented at a dedicated annual gathering
would drive future work including modifications of the
computer network. Budgeting augmentations would be
reguired to conduct annual workshops over the next 10
vears. These programs should include data analyses,

numer ical simulation, and theory--all focused on the
unambiquous requirement of data confrontations for the
entire Sun-Earth linkage.
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trincipal Recommendation of Sclar-Terrestrial Data Accesc,
: Jis=riruti-~n, and Archiving, M. A. Shea and D. Williams,
{ co-chairmen, Joint Data Panel of the Committee on Solar
and Space Phiysics and the Committee on Solar-Terrestrial
FPesearch, Mational Research Council, National Academy
Trecs, washington, D.C., 1984.

»
3 we recormend that a pilot program be started by NASA that J
= ‘ea? *0 the establishment of a solar-terrestrial ]
& Catalog and Data Access Network (7DC/DAN).
ne p:ﬂt'al Data Catalog (CDC) should be established as a .
IELatlonal dar- Lase, should be supported by a query lan- >
3-age, and should be accessible from remote terminals. ]
This would allow data to be identified by relationships
w1lt! other data elements As a minimum the CDC should
contain information as to data location, type, level of
processing, time periods covered, quality, formats, cost, »
and availability. The CDC and the sources and users of X
selar-+errestrial data should be connected via computer
networking to create the Data Access Network (DAN). The
UDC will be the primary node for information about the
data. The incorporation of user and data base nodes into
the CDC/DAN permits, as resources allow, the growth of the ’4
COC 'DAN from a query catalog to an electronic mail and .
: 2juest service, to a browse capability of survey data
sets including graphics, to the availability of on-line
data sets tnroughout the network, to, finally, a browse oA
capabillity of remote high-resolution data sets. In addi- o
ti1cn to the catalog and network, the CDC/DAN must also
.ave a staff to manage the creation and maintenance of
tne catalog. Tnus the CDC/DAN concept defines a data
anagement organization. A possible location for the CDC
modie 13 tne National Space Science Data Center (NSSDC),

o
and tre pilot program could begin by using subsets of -
:xisting NSSDC and National Geophysical Data Center (NGDC) B
data sets. o

o
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1 Foreword

In thos study of solar-terrestrial research, emphasis has been placed on achicv-
e unityving concepts through which the science of the whole sun—earth sys-
3 tem becomes greater than the sum of its component parts. To attain this goal,
he scientific focus is placed on the interactive processes among the various
i physical regimes.
Also considered are various general issues of coordination and organiza-
tional aspects of a national program in solar-terrestrial research now distrib-
uted among various supporting agencies, such as the National Science Foun-
datien, the National Aeronautics and Space Administration, the National
Ocueanic and Atmospheric Administration, and the Department of Defense. .
The repert includes discussion of some well-established and some not so well-
{ i cotublished impacts ot solar-terrestrial research in order to bring out the im-
. peitance of the application of scientific knowledge, public policy issues, and
l 3 the conections with the missions of the various agencies.

The members of the study group and its more specialized disciplinary )
~oraing groups were chosen to provide broad competence in the various as-
pects of solar-terrestrial research (STR). In addition, reviewers who were not
ssocrgted with any disciplinary group of the study were selected to help de-
velop o nalunced view of the entire field out of the more-specialized interests )
{ | of the Jdisapline-oriented groups.

; The <tudy took over 18 months to complete and involved the participation
v+ more than 50 scientists. This report was reviewed and endorsed by the full
Committee on Solar-Terrestrial Rescarch in December 1980 before its sub-
] miaton to the National Research Council for review and publication, ’
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S, FOREWORD

The Committee on Solar-Terrestrial Research wishes to take this opportu-
uity to thank the participants of this study for their efforts. Special thanks '
are due to the Co-chairmen, Drs. Friedman and Intriligator, whose patience,
perseverence, and hard work made this report possible. The contributions to
the preparation of this report by Edward R. Dyer, Jr., Secretary of the Com-
mittee on Solar-Terrestrial Research, who served as study director, and by -
N Helene L. Parterson. his secretary and assistant, are also gratetully acknowl-
- cdged. The cooperation and support of the various agency ofticials, especially
¢ ’ I, W. Bierly, H. C. Carlson, A. J. Grobecker, and D. S. Peacock of the Na- ,
[ tional Science Foundation, H. Glaser, E. R. Schmerling, S. G. Tilford, and A. ,.j-_Q
:! Timothy of the National Aeronautics and Space Administration, and R. H.
Manka, A, H. Shapley, and D. J. Williams of the National Oceanic and Atmo-
spherie Administration were invaluable.,

‘ John V., Evans, Chairman Andrew F. Nagy, Chairman 1

f. Committee on Solar-Terrestrial Committee on Solar-Terrestrial f

Research Research ]

July 1980- July 1977-June 19890 ]
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Preface

The decade ot the 1980’s holds great promise for exciting research opportu-
nities as well as a variety of challenges for the field of solar-terrestrial re-
search. The past two decades constituted the *‘age of discovery”: Van Allen
radiation belts, coronal holes, and the fragile nature of the ozone layer are
just - few examples of the many new phenomena discovered during that pe-
riod. The next step toward a thorough understanding of our solar-terrestrial
environment requires a well-planned and organized effort to elucidate the
physical and chemical processes controlling its complex interactive behavior.

Since 1ts formation in 1965, the Committee on Solar-Terrestrial Research
(CSTR) of the National Research Council’s Geophysics Research Board has
heen charged to “look after the health of this field.” The last studies con-
ducted under the auspices of the National Academy of Sciences to consider
& comprehensive national policy toward spaceborne and ground-based re-
scarch in this area were carried out in the late 1960’s. Several excellent
studies have been done more recently; however, these dealt only with certain
subdisciplines of solar-terrestrial research (STR) or were addressed to the
needs and interests of only a single federal agency. The CSTR, after careful
dehberation and extensive discussions with chairmen of other appropriate
committees as well as with officials of the federal scientific agencies con-
cerned. decided to commission a study to recommend an optimal. coordinated
national program for solar-terrestrial research in the 1980's. The objectives
weic as tollows:

1. ldentify the contributions to the key scientific challenges of solar-
terrestrial research that can be made by various government agency ground-
hased and space-based programs as well as information gleaned from NASA
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applications missions and other projects not intensively examined by previous
“ Space Science Board studies. ij
& 2. Develop a rationale for unifying the study of the entire solar-terrestrial )
f sostemn, ]
. 3. Recommend a balanced national program for the 1980’ to supplement f
- he recommiendations of the Space Science Board. ]
ks ;
. Fhe response to these goals was to be supplemented by a concise but com- 1
prehensive scientific treatise on STR addressed to the scientific community R
4" farge and to the government agencies committed to the support of STR. :
+‘l Desirable programs and new facilities together with suggested means of co- ¥
ordinating them with each other and with NASA programs (in solar-terrestrial 'A
r research) were to be identified. The formulation of programmatic details and

mnission plans remains the responsibility of the funding agencies.

The report has two parts. Part I contains Chapters 1-4 and is concerncd
with programmatic decision processes in federal agencies, rescarch institu- "‘
uons, and the community of workers in the field. Part 11, containing Chapters
~and 6, provides a scientific description of the solar-terrestrial system for
cenerdl background information and discusses some related societal impacts.

It should be emphasized at the outset that we have deliberately not assigned
priorities to the eight scientific recommendations or the five general recom- )
mendations given in Chapter 2, for different reasons in euach instance. The
cight scientitic recommendations constitute un integrared set dealing with the
regimes in question, but more particularly with their interconnections, such
that the chain would be severely weakened by the omission of any one recom-
mendation. The general recommendations on management policies that com- )
plete Chapter 2 are concerned with different activities and complement each
other. R

Chapter 1 is a briet overview of STR and includes some historical perspec- _ '
tve to suggeest guidelines for future cooperative arrangements. Certain ele- R
ments of commonality between solar-terrestrial research and contemporary 1
studies in astrophysics, planetary physics, and laboratory plasma physics are 1
nomted out. Some societal impacts of solar-terrestrial research are also noted. '

The set of major scientific recommendations in Chapter 2, as already men- 1
noned. emphasizes the interaction of the various elements of the solar-terres-
titgl svstem. The outstanding scientitic problems that the carrying out of
these recommendations is intended to solve are discussed in Part 11, Chapter
5. These recommendations are also to be understood in the context of the ]
previous recent Academy studies that are described in the Appendix. In the
last half of Chaptes 2, a set of management recommendations addresses some )
seneral questions, such as interagency coordination of the broader national

-
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¢t Wlata menagement, support of theory and the modeling of observa-
G, and commitment to continue long-time series of certain types of obser-
‘.‘ SJoveas Addional background for these general management recommenda-
: 1ay be found in Chapter 3, which also looks at the changing sociology
" conunnnity of scientists who are being drawn to the tield.

b wer 4 deseribes implementation plans by which a program to achieve
Caentfic woals of solar-terrestrial research in the 1980°s can be carried
.o brodesds with both observations and theory. On the observational side,
120 stadies have already dealt so thoroughly with space-based techniques
st s appropriate to reaffirm our support for them without rediscussing
ieny in detail. The emphasis is therefore on ground-based and suborbital
i tods of observation, and ways to achieve an optimum synergism between
thss methods and space missions. Theoretical studies and computer model-
g ure such an intrinsic component of each of the individual STR disciplines
ticr titled in Chapter 1 that a single section has been devoted to the general
need tor such studies across all of STR. An observational program designed to
iplement the scientific goals is outlined, section by section, according to
these same disciplines. It contains recommendations for specific kinds of ob-
~urvations that are keved to the recommendations in Chapter 2. They are thus
airly selective and do not attempt toinclude all conceivable techniques. Some
additional theoretical problems specific to each discipline are also noted.

Part 1. Chapter 5, gives the scientific background needed to provide the ),

raticnale for the scientific recommendations, with emphasis on those un- l

wIved problems that challenge the scientific community. This chapter con- -*j

Judes with a summary of the relationship between comparative planctary

‘ tadies and solar-terrestrial research. Chapter 6 describes applications of STR ' }
( i venous environmental and technological problems. ’
¢ This study deliberately excludes classical meteorology, a discipline so 1
[ sroad and complex and with such a long historical independent development ]
[ St 1ty own that it has traditionally been treated separately from solar-terres- ]
[ ‘el research. The dividing line between the effects of solarenergy input to '

o tropasphere and the rest of the atmosphere, however, is logically hard to 3
mantain and is in fact becoming blurred. Perhaps some day both fields will
o umitied as a single discipline.

Herbert Friedman ]

Devrie S. Intrihigator !1
Co-chairmen of the Study
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Overview of Solar-Terrestrial Research
- and Its Impacts on

Applied Science and Technology

B

t. «~TRODUCTION

e

wolar-ivrrestrial research (STR)-often also called solar-terrestrial physics or
la-terrestrial relationships—in its broadest sense, is concerned with the
~-occeses by which diverse formis of energy generated by the sun influence
10 cerrestrial environment and with the resulting complex interplay of the
phuacalwhemical processes in every element of the sun-earth system. (See
frocie Uy Solar-terrestrial research emphasizes the variable component of
~Car<r cigy production and its transport to the earth, but it includes a study
s hapothetical steady state of each of the elements of the sun-earth sys-
i seiar as this provides a necessary baseline from which to measure the
watete nss It deals with the direct irradiation of the upper atmosphere by the
o0l e ectrum ot electromagnetic radiation and with the transport of particles
=4 tields trom the sun, through the interplanetary medium, to and through
nagnetic field of the earth and into its atmosphere. Most of the solar
cnerav that s eventually deposited in our atmosphere (at a rate of about a
t. o0 or 10 MW) arrives in the form of visible light. The study of this
.t tion process is the province of meteorology, a discipline that has en-
" lopr and independent development of its own and has its own com-
siox problems, sutficiently difterent from solar-terrestrial research in the
rarrower sense that the two are regarded as separate but neighboring disci-
olioes. In this narrower sense, solar-terrestrial research is concerned with
thoovo hngher—energy radiations —ultraviolet, x-ray, and gamma - that carry only .
*tiny traction of the total power (ahout 10° MW) but that have significant
+1d Hichly vanable effects on the terrestrial environment. The rate of transfer
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—outhe poles €0 An mmage of the inner corona taken with the NRL SOLWIND
coranopraph Gatellite STP-78-1), on which is inset 4 monochromatic image of
it sotar disk tupper left corner). It shows an erupting cloud of plasma that
e ospanded to 4 million km (about € solar radui) in the 3 h following the

as01 o the tlare surge shown in the inset. D, A solar flare photographed in
temonochromatic light of the red line of hydrogen, H-alpha. b, Far-ultra-
sl arzlow emission from atomic oxygen at high altitudes in the earth’s
stincephere, photographed from the moon during the Apollo 16 mission.
(NASASNRL photograph) F, Aurora photographed over College (near
Pacrbanks), Alaska
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6 SOLAR-TERRLESTRIAL RESEARCH IN THE 1980°s

of other kinds of energy from the solar wind to the magnetosphere-iono-
sphere-atmosphere system is even smaller but is of so highly specialized a »
nature that its observable effects are far-reaching.

STR is necessarily but only indirectly concerned with the deep interior of
the sun, where the thermonuclear energy is generated, and with the transport
of that energy to the solar surface, to the extent that variability in these pro-
cesses influences the solar output. Similarly, at the end of the chain linking
sun and ecarth, STR is again only indirectly concerned with the behavior of
the fluid core of the earth where the flow of electric currents generates the
powerful terrestrial magnetic field that extends out into space. STR deals
*‘ with paleomagnetism to the extent that it reveals the historic variability of »
{ the carth’s magnetic field, which must have had profound implications for
past solar-terrestrial interactions, and to the extent that it may help to fore-
cast signiticant trends for the long-range future. Also, historical records of

e climatic changes, correlated with tree-ring records and descriptior of the
! aurora, provide invaluable resources for retrospective research.
; The sun drives the circulation of the atmosphere, which in turn produces

the weather. It draws water from the oceans into the air to produce clouds,
: rain, and snow. These phenomena constitute the subject matter of meteorol-
: ogy. The boundary between that much older discipline and its younger sister,
solar-terrestrial research, was originally quite distinct but is becoming rather
hlurred as the two have met in the lower stratosphere. For example, the inter-

f tace between the troposphere (the lowest 10-15 kin-thick layer in which the
E weather is generated) and the stratosphere and the tlow of energy and matter

across the interface is of interest to both disciplines. $TR is also concerned
f with the possibility that solar variability directly or indirectly affects the
weather and climate, as some believe, but our present understanding does not
vot permit an unambiguous answer to this question, It is already well known,
however, that solar variability does affect the magnetosphere, ionosphere, and
atincephere above the troposphere. If there eventually proves to be a solar
activity-weather connection, its implications for long-range forecasting and
climatological predictions may be important.

Pinafly, only the fullest possible understanding of the physics and chemis-
'y of the solar-terrestrial system will make it possible to estimate the effects
Cterowing human activity on our environment, L}

[

e e

{I.  GLOBAL CHARACTER OF SOLAR-TERRESTRIAL RESEARCH
AND INTERNATIONAL PROGRAMS »

A d 4 4

B-cause research in STR has an intrinsically globul character, cooperative
~ttidies on g national and international basis are especially productive. The -
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coomtang of the development of modern STR can be traced to the rathe:
iicd voals of the first International Polar Year, almost exactly 100 years
2. when several nations mounted a concerted effort to study arctic weather.
ol sawntitic endeavor subsequently spawned a succession of inteinational
cceative programs on a global seale. Fifty years later, in 1932-1933 rudic
e bad revolutionized concepts of the high atmosphere. and the Second
icwmationad Polar Year was called into action. The end of World War If left
Ciocaay ot rocket technology that was readily adaptable to upper-atmosphere
et ol paved the way to an era of spacecratt exploration with results
v Jaticnized science of the upper reaches of the terrestrial environ-

st Uil then, progress in direct probing at high altitudes had advanced
o dy toan the primitive nineteenth-century use of kites for measuring strato-

“pows eoperature (o the more advanced technigques made possible by

Hyothe 19307, ground-based and space research techniques had ad-
‘o pomt where dramatic results could be expected: to take advan-
ceve capabilities, the International Geophysical Year (1GY ) was

fhe s annng was on the largest scale ever attempted Yo @ program
oooded cnnnternattonal scientitic cooperation, In ity st vear (1937),
oo v launched and thousands of scientists were involved in
aiwes Berrortss That same year produced Sputnik: the following vear
S e Baplorer Tin orbit, leading to the discovery of the Van Allen
i ononstrated the power of global cooperative studies of the sun-
vyiocce convinengly that it became unperative o preserve ts orgatii-

b sty b and to sustain the moementum of cooperative rescarch. Thus, it

o owed m 19641965 by the International Years of the Quict Sun
o s 19 21970 by the Inrernaviondd Magaerospheric Study (1M ),

oo oy i Selar Maxamus Year (1979-1951) and soon will be tol-

v the Middle Atmospher> Program (1982-19%535),
Aok progress in STR has been spurred by international prograis, o
ctaeed rational ettort 1s o essential to preserve healthy progress and tull
s ow results by the US| scientific community and US| industrial and
veo el users, The 1MS was characterized by a carefully planned and

oo coerdinaton of ground-based and space-based observations and is

CUneeaeoareat advances i oscientitic knowledge, We expect that the na-

ot o tor the 1980 will conninue to foster such coordination
GOSN

Feoootnvee dluta management has become a crucial ingredient of coordina-

e anbroken series of observations ot parameters such s the solar
T and atmospheric ozone coneentration, which are needed in order to
St ihe semsitivity of the earth’s environment 1o small changes
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> SOLAR-TERRESTRIAL RESEARCH IN THE 1980's

111.  NATURAL AND ARTIFICIALLY INDUCED INTERACTIONS

Current work in solar-terrestrial research truly has its roots on the ground,
while its manifold branches reach as far out as instruments can probe the
solar system. The special scientific attraction of STR is that with today’s
space-age technology practically all the components of the sun-earth system
are accessible to in siru scientific observations, and some controlled experi-
s ments are even possible. At the same time, ground-based systems can routine-
ly and easily observe phenomena that are physically linked to remote regions
ot the earth’s environment. In this situation there is a reversal of the usual
cne where the need is for “ground truth” associated with observing programs
‘ ‘rom space—the in situ space observations provide *“space truth” for networks
f ot zround-based observatories.

The past two decades have, in fact, provided samplings of almost every ele-
ment ot the solar-terrestrial system to the extent that local properties of all
revimes are substantially well characterized. What is desired from the research
of the 19&0's is a quantitative appreciation of all the significant couplings,
trigger mechanisms, and feedback processes. Of practical concemn are chains
of processes that have end results important to life processes, effects on com-
munication and technological activities, and impacts on the conduct of scien-
tific observation of natural phenomena. For example, in recent years consid-
¢lable uttention has been devoted to the natural chain of production and to
the etfects of human activity on stratospheric ozone, Biological organisins are
protected from lethal influences of short-wavelength ultraviolet light by
osone in the earth’s stratosphere, and thus any major change in stratospheric
azene abundance is of serious concern. In another context, the development
it selar power stations in space may require ion engines to transfer such sta-
irons trom low earth orbit to synchronous orbit. The injection of foreign
constituents tfrom the exhausts of these engines into the upper atmosphere/
inagnetosphere may distort the natural particle environment and substantially
attect the stability of the radiation belts, Beaming enormous microwave )
fluxes trom a solar power station through the ionosphere could adversely im- .
pact communications.

z Mankind must be concerned that natural or man-generated perturbations,
themselves intrinsically small or weak., do not trigger cataclysmic changes »
thirough nonlinear runaway mechanisms. For this reason, it would be danger- ]
cus to downgrade or totally ignore the study of any of the elements that we
have not yet specifically identified in the solar-terrestrial system. We have
not inhabited the earth long enough to see the system go through more than J
4 tiny fraction of its possible excursions, Industrial and other human activities »
are tampering with the controls of “Spaceship Earth™ even before we know
! :ompletely how the system works. That is why intensive, basic scientific study
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.o whuole interactive solar-terrestrial system is so relevant to understand-

o posst e soctetal impacts and deserves a commensurate priority among

o saentific disciplines that offer prospects of practical opportunities.

1 RELATIONSHIPS TO OTHER SCIENTIFIC FIELDS

Sroomuan ebjective of STR s to understand the two principal energy trans-
, o1 riocesses connecting the sun with the earth: the direct solar radiation
Saroee wnd the particles-and-tields connection. Related processes in planetary
vk aind astrophysics are also important, however, in illuminating pro-
cosses dn o toe sun—earth system. Unlike laboratory physics, where experiments
betotedly controlled, the sun—earth system is largely beyond human con-
~azliiection experiments in the magnetosphere (e.g., releases of chem-
crrected charged-particle beams) are possible, and large inadvertent

s rnenis te, global chlorine releases from aerosol sprays or high-altitude
Ceiwcapons tests) have taken place, but large-scale systematic experi-
it conthe tunctioning of the solar-terrestrial system itselt are not possible
et doarable. In these circumstances, the study of partially analogous
e provided by the other planets, is a useful substitute for experiments.
¢odstudies of the magnetospheres and atmospheres of the other planets,

v o sde runge of scale sizes and boundary conditions, provide insights
it ihe bohavior of the terrestrial system. For example, with Venus we have

;e that laeks a perceptible magnetic field, a condition that conceivably
coubl oply to the earth during magnetic-field reversals. Mercury has a mag-
bt e 1 but no atmosphere  only a magnetosphere, Mars is ditferent again:
ca.. rlaoer illuminates special aspects ot the behavior of the terrestrial envi-
Sotonendas one parameter or another is maximized or minimized.

i snmilar way, while we must attemipt to understand the sun as we ob-
~ v ot studies ot other stars can offer useful insights into fundamental
sivtiar processes, For example, the Skylab Mission has demonstrated the enor-
oo complexity ot the processes involved in the formation and maintenance
s thie hoto outer solar atmosphere, the corona. This was accomplished with-

vocieat difticulty mainly because the sun is sufficiently close that our in-
s cnents can resolve many of its features, OQur ability to study corresponding
‘cavinies of other stars has been minimal because we cannot observe them
ther than s point sources, In the last two years, however, breakthroughs
Pave occarred mostellar astronomy that carry potential implications for STR |
Pl Loanchings ot the International Ultraviolet Explorer satellite (1UF ) and of
Lot Faoeroy Astronomical Observatories (HE AQ) have allowed us to observe

oo hora time other stars with sufticiently great sensitivity in the high-

enci o ocarton of the spectrum that the hot, outer atmospheres of giants and
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1o SOLAR-TERRESTRIAL RFSEARCH IN THE [vs0's

Jdwiarts, as well as of solar-type stars, are detectable, and important general
properties ot stellar atmospheres have been deduced. Observations with the
Einstein x-ray telescope have shown that coronal structures are not exclusive
to ~tars like the sun, Coronal x-ray emission may be observed in early- and
litety pe stars (those hotter and cooler than the sun) as well. These new ob-
~covations challenge conventional ideas about stellar interiors and the modes
o cnergy transport to and through the stellar surface. The sun has been, and
will continue to be, the testing ground of stellar astrophysics. Theoretical
nodeling of the solar atmosphere should throw light on the earlier and later
phases of evolution of hydrogen-burning stars.

The Jarge-scale escape of dilute plasma trom the sun, termed the solar
wind, also represents a phenomenon that occurs in many galactic and extra-
calactic objects. The study of processes occurring in the solar wind, for exam-
el the interaction between turbulence, shock waves, and energetic particles,
will provide insights to phenomena that occur in many astrophysical contexts.

STR not only benefits from related scientific studies but contributes to
them. Space research has already played a pivotal role in fundamental plasma
nhysics. For example, crucial to theories of solar tlares and magnetic disturb-
anices (magnetic substorms) in the magnetosphere is the concept of magnetic-
ficld reconnection. This process is undoubtedly equally important for astro-
physical plasma processes occurring on cosmic temporal and spatial scales.
Only recently has it been possible to observe evidence of reconnection phe-
n-aniena on the sunward side of the magnetospheric boundary from spacecraft
ciaploved in the IMS. The reconnection process is so basic to so many
«icas of plasing physics that turther study, both theoretical and experimental,
st be accorded the highest priority.

in many other respects, the scale of solar-system plasmas provides us with
a helptal bridee between the spatially restricted studies of laboratory plasmas

adthe ulimate cosmic plasma generators of incredibly great energies. The
aly astrophysical system in the universe that will be directly accessible to in
o exuinination for generations to come will be the solar-terrestrial system.
Ao undenstanding about how it works must, at the very least, provide useful
wcunds on our interpretation of the nature of other astrophysical objects.

v COMPONENTS OF THE SOLAR-TERRESTRIAL SYSTEM

I he -un. the interplanetary medium, the magnetosphere/ionosphere, and the

simiosphicre make up the solar-terrestrial system. Each of these components

- brietly described here, with emphasis on those features that play a part in

e Gl of solar-terrestrial phenomena. They are discussed in greater detail
Parc .
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vioo Sun

I U S S
ot -

"l e wostar of average mass and luminosity whose remarkably steady
o st oo ecdiauen over several billion years has allowed life to develop on
it . vee. the balance in the existing ecosystem is fragile, and the smuail
s o1y output of solar radiation and particles that are known to exist
aave Peeccieal and significant impact on man’s environment. Vardability is
coecwoas e the magnetic fields observed directly at the visible sobin
~otiowe the phiotosphere. These fields exhibit a quasi-regular cycle, during
saic s the chunges in the polarity of the global magnetic structure repeut ]
mrcachoes over a period of close to 22 years. The 11-year variation in num- |
o wes lanitude distribution of magnetic sunspots is the most easily observed ]
rootod this 22-vear magnetic reversal, 1
sioamplitude of the oscillation of solar magnetic fields, as evidenced by ]
«wovpot numbers, is known to have varied greatly in historical times (Figure
S 20w example, there was an extended interval from 1645 to 1715 when )
swi ooty wore dare, known as the “Maunder Minimum.™ It coincided with the 1
2 ettt diop in temperature over the region for which there is reli- .
shle miternation, within a longer interval known as “‘the little ice age.” This 1
and wrher dess well-established coincidences have led to speculation that there o '
i+ 4 vonnection, Similarly, the history of droughts in the southwestern high ’
Sleins i the United States, which exhibits a cycle of about 22 years, appears
1 horcushiy synchronized with the 22-year solar magnetic cycle. 1
Porennal correlations between the prehistoric sunspot cycle and the paleo-
Junetie reeord can be investigated in the following way. It is known that the
fhin of cosmie rays at the earth is modulated by the extension of the solar
waonetie field mto the interplanctary medium, the strength of which, as we
foroo oonoas 2reatest during the maximum phase of the cycle of solar activity. ]
ProCosmiceray lux at the earth is thus smallest during the maximum phase.,
Fhe cosmicray bombardment of the terrestrial atmosphere produces radio-
4 inee carhon that enters the life cycle of plants, more copiously at solar mini- ;
Laten than at solar maximum, Thus radiocarbon leaves a cyclical imprint on K
e tiee rings in the oldest living things, the 4500-year-old bristlecone pines .
crocastern Calitornia, and in still older archeological remains and serves as J
oo andicator of sunspot numbers for the past few thousand years, permit- )
“rie coaapernsons with the paleoclimatic record. g
Procapt manitestations of changes correlated with solar magnetism lic m
icetnvedy darge vartations in xeray, ultraviolet, radio, and particle emis-
v o that accompany the magnetic changes. For instance, the hard x-ray

1
AT

Ciston gt tnes of peak sunspot number is typically 100 times the flux mea- '
deedow dmes of sunspot minimum. The most explosive eruptions that occus -
sothe ol gtmosphere are the spectacular solar flares. In a matter of minutes
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PIGURE 1.2 Sunspot cycle, AD.1610-1979, as represented by the annual
ab sunspot number tor those years, (Courtesy of Jo AL Eddy. High Alt-
tinie Observiarory, NCAR D) The interval of about seven decades beginning in
Tt 35 when sunspot numbers were unusually low is known as the “*Maunder
Moimum,” which comcided with a significant drop in global temperatures.
Ihe sanspat records between 1610, when Galileo used a telescope. and 1640
cromaostiy too scanty to reconstruct with confidence.,

i _

+localized region may tlash to temperatures of tens of millions of degrees,
ccvompanied by a great burst ot x rays and energetic particles. The flash of
iy radiation creates an absorbing layer deep in the earth’s ionosphere
ihiat completely blacks out shortwave radio communications.

Spectacnlar anstances ot charged-particle emission from the sun accom-
pons liree chunges in the sun's local magnetic field that occur during the first
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.+ uillates OF tlare eruptions, These energetic particles are easily detected in
~waith's inagnetosphere and down through ionospheric levels. Their transit

2 ireia the sun to earth ranges from minutes to hours. On the occasion of

vy coeat solar flares, those that occur on the average once or twice in an 11-
e solay oyeles protons with energies of billions of electron volts appear all
vy down to the surface of the earth,

A o lramatic emission of charged particles from the sun, yet having
toonpportance for the solar-terrestrial connection, is the solar wind. A
ol that is, an jonized gas composed of an equal number of ions and
s, tosins the outer atmosphere of the sun, the corona. It is not con-

s D solar gravity but flows away from the sun and escapes. This out-
bl aives rise to an unceasing wind of solar plasma that streams past
«hrand out toward interstellar space.

.1. v ewvidence that our star undergoes changes that are important to
e cinviionment. It is now established that small variations of the
~cds Bamosity oceur from day to day as dark sunspots and bright
tail actoss the solar disk. Numerical models indicate that varnations
serae ainphtude as these short-term variations but sustained over imuch
~~ veuld be ot importance to climate dynamics. There are also valid

Cliee! teisons to believe that variations of total radiative output of this
Sonorie caight be connected with the 11-year solar magnetic variations and
.t b chianges in their amplitude over centuries.

thus. cur past perception of the sun as a quasi-static object slowly burning
v L odroren to provide a constant flux of heat and light has been altered dra-

wi ey by recent advances in solar research, both from the ground and

~i ~pace, Instead. there is increasing evidence that these are subtle but pos-
phv ciedictable changes in the sun that may be important to the human
e ommnt.

e Interplanetary Medium

O understanding ol the interplanetary medium has undergone considerable
Lo Scanon in recent decades. Before the 1950°s it was generally believed
oo mechanism by which solar variability affects the earth’s atmosphere
wa o primarily photoienization, which created the ionosphere, and sporadic
~os o charged particles, which produced magnetic storms and auroras,
S o ragnetic felds appeared to bind the coronal plasma tightly to the
ciotosphere, and the earth’s magnetic field served to contine the ionized
-omporent of the carth’s own atmosphere. Interplanetary space was thought
soone glnest emipty,
\ooondimg to modern hvdrodynamic theory, the solar wind flows trom the
Paver corong, and the velocity steadily increases up to about 400 kmyjsec at
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w20 ~ular radii. Although parameters fluctuate in time and space, with
i weophysical consequences, it is now well established that the solar
. iy supersonic throughout the interplanetary medium. It transports away
o .othe s about ten billionths ot the energy that is emitted as light and
torois of electromagnetic radiation; but this particle flux, when dis-
Cocood B wrrestrial impacts of greatly magmified proportions. Beyond a
Aok radin from the sun, the rarified plasma of the solar wind is nearly
"anetree and electrie currents may tlow with almost negligible resistance.
s el the solar magnetic tield is “frozen™ into the solar wind and is car-
s ranto nterplanetary space.
A ihe same time as the solar magnetic ficld, thought to resemble that of a
e dipole (bar magnet) close in, is drawn outward by the solar wind,
1etation bends the field lines that emerge from the solar surface into
woohninedean spirals that extend as far as @ shock tront with the interstellar
crednn, deseribed below. The field lines on opposite sides of the midplane
i the heliosphere have opposite polarity, and the polarity of the whole sys-
‘o seveinses at the beginning ot cach new -year c¢ycle. (This is the 22-year
3 “imeanetic eyele”) Thus, the pre-1950 simplistic view of an essentially pas-
<ive tnierplanetary space has been drastically revised.
\Wen the normally quite smooth flow of the solar wind is made unusually
Swent (tor example, by a passing shock front from solar-tlare ¢jecta) the
vooean hieid lines are tangled, and such relatively focalized clumps of kinky
Celd lines can oscatter cosmic rays in random directions. These detlections of

N

coninde tavs away from the midplane of the heliosphere and from the neigh-
; ) S

forhood ot the carth are observed as temporary decreases in the cosmic-ray
Toax and are an indication of smaller-scale structures in the solar wind caused

borransient solar activity,

: The relative role i modulating cosmic-ray fluxes played by changes in the
argesscale ceometry of the heliospheric magnetic field during a solar cycle,
vertgtions an the smallersscale structures, and changes due to the magnetic-
Soid reversal i alternate cycles have vet to he assessed,

Ftis belioved that eventually the solar wind iy stowed to subsonic speed at

4 -nock tront tar bevond the orbits ot the minor plinets, where it collides
voth the mterplanetary gas. Qutsade the shock front. the subsonic and turbu-
1t solar wind mixes with the mterplanetary gas out to another boundary .
Seiside ot which the interstellar medium s undisturbed. This outer boundany
< the Uhichepause . and the volume contimed within itis the “heliosphere ™
No space probe has reache? ither the mner shock front o1 the heliopause,
Car Proneer T and Voyage b and 2 may eventually accomplish those mis-
an - repore the position of those boundaries it their instruments survive

O i ne v,

i

N

, '
A 4 4

PR Y

i bnirnbegand

PSSP B AN

PRSP R 4

Ta gt g

R

P S




e B A AR A A A an e s 2 e P — vty e OO A 2 ot s ane e st st _aAl SRR Sl
IR AR AP Ll MDAED . A i .. [ A R .

REPRODUICED - 3 ADOVERYMEMNT p Y pErql

~

3 The Magnetosphere

: oo solar wind flows from the sun, it transports the solur muagnetic lield

', vooos o atward through interplanetary space. The carth’s intrinsic magnetr

G0 prosents an obstacle to this magnetized plasma tlow, which is detlected

sy the carth's tield and leaves a cavity shaped like a comet head and tail (Fig-

«iv 1+ 1) The blunt upstream *‘nose™ of the cavity is normally at about 10

carih L adit (65,000 km) from the earth, and its tail stretches beyond the

e i wibat, perhaps as far as 1000 earth radir. This huge bag of plasma, the

| naaeiosphere, contains charged particles with energies ranging from thermal ,

cperees o hundreds of millions of electron volts. Since the solar-wind flow is »
~nie." a shock wave signaling the impending obstacle stands in tront

i i aagnetospheric cavity. (See Figure 1.30)

As the solir wind impinges on the magnetospheric boundary, the inter-

{ anetany maenetic tield embedded in it becomes connected with the tield of |

e mesnd tosphere. In this magnetic merging (or reconnection, as it is called), 1
ot be zeomagnetic field lines are stripped from the magnetosphere and
712 cpan tointerplanetary space in the geomagnetic tail. In the process,
Leroycementum, and particles are transferred from the solar wind to the

camctesptiere, The solar-wind plasma, blowing across the open tield lines ’ e
cver i polar caps, constitutes a gigantic dynamo that can generate a voltage
S p actoes the magnetosphere of up to 100,000 V, electric currents of 107 A,
ST Woor power, The energy, momentum, and particle transier are gov-
witoa v osuch soli-wind parameters as speed and magnitude, as well as by

S uecton ot the interplanetary magnetic field, But it is the ram pressure »
Snowind that shapes the actual size of the magnetospheric cavity  and
Ceiiopressure varies, the entire magnetosphere quivers in quasi-periodic
1oeev ades ike a mass of jelly. This represents another possible mecha-
sincnoop energy transter from  the solar wind to the magnetosphere: so does

oy iion”T ot the solar-wind flow against the magnetopause. ’

Pro steady flow of the solar wind is responsible tor the formation ot well-

cocdremons in the magnetosphere (see Figure 1.2), and variations in the

Charactenstics cause well-defined temporal patterns of response of the mag-

wioepliore, One such basic response pattern is the ™

e

PPN |

P PP

magnetospheric sub-

! corin o osequence of events triggered when the magnetosphere becomes
cuveiboaded witin energy from the solar wind, The most conspicuous manifes-
taticn of 2 substorm is the acceleration of particles from the plasma sheet
thenre 1oy come of these particles are propelled along magnetic field lines - j
\ Aok tther aceelerated toward the auroral zone, causing the visible aurora. T
", i

vootber part of the accelerated plasma is captured by the magnetic tield and
coccad into the Van Allen radiation belts.
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. A more violent response is elicited when a blast wave generated by a large
:‘ solur tlare hits the magnetopause: the sudden compression increases the

cromuaznetic-ficld strength all the way to the surtace of the earth and shakes
ap the entire particle population. Some energetic particles are dumped into
the atmosphere in the auroral oval, others are captured to create a large
#‘ cauatorial ring current of millions of amperes at a distance of 3-4 eurth
: radii. This sequence of events characterizes a “‘sudden commencement
sacnetic storm,” a phenomenon that has been known for over a hundred
3 ‘ <A,

, [n additien to the storage, transter, and acceleration of particles, a veri-
L‘ tat-e coneert of waves is created on the surface of and inside the magneto-
sphee canity, For instance, some recent results have shown the magneto-
Cetse to he continually in motion. with waves excited there and probably
propazating toward the magnetota! This process also transfers energy from

4 the solur wind to the magnetosphere. Other waves, like whistlers, deflect
sieoned particles from their trajectories and precipitate them, thus converting
woamzed energy into disorganized energy, or heat. Such microphysical pro-

s ceesosoare beginning to be known and understood: but they now need to he

patanto die larger-scale picture of energy transter tfrom the solar wind into

L L2 nenetosphere and the transport ot energy throughout the magnetosphere/
t‘ porosohicre system. There are some novel suggestions about the nature of
! , ;oesisde energy transter and transport processes, but quantitative in situ meu-
' “wenes tosdetine the actual mechanisms remain to be made.
Soccedch point of the magnetosphere is physically linked to the upper
( ' oo bere byoaomagnetic field line. the ionosphere has an important ¢ftect »
S maenetosphere, and vice versa., The coupling between magnetosphere -
oopnere Iy ettected by a complex system of electric currents tlowing _-
cug ngiete Bield lines between the two regions. Through this current sys- s
‘ tooLclectromaenetic energy s drawn from the magnetosphere and dissipated ' ;
g ©orierm oob hieat m the electrically resistive ionosphere. The high-latitude »
] ‘ sons playa particularly important role in this process of energy deposition ’,TH
: gt e lar-rarrestrial system. ]
: . Hescench o thie magnetospheric/ionospheric environment is currently ex- )
; S tee tnerdamental unifying concept of an electrodynamic system con- ]
' veoibe cumosphiere fonosphere/magnetosphere. The development ot this »
' focovrews wdl churacterize the main objective of future work in the near- i
St s eeplema envitonment. Already some evidence exists ter the intlu- ‘1
t ! Cccnatreapiene elestrical and dynamical processes on the ionosphere and ]
\ : Coerherethe evidence for possible mverse intluences, however, so far -
. N LSRN ST USSP RN AL b
3 "
;
3 ‘ ! ’
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_._‘ 4 The lonosphere

Aitte.uch the tonosphere may be considered a part of the magnetosphere (and
“hese are treated as a unitary entity in this study), its behavior is primarily
;owered by the diurnal cycle of solar electromagnetic radiation, especially in

r‘ the witraviolet and x-ray bands of the spectrum, and, at high latitudes, by the
, desination ot energy from the magnetosphere. The existence of the iono-
sphere was tirst demonstrated by Marconi's trans-Atlantic radio experiments
1901 and its height was measured in 1925, Later, distinct layers were iden- Tt~ ]
: oieds associated with the altitude profile of the electron density in the iono- '
‘ st zure 1), ’
Avfach evels (> 250 km) ionospheric winds of over 100 m/sec are set up
vorie diurnal heating and cooling ot the thermosphere. These tend to blow
wocai-nele paths away from the most heated part ot the atmosphere (near ]
[ adatiersoon at the subsolar latitude) to the coldest part on the nightside. .‘
! Sevands diive the jonization down the field lines to lower altitudes by day }
' raxe it by night, which helps to maintain the F-layer ionization density
{ e dakness,
f A heh latitudes very large magnetospheric electric fields (tens of milli-
e : .« Peoetery are impressed on the ionosphere and are capable of causing the ]
L‘ : Soover toomove horizontally with speeds as high as 1 km/sec. The local F-
; “ooon clection density at such latitudes thus depends on the time history of §
3 Soowsion and when it was last in sunlight. A large region of low electron den- b
g - otbe Tiough™) is found on the nightside, poleward of which are large
4 voceabn density inereases produced by precipitating energetic particles. '1
3 Wecoever there are strong electric fields in a plasma, one or more plasma )
t o tehahities may oceur. In the Feoregion, such instabilities seem to be present y
' roocdattyat ragh latitudes and over the equator at night. They create local b
i sieoviaiiens an eectron density with a wide range of scales. These irregulari- -
g )_ e redrice muldtiple echoes, strong scintillation, and fading on radio frequen-
. ] Jes o ooseveral gigahertz, including those used by communication satellites,
i ) ) ) g ) A ) . o
] ' Voo coginally expected to provide trouble-free communications. B
, G oweest part of the tonosphere, the D- and E-regions at 70-150 ki, B
¥ v prenasating tides can create layers ot intense fonization that move ’
! crieashy ur ames The patches of jonization produced in this way are kKnown :
[ C e cvadie Band can cause the high-frequency signals to be reflected up to
| Jo My trom the source on a single hop. [n summer, sporadic E is the cause
cov e intorterence on TV hroadceasts.
; \ Do ceomagnetically disturbed times, precipitating particles and electric - -
< onisooorosit farge amounts of energy at high latitudes, and the resulting
( | SO &.M!‘




o A gAY - VT TR - (-

ATMOSPHERE

REPRODUCED AT ROVFRNMENT FYXPEMNSE

P XGRPHERE

- U THE AMOPALSE

THERMOSPHERE

RS M S OPALSE

NS RE

- R 5T R ATOPAUSE

CTR AT ISP RE

MRS T OPOPALSE

T FUSPHERE

NI A

LEAKIA

T—m ‘

TEMPERATLRE

4 + 43 + ¢ J
+ -+ t t -t t 1
EREVE N TOD K 9w v
¢~ 1{
oo
3
sk h
-1»-‘.()
‘RE
L -

FIGURE 1.4 lonized component of the atmosphere is produced by cosmic
fen s gamnid rays, x rays, and ultraviolet rays, which have maximum ioniza-
fon rates in the DO ELFL, and F2 regions. Maximum concentration of elec-
vons oveurs i the F2 region, wherz the ionized component is about 1/1000
4 the neutral-particle density. Shortwave radio signals are retlected from the
ronosobore. Xoravs from solar flares produce radio blackout at an altitude of

20

k. Microwaves penetrate the ionosphere for satellite communica-
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i erctare inversions define the tropopause, stratopause, and meso- '
P oatriosonere is mixed, and the composition of major constituents
cvco iy Corstent up to the mesopause. Qzone concentrates in a thin 1
noovo sratosphere. At hugher levels, molecules dissociate and lighter 1
. . . A '
cois sepatate out by diffusion. Temperatures i the thermosphere maxi- -5
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cheess hieating can completely change the global pattern of winds in the
thermosphiere. Large equatorward winds are established on the nightside, and
Larpe-a nplitude gravity waves also are generated. which help to transport
cacrgs o lower latitudes: both of these modity the ionosphere on a world-

wide scale.

5. The Neutral Atmosphere

Thte 1onosphere, or ionized constituent of the atmosphere, was alluded to
wbove, but it is the neurral atmosphere that constitutes the major component
1 the utmosphere for the lowest few thousand kilometers, until it is eventu-
< dominated by the ionosphere. The pressure and density both steadily de-
crease with height, but the temperature-height curve follows a pattern of its
carn determined by the local balance between heating and cooling. The
resulting “omperature profile provides a natural basis for detining a series of
streeessive regions (concentric spherical shells), as shown in Figure 1.4,
Beainning at the earth’s surface, these regions are: the troposphere (“changing”
or “overturning’ sphere), stratosphere (“settled” sphere), mesosphere (“mid-
dle™ sphere), thermosphere (“"hot” sphere), and exosphere (“outside™ sphere).
The stratosphere and mesosphere, which have much in common, are often
considered as a unit, called the middle atmosphere.

In the solar-terrestrial system, the neutral atmosphere is the ultimate re-
posttory tfor most of the energy emitted by the sun and reaching the earth
and its immediate environment. An average of about one third of the incident
~unilizht is retlected or scattered back into space by the carth’s atmosphere,
cloud cover, and surface; most of the remaining two thirds is absorbed by the
carth’s surface, including those huge reservoirs of heat, the oceans. The surface
einits infrared radiation, which heats the troposphere. The actual temperature
ot a hody ot air is determined by the balance between heat gained and heat
lost. as modified by being transported from one place to another—horizon-
tally by the motion of air masses and winds, vertically by convection. These
motions, 1 turn modified by the earth’s rotation, are the atmosphere’s re-
sponse to imbalances in pressure: thus thermal radiation and atmospheric
rransport povern the distribution of the available energy in the troposphere
and thereby generate our weather and climate,

Society 1s naturally more interested in this readily apparent aspect of solar-
rerostrial refations than in its more esoteric aspects. Seeking to answer ques-
ions about the ettect ot tossil-tuel combustion in the industrial nations or of
shash burning in tropical forests on the carbon dioxide burden and the resul-
tanit long-term change in atmospheric temperature, or similar questions about
the possible eftects of solar variability | is of obvious practical importance.
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in the carly 1970°s it was realized that deposition in the stratosphere of
] ' products of hughi-temperature combustion, such as nitrogen oxides and water
‘ vapor by Jarge tleets of supersonic transport aircraft, might cause a serious re-
ducitivn 1 the abundance of stratospheric ozone. Recently, there has been
t:cteased recugnition that even in the troposphere, where radiation and dy-
namics were once thought to be the dominant factors in controlling the envi-
soripent, phiotochemistry is also important.

T aperigiental and observational platforms for use in the regicn from about

40 10 100 km are few in number and limited in capability. Instruments car-

ided on wreall rockets and on balloons and parachutes dropped from balloons

huve been used for exploring the stratosphere, Rocketborne instruments have

i suceesttuily attacked the lower and upper thermosphere, Satellite systems,

E «iich as the Aunosphere Explorer series, have been spectacularly successful in

' nreviding detailed information about the thermosphere above about 135 k.

Geesnd-hased sounders, such as incoherent-scatter radar, have also provided

Iverusbie information in this region. By contrast, the upper part of the mid-

v wLiosphere remains poorly explored and poorly understood.

(.1 developing understanding of the neutral atmosphere from the surtace

ot i carth to the exosphere is an excellent example of the synergistic inter-

pley or basic research and applications. The need to understand the atmo-
whore inorder to apply such knowledge 1o the challenges facing society has :
Lwtimies driven the discipline, but atmospheric science studies, even those .
©ihe atmospheres of Mars and Venus, have provided the experimental tech- -
r a1ices and theoretical understanding needed to solve complex problems in
i teirostual atmospheric science when suddenly and unexpectedly the need to )
F‘ soive them became urgent, It is greatly to our advantage to continue to ex- :
¥ vtore the atmosphere, using as our methods the entire range from the most ]
L Fusic kind of 1esearch to the most direct of applications. R
| )
- 4
o 6. Practical Impacts of Solar-Terrestrial Relationships ’ 1

. fnrecent years. a variety ot events has brought home to the general public a

' semse ot the practical consequences of solar-terrestrial relationships. Perhaps

"he most dramatic experience was the plunge to earth of Skylab. It became a
( e event with all the ingredients of suspense and potential for catastrophe !1
[ ©ofnghiten o confused public. When the last astronaut left Skylab in 1974 it -]
was thicusht “hat the spacecraft was in a safe parking-orbit, where it could ’

{ Lot o st by an early Space Shuttle flight, which would push it to a higher
{ cebat tor safekeeping until it could be refurbished and reactivated. Unfortu- c )
\ cateiythe plan was frustrated by a delay in the Space Shuttle schedule and . 1
. tyvotie apid rise of solar activity toward sunspot maximum., With high sun- j
-1 s
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o ot activity came a hotter and denser atmosphere at Skylab altitude, which
;’r: mereased the drag on Skylab and caused the orbit to decay much faster than
b sirticipated. Skylab thus fell victim to solar activity, Our inability to predict
! vhere 1t would fall exemplifies our current lack of instruments to observe

[ ~ith adequate precision the solar output of extreme ultraviolet and x rays,

[ which control the density of the atmosphere at satellite altitudes.

b Discussed in some detail in Part 11, Chapter 6, are four areas in which re-

«2arch n solar-terrestrial relationships can clarify important impacts on soci-

ety and technology: (1) predictions about the space environment: (2) strato-

3 ' wplivric vzone -a feedback loop between the biosphere and solar-terrestrial |
- resceurch: (3) ionospheric physics and radio communication; and (4) the po-

,ﬁ tential connection between solar variability, weather, and climate. Several

rupoertant recommendations to guide tuture research on the solar-variability-
weather—climate question have been formulated in a separate study that is
ciied in the Appendix.
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2
Principal Recommendations

I. SCIENTIFIC RECOMMENDATIONS

A wnitving theme connecting the elements of the solar-terrestrial system is
the importance of coupling processes in the large scheme of energy transfer o,
trovie the sun to the troposphere. The connections throughout the system are o
ditticalt to appreciate when studies are confined to individual elements of the :
syatem, The present report focuses attention on interactive processes within 1
the svstem and recommends observational and theoretical programs that will =
lead to significantly better understanding of the interrelationships. Some of ]
the mteractions that span widely separated elements of the system may have ._
prefound influences on major features of the behavior of a specific regime. )
Other couplings may be so sensitive to even small variability in a variety of 1
physical. chemical, and dynamic factors that the impacts of variability may T
hecome greatly amplified. '.J
The general recommendations that follow below were arrived at from de- :
nailed considerations of the complex interaction processes in the solar-terres- ]
trial chain. A brief statement of the scientific rationale accompanies cach
recommendation. A tuller background discussion is contained in appropriate h
sections of Part 11. L
T'he cight scientific recommendations given below are to be treated as a »
angle wfied set. The removal of any individual recommendation would re- :

«ult in 4 weakening ot the interconnected chain. Thus, the order in which the
recommendations are given implies nothing about their relative priority. In-
stead, the sequence starts with the encrgy source (the sun), continues with 1
the transmission line (the interplanetary medium). and ends with the sink

)
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(the saagnctosphere-ionosphere-atmosphere system). The set of recommen-

Jutions by mntended to be a basic prescription for a broad-based program to

vdy this entire coupled system and to assure that already planned programs

cr 1 oabsstons will be better integrated. It is also essential that this set of rec-
' sirneendations be considered in the context of a number of recent Academy
: Soadies, in particular, Solar-System Space Physics in the 1980's: A Research
Sianeey (NAs. Washington, D.C., 1980), a report of the Space Science
Boara's Cemmittee on Solar and Space Physics, and Upper Atmosphere Re-
' voaich i the 1980°s: Ground-Based, Airborne, and Rocket Techniques (NAS,
Vochingon, D.CL, 1979), the report of a study conducted under the auspices
-t the Committee on Solar-Terrestrial Research. The recommendations of
these and other relevant reports are given in Appendix A.

1. The Solar Radiative Output

variutions of solar luminosity and spectral irradiance. The most direct link be-

tween the sun and the atmosphere of earth is the flow of radiative energy.

\'riations either in the total flux (solar constant) or in specific spectral com-

ponents can bring about direct changes in atmospheric composition, circula- } o
! ifon. or temperature, )
'3 h. We recommend a broadly based program of thcory and ground-based
Wi spaceborne observations to understand the fundamental mechanisms of
solar varigbility. The sun is the starting point and source of energy of the
solar-terrestrial svstem. The object of these efforts, as far as solar-terrestrial
rescarch is concerned, is to increase our basic understanding of the processes '
of vnergy generation and transfer within the sun and the processes responsible
tor solar activity, Ultimately such study could lead to a predictive theory of
solar activity and the variable outputs of the sun, to replace the present large-
ly statistical basis for forecasting.

!
‘ a. We recommend the initiation of a long-term national program to study
]
§
|

1

2. Linkage between the Sun, the Interplanetary Medium, ]

q and the Magnetosphere ]
P x. We recommend observational and theoretical studies of physical pro- )

cesses responsible for quasi-steady interplanetary flows, solar-wind accclera-
doonand dvnamics, and the three-dimensional structure of the heliosphere,

) These processes provide the connection between localized processes at the
sun and the overall structure and dynamics ot the solar wind, which then
¢ Jetermines the basic structure and dynamics of the earth’s magnetosphere '

and the power transferred into it.
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Vo e el observational and theoretical studics of how transient :
ot e propagare into and through the icerplanetary meduaon. ’
b cnoe ot are o tundamental importance to the phivsics of the solar
coeodide the connection between solar transient events (tlares,
c oo e herr concomitant terrestrial eftects, such as magnetospheric
charses dn thermospherie tlow patterns, This recommendation in- ).
St oo prical, radio, and cosmic-ray monttoring of solar activity
St weound o siae measurement of disturbances of solar origin: and j
e ta stadies of fimite amplitude waves, shock waves, and current sheets "
g b atciacueons with charged particles., ' ]
Neoroc incind o coordinated program of obscrvational and theoretical )
Cedo i decrnine howe energy and momentunt are transferred berween the ]

Lo id and magnetosphere, both for quasi-steady-state and transicnt con-
lales b thas crucial area, understanding of basic physical processes of the
it ctospheric boundary has improved. Major breakthroughs in understand-
Coothe mechunisms and processes of energy and momentum transfer across '1

cvnader oo e now expected through combined ground-based and multi-
soicecs dt stadiess A comprehensive and coordinated observational program,
w0 cmplementary theoretical eftort, is required to accomplish these ob-
wonves Fhe posed energy and momentum transfer problem is a prototype

for aany interacting astrophysical plasma systems, and it is directly related g
tr curent problems under study in laboratory plasmas: thus, research find- ‘
e e vhe recommees.ded effort will have application to related problems
st phvaies and plasma physics.,
)

3 linkage between the Magnetosphere, lonosphere, and Atmosphere

b B reconmmend w coordingred  scicutific cffort too understand  the i
L T NDRCPC=[OROSPRCPC=aEMOspRere CRergy-Iransfer processes i mdgnetic- ]
Sl regions that pass throwgh the auroral zone, the polar caps, and the '1

e octic rad s This recommendation addresses the need for a deeper in- 1
St st the phvsical mechanisms governing the ettect of entry ot solar-wind ]
Clesviias bvdromaenetic waves, and solar energetic particles mnto the magneto- ]

Shrcamosphere sustem, The relevant regions the cusps and the distant \
1o have et ceen studied m detal by earher programs such as the Inter-

cal Nemierosphiene Study .
s ree pomiend a o coordineted scientitic effort to understand the global

et e pavnctosphicre-ionosphere-atmosphere svstem. The iono-

A e 2 .8

Jbero, ot bemng d passive TUviewing screen” of magnetospheric pro- )
cos Py onactve tole as g major sink of magnetospheric energy . exerts
cosertant feednack otfects on the magnetospheric resions to which 1t s
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Inked und is the source of important perturbations that propagate to lower
latitudes. In particular, energy and momentum input into the high-latitude
ionusphere and atmosphere alters the global circulation and the temperature
stiucture of the thermosphere that are established mainly by solar heating.
in the otlier hand, changes in the basic circulation pattern, caused by auroral
couvity or upward propagating waves from the lower atmosphere and thunder-
stoomi electrical fields, may influence electrodynamic processes in the iono-
-obere wud the magnetosphere, Pursuit of this recommendation will thus
reate coordinated research on a global scale.

4. Linkage between the Sun and Elements of the Atmospheric System

& We recommend an effort to determine the effects on the chemistry and
cnerectics of the middle atmosphere of both (i) exchange processes with the
troposphere and thermosphere and (ii) solar variability., The ettects of the
variability ot both solar electromagnetic radiation and particle input on the
structure of the middle atmosphere are poorly understood. Possible changes
in chemical composition due to solar variability could perturb radiative and
dynamic processes of the middle atmosphere, and this possibility needs to be
explored. The middle atmosphere is also affected by exchange processes from
below with the troposphere and above with the thermosphere that must be
copsidered in any attempt to understand the middle atmosphere. Perturba-
tons (e.g.. to ozone concentrations) resulting from natural or human activity
could attect the carth’s climate.

Appendix A includes excerpts ot recommendations from several recent
studies that cover much common scientific ground. The above recommenda-
tons and those contained in the previous reports are mutually supportive and
<onststent. Taken together with the present recommendations, they provide a
comprehensive plan tor all aspects of solar-terrestrial research.

. MANAGEMENT RECOMMENDATIONS

Fhe study group also considered a number of issues that are of concern to,
«idoattect all phases of | solar-terrestrial research, The background 1o those
Somsiderations is described in some detail in Chapter 3. The issues considered
Both cut across the specitic disciplines and slso involve the various govern-
ment agencies responsible tor carrying out and/or supporting research in this
tield.

Nocattempt has been made to assign relative priorities to the following
recommendations, because they address different activities that are ot di-

Vs

PSS Y




LAES Tt B Seus Tt MR A At Caaameme P — b S P e . NLRARC SRt

LRI NS S TR A :()

o, competition with each other. Although relative costs and  cost-
Aiocinenos otten play arole in deasion makimg, estimutes of costs, besides
oo bare toarnve atg depend o biow tar cach recommendation s devel-

pertaermere, some of these reconnneindations either cost virtually

S (o esample, Recommiendation Ty o would mvolve using already
cileIC rescuTees 1 a mote ettective way (tor exareles Recommendations
N ot 103 Fanally oowe believe that the implementaton o all ot these
rvendations widl, dinoany case fead e the Tone run to mcreased effi-

oo the conduct ot soln=terrestinab reseach and a lowening ot costs,

" Interagency Coordination

We recomiiend that nationdl programs of solar-tcrrestrial researcht (STR )
coocoerdinated amone the mreresicd federal acencices. The national ettorts i
<rRoare currently conducted by many agencies imcluding the Nanonal Scicnce
andation, the National Acronautics and Space Administraton, the Na-
Hord Oeeanic and Atmospheric Administration, the Departiment of Lnergy,
« Departmient of Transportation, and the Department ot Detense. In a num-
cor ot prograns, such as the International Magnetospheric Study (IMS) and
e Climanie Impact Assessmient Program, lead agencies were designated to
Cversee the creation ot g national plan and to coordinate the implementation
c1othis plan, We believe that the cost-ettectiveness of STR can be increased by
stabbishis sionlar lead-agency responsibility tor major components of the
vatioral program through a permanent interagency coordinating office.

Y Dbata Management

e recommend an organized program to tacilitate the exchange, coording-
Gond and dissemination of Jdarta frome ground-based, suborbital, and space-
o observations in STR . Better utilization ot observational information
oo be accomphished by the implementation of 4 coherent national data-
ranavement plan. Such a plan must devise wayvs to analyze the data obtained

crceordinated ground-based, suborbital, and space observations mere ofti-

roct ad raprdlyoand to make these data readily available to the scientific
o The upeiading ot existing facilities and,/or the formation of a
coater tor the storage, retrieval, and analysis of STR data are necessary.
Socplesany and diversity of the numerous data sets that properly consti-
coothe v datd Base require mnovative management and a truly dedicated
cocr o vesnde adequately for their handling, Anintrinsic requirement is
o e fonding tor the continuty of ettort at a level essential tor realizing
Sl potential o the data, We cominend recent NASA cttorts tor a pre-
vooe el aing of data bases inseveral programs. More attention to support
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Ft o ciiaeting measurements from networks of spacecraft in order to fucilitate
o sparial and temporal variations of phenomena.

: o Continuity of Synoptic Observations

i recommend a dedicated effore to support long-term synoptic nbserva-
Sl certain Koy pgrameters needed for the detection of trends in solar-
v vl phenomena. There is growing evidence that long-term variations
. v tuhe plocein the state of the sun and its emissions. Continuing accurate
e i o ere needed to monitor such trends in the solar constant and tlux
- ; v ey, and xeray wavelengths, Also, the systematic recording of many
wedestrial variables on a global scale is essential to the empirical study of
~olar=:crrestrial phenomena, as this provides a means of uncovering subtle
Brhaves having no obvious chain of cause and effect. Among these variables
[ are the properties of the solar wind and its embedded magnetic field, as well
os dices of geomagnetic activity. We believe that these requirements can
Fosi o tultilled i special cognizances and long-term commitments are uc-

copod By individual agencies,

4+ Support for Theory

W rccomamend Tmproved support for both theoretical studies and retro-

coive analvsey of existing data. Historically the emphasis in STR has been
® wwuse-d on empirical studies based on newly acquired data. As STR matures,
e need for theoretical work and modeling grows: an appropriately balanced
“rocran must provide tor such ettort. Theory not only codifies the under-
stancany that has peen gained but poses questions that help to shape future
Checsvational L ortss Similarly | the program must provide for the optimum
° asc 1 data abieady at hand,

S Innovation in Instrumentation

Yoooreoo e dncrcased support for innovaiion in the developmienr of

o oo o crenetron. To benetit trom our enhanced scientific understanding in
i e rechnology needed tor new measurements must be updated. A pro-

1 v ledicared support tor rescarch and development on new methods and
oo noes S TR s essential to the future Biealth of o national program. This

° roonnrement iy comastent witho widely expressed concerns about obsolescence

Gr e e meirumentation m oall tields of US ) seience.

. REPRODUCED AT COVERMMENT [ worncr

oo ~tasston data analysis is also required. We also note the importance of
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Ceneral Considerations Affecting

: [

r 7 < . .

e Solar-Terrestrial Research in the

3 it tat

f- United States

@

E

4

! ®
! INTERAGENCY COORDINATION IN MISSION PLANNING.
“YNOPTIC OBSERVATIONS, AND FORMULATION OF A

! NAaTIONAL DATA-MANAGEMENT PLAN

'q Moo o the major spaceflight missions and ground-based facilities piarned

1 ‘b future for solar-terrestrial research will have the character of national

: saervtories, These programs will involve significant capital commitments

4 ' wrumber of federal agencies: good interagency planning is therefore essen-

F.: ael to maxamize the scientitic returns, Since the planning and execution of
Lo chservational programs is usually o lengthy process, jong-term commit-
decvdin e necessary trome hoth the serentific commuaity and the funding

. cronaes. Naconal mreragency covrdination I necessary 1o ensure a proper

E i beiween spaceborne and ground-based observations. as well as a good

. @ colapoe etween theory and experiment, Bxperience has shown that eftorts

L “oraecden the observational base and the interactive participation ot quali-

[ - Dscieniingy results Bvoan important inciease in scientific output from a

* coven peeean tor only o small incremental financal support. The collection

L schving, and wide distirbution ot scientitic data foom a laree varety of

¢ < oroos et over long pertods of time has plaved an important role moad-
v v the field of solar=terrestrial research, However, the continuity of
St onsenving programs tends to beogiven ow priotity by the sclenee
cuctres concerned, TAis wark s sor fpiportant Tor D fong-raiee frealth of
° i 2 tocused and well-planned nationied progerarr e oasure e
G vttt needed for these of senvations
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We are concerned that past efforts have invariably fallen far short of
saifstying the requirements for precision and long-termn continuity of obser-
vation. A higher degree of dedication to this kind of effort has to be encour-
aged. These requirements can best be fulfilled if special cognizance and long-
ierm commitment are accepted by each individual agency. Where these
ohservations are technically feasible by ground-based programs, it would
scemn appropriate to place responsibility with the National Oceanic and Atmo-
‘ spreric Administration (NOAA), the Department of Defense, and the Na-
tionai Science Foundation, with close attention to possible international
Solluboration,

Long-term observations of solar spectral irradiance and solar-wind param-
cters are prime examples where there has been inadequate past commitment
of r-sources and effort. Spectral irradiance monitoring has been recognized
in the past as essential to ionospheric/magnetospheric research. However,
these observations have been supported only in piecemeal fashion by various
government agencies. There is no one agency dedicated to the support of
long-term monitoring of this type, and no one agency has devoted sufficient
resources or interest in this area to do it properly. Long-term, synoptic obser-
vations are often the only means of discovering linkages in the behavior of
clements of the system, despite the absence of clear cause-and-effect relation-
ships. The discovery of such linkage contributes greatly to the search for a
betier understanding.

Unprecedented amounts of scientific data have been accumulated from
spuce missions, in part because many satellites have continued to function
long after their designated prime mission phases. Data handling and manage-
nent have become a problem because of the staggering amounts of data pro-
duced and the ever-evolving needs for conducting multiparameter studies.
Planning eftorts during several recent missions have given careful considera-
tion to the difficulties, and the trend has been toward requiring experimen-
ters to meet specified data-management conditions designed to speed up the
data reduction time, to use common physical units and data formats, and to
render the data base available to the scientitic community rapidly in usable
form. Objectives to be met include the provision of immediate and remote
access to the data by principal investigators and their teams during a mission,
similar remote access by the scientific community at large as soon as propri-
etary requirements have been fulfilled, and timely and automatic acquisition
ot the data by the National Space Science Data Center in order to satisfy all
archiving requirements and the future needs of the entire scientific commu-
nity,

Data gathering during the International Magnetospheric Study (IMS) was
conducted in the four-year period 1976-1979. Coordinated ground-based,
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<tmmuspheny. and space observations took place during the IMS on an unprec-
cdented scale. A major accomplishment of the IMS has been the near-real-
! cne availability through the Data Acquisition and Display System of the
Space Fovironment Laboratory of data obtained from an extensive array of
vround-buxed magnetometers and the prompt deposition of the tapes in
World Data Center A tor Solar-Terrestrial Physics (both at NOA A, Boulder).
| Tihins successtul experience in data handling and management should provide
i duidance in developments that must take place throughout the space program
in the next decade,

J H. INTERNATIONAL COORDINATION

Past international geophysical programs—the International Geophysical Year
and the International Years of the Quiet Sun, and more recently the IMS and
\ he Solar Maximum Year—have been effective in stimulating activity at the
wternational level. Inrernational cooperation and information exchange may
be organized by (1) nongovernmental organizations, i.e., the Scientitic Unions
and Committees of ICSU: (2) intergovernment organizations, such as the
World Meteorological Organization and UNFSCO; and (3) bilateral or multi-
lateral agreements between a national agency and equivalent organizations in
the other country or countries.

The tuture development of STR programs in the United States will con-
rinue to be strungly dependent on the effectiveness of international coopera- :
tion and information exchange. In view of this fact it would be in the national "
interest tu examine critically the present state of intemationa’ cooperation
: and information exchange in all three levels mentioned above, to appraise the .i
cffectiveness of the responsible organizations in furthering the advancement -
ot the tield. and to evaluate the cost-benefits ratio and intellectual benefits 1
of LS. investments in international scientific cooperation and exchange in
STR. Bused on the outcome of such analysis, appropriate adjustment: or
changes in US. participation should be proposed where warranted.

P o o s

-~ o

ot adhtud,

ill. THE ROLE OF THEORY

Theory and computer modeling must play a more fundamental role in the tu-
ture Jevelopment ot solar-terrestrial research. This need is widely accepted
and recognized, as evidenced by recommendations made in recent reports*

'

*Space Pieema Phivsies The Studyv of Solar-System Plasma, Volume 1, National Acad-
»1ayv ot Sciences, Washington, D.C., 1978. Report of the Solar Terrestrial Theory Panel
coo 5 Soler Terrestrial Division of the Office of Space Science, NASA, September 1978, Ly
See pependin AL
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and by the national commitment to the Post-IMS Data Analysis Phase.
Theory can play a crucial role in identifying what key observations need to
ce made in order to establish a correct understanding of the processes at
work, In addition to basic theoretical studies of an analytical nature, impor-
tant contributions to the development of solar-terrestrial research will come
through computer modeling and simulation. These efforts will parallel devel-
opments in meteorology, where local and global atmospheric models have
provided 1mportant direction to the field. Computers have become essential
hecause the complexity of the basic equations (which results from the large
number of nonlinearly coupled independent variables) precludes analytical
solutions. In solar-terrestrial research, the basic equations are often even
noie complex because additional couplings and nonlinearities are introduced
vy electromagnetic variables that are not present in the neutral, lower atmo-
sphere, Computer models are useful for simulating large systems, for testing
the importance of competing coupling processes on a global scale, and for
vroviding a framework within which large amounts of data may be organized.

In the next decade computer modeling in solar-terrestrial research should
achieve the status it has established in many other fields of physics. This will
require the adoption of the latest numerical techniques and the state-of-the-
art unlization of computers, particularly in interactive modes of operation.
Semanars and workshops will help the training process.

The role of theory in solar-terrestrial research in the 1980's is discussed
o1 zreater detail in Chapter 4,

1V, NEW INITIATIVES AND INNOVATION

Initietives in new directions on a modest scale ought to receive sympathetic
censtderation. One cannot toresee the discoveries that may come from inno-
otine approaches, In the past, such opportunities have chiefly been provided
“Lroagh rocket and balloon programs. These and other methods tor encourag-
i nnovation need to be continued. For example, the Solar Terrestrial Divi-
oot N ASA has reeently introduced a4 “*Space Science Notice for Solar-
Terrevtnial Theory Program.” We would like to see similar investments by the
Sther aeencies, as well as notices for innovation in the development of instru-
e tation,

In addiion, we hope that the Shuttle can be utilized to accommodate new
mstramentation ina more ettective way than in the past. Proponents of the
Shuttic promised benefitsin the torm ot the support of a wide range of sciences,
wiiach woald expand the community of users and provide opportunities tor
muovations gt fow cost. T 1s essential to the health ot solar-terrestrial re-
~carch that these promises be fulfilled.
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V. THE SOLAR-TERRESTRIAL RESEARCH COMMUNITY

sorar=terestrial research has grown up as a hybrid field and now includes
practioners who came from a wide variety of more or less independent
Jieaiplines runging from solar activity, geomagnetism, ionospheric studies,
».Jd werenomy to theoretical plasma physics, laboratory chemistry, and nu-
et phiasics. All have contributed to the field some of the thoughts and in-
sizhts trom their respective disciplines, and the synthesis of these contribu-
troas has provided the structure for a set of closely coupled studies that has
cere teobe known as solar-terrestrial research. This research applies to a
syarein that is vast and complex, not only in its sheer physical dimensions
Hutan ity sliwncompassing range of processes and of scale sizes over which
the o processes operate. At one end of the scale, the orbit of the earth around
the sunow deteninined by the long-range gravitational force that pervades the
crtie sasteni, and at the opposite end, the composition of the atmosphere
- dotenmimed by processes that take place on the atomic scale.

While the hybrid and wide-ranging nature of the subject and the diverse
Fackuerounds ot the individual scientists have led to a fertilization of the field
wiany tronts simultaneously, the problem of cross-fertilization among the
specitiv diswiplinies or subdisciplines is becoming more and more important as
ou hnowledge expands and the highly interactive nature of the system be-
cotnes evident. Most of the scientists who have made important contributions
to sulat-terrestrial research have retained a basic loyalty to what they regard
¢+ their own disciplines, The solar physicists who measure the extreme ultra-
violet output of the sun tend to be motivated by their interest in what the
measurenients tell them about the sun rather than by the fact that the same
radiation is largely forming the earth’s ionosphere. At the other end of the
chamn, the chemists who determine the rates of catalytic reactions tend to be
motivated more by their interest in chemical reactions than by the fact that
the particular reaction under study might be an important sink for strato-
sphertc vzone, In part, this is a sociological phenomenon that is probably un-
avendable, since scientists are human beings who react to peer pressures and
wire aeek established niches for themselves among the scientific groupings
that huve developed. Such tendencies can be counteracted, however, by giving
increased emphasis to solar-terrestrial research as a unitary discipline both
vithe the academic community and at the science-policy level. The creation
ot a mere closely knit group of scientists who identify themselves as *“solar-
Crrrostrialoscientists.” rather than as “‘solar astronomers™ or “atmospheric
chesnts ™ tor example, will be a major step toward breaking down the bar-
nies that currently exist and should help to bridge the gaps that lie between
many of the older and better established specific disciplines.

The practical benetits flowing from a national program of solar-ter-
cestiial research atfect a broad range of technologicdl endeavors as well as our
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36 SOLAR-TERRESTRIAL RESEARCH IN THE 1980's

understanding of the potential consequences of the variability of the space
and atmospheric environment. In the last two decades we have become heavily
dependent on space-based communications, space-based meteorological satel-
lites, and space-based defense systems. Both the design and operation of these
systems, as well as their ground-based counterparts, draw on the knowledge
developed by solar-terrestrial research.

We have also begun to appreciate the potential biological and climatic
effects of subtle changes in solar luminosity as well as the potential capacity
of human activities to disturb our environment. In each of these instances the
products of solar-terrestrial research have contributed (and can be expected
to contribute with increasing effectiveness) to the development of national
policies as well as to the technical implementation of policy decisions.
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4
Implementation Goals for the 1980’s

I. INTRODUCTION b
-
Scientific recommendations for the pursuit of solar-terrestrial research were .
presented in Chapter 2, Principal Recommendations (Section I). The scien- »
tific background for these recommendations is elaborated on in Chapter S.

We consider here the implementation of these recommendations. »

This plan for the implementation of the recommendations is divided into iy
two main sections, dealing, respectively, with theory as it affects the entire y
ficld and with the observational and theoretical goals specifically appropriate 4
to each disipline. A fundamental goal in each instance is the attainment of ]
“closure™ in problem areas covered by the scientific objectives. By this we ]
mean that experiment and theory should confront the same problems and p
ultimately provide identical solutions. Only in this way can it be claimed that -!i
svientific understanding has been achieved.* F 1

7
Il. THEORY ]
Bzcause theory is an essential element in all areas of solar-terrestrial research, N

;ome general observations about its role in the entire field will be made here.
We believe that additional emphasis on theory is warranted and that, in the

v
e S
em'ala’a a'a 2 &

* s peint was also emphasized in the report Space Plasma Physics: The Study of Solar- L
Mo Plasmas, Vol 1, National Academy of Sciences, Washington, D.C., 1978. Its :
prncipal recommendations are reproduced in Appendix A. )
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past, theory has not received the level of support appropriate to its impor-
tance in solar-terrestrial research, The Study Committee on Space Plasma
Physics (commonly known as the “Colgate Committee™), appointed by the
Space Science Board, concluded that *‘the theoretical component of space-
plasma physics needs to be strengthened by increased support...” and rec-
ommended *“strengthening theoretical solar-system plasma physics.” In the
tollowing sections, specific steps are proposed to achieve a more vigorous
' iheoretical component of solar-terrestrial research.

1. We propose a substantial increase in the level of effort in solar-terres- 1
trial theory, particularly work that is not tied to mission support or to rou-
une data analysis. While it is difficult to estimate the optimum balance be-
tween theory and observation, we believe that doubling the current level of
theoretical activity would be appropriate. We note that in the magnetic-
confinement fusion program, which has roughly the same total magnitude
of effort and a degree of scientific challenge similar to that of solar-terrestrial
research, the manpower devoted to theoretical research in the United States is
| approximately 300 scientists. The recommended expansion in solar-terrestrial
u theory should be accomplished in an orderly fashion over perhaps 5 to 10
’ years, The recent funding of a line item for solar-terrestrial theory for theo-
retical studies by the NASA former Solar Terrestrial Physics Division is an
important first step in this direction.

2. We urge the creation of career opportunities for theorists in solar-
terrestrial research as a means of attracting outstanding individuals to this
ficld. The key to this recommendation is stable funding, which will encourage
institutions (academic, industrial, or government) to establish permanent
positions for theorists working in the field. We note that the recent formation
of the NSF Theoretical Physics Institute and the Magnetic Fusion Theory
Institute have resulted in commitments by universities of additional tenured
faculty positions and applaud these steps. National laboratories and industrial
research centers have the organizational flexibility to create career opportu-
nities if sustained funding is available,

The above two recommendations are similar in spirit to those made in the
“Report of the Solar Terrestrial Theory Panel to the Solar Terrestrial Divi-
sion”” of NASA. That Panel recognized that the theoretical effort was inade-
quate and suggested a number of specific steps to increase its level to bring
additional scientists into the field and to coordinate this activity as a whole.
These recommendations were solicited by NASA after funds in support of
theoretical research were obtained in response to the Space Science Board
study Space Plasma Physics: The Study of Solar-System Plasmas.
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1. The Role and Organization of
Theoretical Solar-Terrestrial Research

I'tie goal of solar-terrestrial theory is to achieve quantitative physical under-
standing and to develop models of the important physical-chemical processes
cccurring in the sun-earth system. This goal implies an eventual predictive
capability in which the phenomena can be anticipated on the basis of well-
founded principles. It is only through a predictive capability that crucial ex-
perimental tests and further research can best be directed and observationally
inaccessible questions can be dealt with.

Theoretical research is a key means of integrating the large body of infor-
mation that has been collected in each of the various subdisciplines of solar-
terrestria. research. Magnetic reconnection is an often-quoted example of a
vhenomenon that is believed to occur in many parts of the sun-earth sys-
tvin in the solar magnetic field, in explosive solar flares, possibly at inter-
Manctary current sheets, at the magnetopause, and in the geomagnetic tail.
Here. a common theoretical problem is embodied in processes occurring in
these vastly different regions and provides a meeting ground for scientists
spevializing in diverse areas of solar-terrestrial research as well as in labora-
tory plasma physics.

As solar-terrestrial theory matures, it is expected that numerical models
will play an increasingly important role. It will, therefore, be necessary for
solar-terrestrial scientists to develop a better appreciation for the capabili-
ties and Limitations of numerical models and the ability to construct and use
themy. Analytical etforts, however, continue to play an important role in
artacking physical processes that have not yet been incorporated into the
numerical models.

As an cxample of the complementary nature of these theoretical ap-
poodches, one can point to the study of stellar interiors, where numerical
models are absolutely essential but to which analytic theory contributes im-
roriant results. Solar-terrestrial theory will advance best with a mix of con-
tributors. Large groups, small groups, and individuals can all play a role in
& nstructing numerical models to test and improve our understanding of
large-scale systems, as well as being sources of innovative and critical thinking
shout the hbehavior of particular components or processes.

The ceupling of theory and observation provides mutual support for an
cvera!l wrowth in understanding. In the absence of experimental results
theory wan tecoine unrealistic, yet it is important that theorists have a mea-
e ot ndependence from current mission requirements. Working in advance
ot abwervations, theory can offer new insights that may suggest new types of
expeniments. Theoretical estimates of heretofore unmeasured parameters are
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also needed to optimize forthcoming experiments. Similarly, if experimental-
ists seek to measure only predicted effects, progress in unexpected directions
can be himited.

Although the interpretation of data is often mentioned as an important
wask for theory, it is not necessarily one of its key functions. The principal
responsibility of theorists is to point out new relationships, find unifying con-
cepts, and suggest new experiments. The actual analysis and interpretation of
data are best left to experimentalists, who are familiar with the limitations of
the data.

There are several concrete organizational and policy steps that will aug-
ment the theoretical effort and enhance the scientific productivity of solar-
terrestrial research.

1. Definition teams for space missions or ground-based facilities should
continue to include theorists, whose role is to focus observational research on
Key ques.ons.

2. Similarly, theorists should be included as Guest Investigators at obser-
vational facilities, including ground-based instruments supported by various
agencies as well as the NASA spaceborne observatories.

3. In order to maximize the scientific return from numerical modeling,
dissemination of computer codes should be strongly encouraged. The com-
puter codes should be well documented and written in a standard computer
language.

4. We likewise encourage the dissemination and archiving, where desir-
able. of numerical solar-terrestrial data in a manner that will allow wide
accessibility. Only a small fraction of the acquired numerical data is analyzed
and published. However, interest in these data may be generated by future
research. The problems of storage and retrieval of different data sets have al-
ready been discussed in Chapter 3.

S. The increased development and use of large numerical models in solar-
terrestrial research may have important implications with regard to existing
computer facilities. At present, the computer facilities available to solar-
terrestrial theorists seem adequate. However, in the late 1980’s the lack of
adequate computer facilities could seriously inhibit future modeling eftorts.
In the mid-1980’s the solar-terrestrial community and the appropriate fed-
eral agencies should consider ways in which to improve and/or replace the
existing computer facilities before they become obsolete.

2. Significant Problems in Solar-Terrestrial Research

The richness of solar-terrestrial observations presents a difficult challenge to
theorists: Which problem should they work on? Problem selection requires
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judgment and insight. Too often, theoretical effort is expended on explana-

tions of (often striking) observations that are only a minor aspect of a more t4
fundamental process. It is important to the productivity of solar-terrestrial ;
(teoiy that its limited human resources not be diverted to problems that are 1
mitnguing but that have little overall importance. Perhaps a theorist should ]
s>k How will solving this problem help to build a predictive capability?” >

In every area ot solar-terrestrial science there are many subjects for which '4
iovearch will build a predictive capability. The discussion that follows is in- ]
tnded to femonstrate this point by selected examples. It is by no means a ]

complete list and should serve only as an indication of the type of research
ti.at a theory program should undertake. Other examples will be found in the
Jdiscussion ot each discipline below. 4
The issue of constancy of the so-called solar constant can be addressed by
computer models of the soiar convection zone. The questions to be answered
meiude: What relationships exist between the solar diameter and the solar
famimosity and spectral irradiance? Are there solar luminosity variations with )
sinphiudes and time scales of climatological significance? »
The interplay between solar plasma velocity and magnetic fields controls g
short-term solar variability. Processes leading to intensification, dissipation, or
reconnection of magnetic fields are of prime importance and amenable to
computerized studies. Initial work has been done in both solar physics and in '
allied fields such as fusion research. An accepted model of how convection
intluences the sunspot cycle is not yet available, and there are competing
:nodels (e.g., dynamos versus torsional oscillations). Theoretical work should
attempt to identify distinguishing observational consequences of the various
models. An understanding of heating and solar-wind acceleration in realistic ]
magneiic geometries at high altitudes in the solar corona is needed, because '
these processes control the fluxes of solar-wind particles arriving at the earth. ]
“ost of the variability in earth-solar wind interactions derives from |
chanzes in the solar-wind particle concentration and velocity and the orienta- )
tion of the embedded magnetic field. Three-dimensional computer models Ij‘
with correct treatments of thermal conductivity, anisotropies, non-Maxwell-
iun  velocity distribution functions, and hybrid fluid/kinetic physics are _
needed as tools to examine the creation and propagation of solar-wind §
] structyres, d
The magnetosphere-ionosphere system exhibits a wide variety of phe-
ronena collisionless shock, velocity shear layers, large-scale waves, neutral
wands, and chemical reactions among both neutral and ionized species. The
teea s to study the individual processes in detail and to incorporate this
-rowledee into large-scale computer models of the magnetosphere. One such
svaeple noaostudy of “collisionless™ viscosity at the magnetopause and
s oettocts on plasma flow in the magnetosheath region. Detailed studies of
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cullistonless viscosity should be carried out with realistic representations of
large-scale tlows, since the choice of boundary conditions is critical. It is
through this incorporation of microscale phenomena into the global-scale
icture that magnetospheric physics can progress beyond the “cartoon”
representation that has been prevalent for the last decade.

Energy input into the atmosphere from particles and ionospheric currents
drives thermospheric circulation and causes changes in atmospheric chemis-
try. This area seems particularly important since chemical changes can affect
both optical and infrared opacities, thus altering the earth’s absorption and
emission properties. Computer models, which are only just being constructed,
will play a major role and must be coupled to advances in our knowledge of
atmospheric chemical reactions.

If solar-terrestrial theory is to deal effectively with this vast array of prob-

lems. then the level of theoretical effort must be increased. Tk’ up
should be accomplished by a steady and sustained increase over .al years
rather than by a sudden change in the support level. Abrupt .uidups are
rarely appropriate and successful only in fields where the prob -~ have

been well formulated and trained persons are already available. The recent
theory initiative of NASA is an excellent first step toward this end.

If solar-terrestrial theoretical research remains at its present level, the
1980°s will see some good scientific progress, but only in selected areas. The
present program, even with the addition of the NASA theory program, simply
does not have enough manpower to support a coordinated research effort in
STR. In conclusion, it is perhaps well to remark that in any branch of science
it is the advances in theory such as the codification of ideas, the formulation
of unitying concepts, and the clarification of relationships that elevate the
field tfrom a descriptive subject to a quantitative science.

II1. DISCIPLINE IMPLEMENTATION PLANS

The tollowing sections differ considerably in length and in the detail of the
discusstons of observations and instrumentation. These differences must not
he construed as implying a differentiation of priorities among the disciplines
considered. Rather, they reflect the tact that for some disciplines we are able
to refer to recent studies published by the National Academy of Sciences.
whereas for others it has been necessary to incorporate details regarding pro-
posed new programs and instrumental techniques not covered elsewhere.

Cross-references to the scientific recommendations are given where appro-
priate.
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i.  1hv Sun

foo soeiaphishinent of the scientific recommendations suramarized in Chap-
tor D ecgaites that emphasis be given o selected areas ot esearch in solar
sonc Peachieve the voal of long-term study of the solar constant and solar
<ot sradieree (Recommendation L) will require a program to pro-

(oocdiometer development and the improvement of radiation standards.
Sy sttt mstruments and opportunities on other spacecraft need to be
Gornrred o s end, with assurunce of their continuity as well as the inttia-

o dedicated. fone-term programs that measure solar spectral irradiance
tore the ground, These ground-based eftorts are an essential part of a realis-
Progran tor apace. as 4 butter against program interruptions or failures

o dr e wizntitic complement that can extend the range of solar parameters

atare recorded.

Nemficant proaress toward the goal of understanding solar activity and
o varisbiliny tRecommendation 1.1.b) will depend on a number of dittfer-
>t observatonal and theoretical eftorts. These include the tull utilization of

slenned Solar Opucal Telescope (SOT). with its ability to realize an

Jder-ot-magnitude improvement in spatial resolution over extended periods
¢t ume. This capuability offers the possibility of resolving more of the de-
ratled processes that produce sunspots and active regions that lead to the
cocuirence ot solar flares. Advances of a different but equally important sort
w il come from observations of the global sun: of surface velocity tields and
i ontended magnetic fields that combine to produce the known cyclic be-
Foavtor of solar activity and ot conditions beneath the visible surface of the
.o where energy s transported and transformed and perhaps stored. Minute
Cariations i the figure of the sun. it observed, can be related to changes in
enn conditions and possibly to small changes in solar luminosity. The
Soniads o possible or expected solar variability can be identified by sampling
“he luninosity and spectral variations of other stars like the sun, ie., through
L prosrant of monitoring a selection of nearby G. K, and M stars.

Provress o understanding solar variability relevant to solar-terrestrial re-
cavdh reguires a theoretical attack on the various aspects of the solar gas

dvnermues and ot the physics ot the interior ot the sun and the subsurface

cowvection zones As vet unsolved are questions regarding the coronal pro-

coay that ead to the preducnion and modulation of the solar wind and the
Srvac b processes that produce solar Hlares, Continued eftort is needed as

S iecovenng mnaices of ihe past history of the sun. utilizing natural,
A drcatons suchoas treesiing radiocarbon and longer-lived isotopes such
~oonchan- 100 m sea und fee cores.

Weostess thar wlvances i the solar-physics aspects of a program in solar-

cavtesinian ievranch o wal require emphasis on theoretical understanding and on
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Jdats reconstructions to complement a program of new observations. Observa-
itons, in turn, are needed from a program involving spacecraft, rockets, and
wodern ground observatories. A selected list is given below of needs in each
of the oreas that we believe constitute such a balanced program.

cab o round-Based Observations

11 Solar Luminosity and Spectral Irradiance  Programs to monitor the solar
conistant and solar spectral irradiance (Recommendation 1.1.a) from outside
the carth’s atmosphere have been recommended in a number of recent na-
tional studies, and a new generation of measurements have now been initiated
on spacecraft such as Nimbus 6 and Nimbus 7, the Solar Maximum Mission,
and Spucelab, These techniques, if pursued for a long enough time, hold the
arowiise of defining the limits of short-term variability in these important pa-
raumeters, [t is equally important to augment these studies with ground-based
messurem-nts to ensure continuity and to provide valuable auxiliary informa-
ton. Somie of the new techniques are described in the NOAA-sponsored
sitrdy on ““Monitoring the Solar Constant and Solar Ultraviolet.” Indirect di-
acnostics such as measurements of time variations in the solar diameter, of
the depths of central temperature-sensitive lines, and the photospheric limb-
Jurkening distribution have been put forward as possibly fruitful methods.
These ground-based techniques require investigation, since they may offer
wavs of following solar-luminosity variations at low cost from ground level
over long time periods.

riil Low-Velocity Facility  We recommend the development of several in-
struments at geographically separated sites to allow simultaneous measure-
ments of mass circulatory movements on the surtface of the sun (Recommen-
datien 1.1.b). The mapping of velocity fields on the sun’s surface and the
identification of patterns occurring before and during the emergence of
sotive regions, will illuminate the dynamics ot this process. Through the use
of high spectral resolution and moderate spatial resolution. such instruments
«.uld sense small Doppler shifts from global-scale and smaller features. A de-
sizn godl would be a velocity resolution ot | m/sec, a spatial resolution of
S sec of are. and an ability to scan the disk of the sun once per hour.

it Oscillations and Secular Changes in the Solar Diametcr Measurements
of osctllations in the figure of the sun provide a unique way of probing in-
terior conditions that could lead to a better understanding of processes of
energy generation, transmission, and storage (Recommendation 1.1.3). An
important step could be made through relativelv straightforward upgrading
and use of the existing Santa Catalina Laboratory for Experimental Relativity
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By Astivinetry (SCLERA) instrument at the University of Arizona and the
coveloprient of several simple inst: iments to measure possible changes in the
solos diatneter and tigure of the sun, Changes at the level of 0.005% (0.1 sec
or eo)ivicht be expected to accompany small changes in the solar luminos-

iy, these Could conceivably provide an auxiliary monitor of solar constant

(s becr o Magnetograph  Continued support should be provided tor in-
= stracnts to o detine vector magnetic fields in the solar photosphere and
’~_ chromesphere (Recommendation 1.1.b). Instruments with this capability
] Ao exist at N ASA/Marshall Space Flight Center and Mees Solar Observatory
2 Hawart Almost all of our present understanding of solar magnetic fields
is hased on complex surtace tields. The observational gap has particularly re-
stricted our understanding ot the physical nature of flare-producing regions.
A vector magnetograph or Stokes polarimeter is currently envisaged as one
! ~1 the focal-plune instruments to be carried on the SOT: to realize the full
potential of this orbital instrument, at least one ground-based polarimeter '
should be supported.

Tie complexity of polarimetric analysis makes it imperative that the tech-
migue of observation and data reduction be developed carefully on the ground
first ( Recommendation IL.5).

(v Glibal Magnetic and Velocity Fields Careful study of global-scale velo-
ity tields at. tor instance, the Stantord Solar Observatory has yielded inde-
pendent evidence for oscillations of the solar convection zone and deep _
interior. on the time scale of hours (Recommendation 1.1.b). Sensitive mea- )
suicments of the global-scale magnetic fields have yielded usetul evidence on
siow validtions in large-scale magnetic structures, such as the extended areas
of net umpolar field. associated with coronal holes. These measurements will
continue to play an important role toward defining the basic mechanisms of
solar variability.

"j-‘*‘ “,‘. P

‘vi) Newtring Astronomy Two areas of solar-terrestrial research can help to
resolve the current dilemma of a surprisingly low neutrino flux from the sun.
These are empirical and theoretical studies of relevant nuclear cross sections
and neutrino litetimes and continued development of second-generation neu-
rine detection devices capable of sensing low-energy neutrinos produced in
the wrparate and independent steps of the solar nuclear-reaction chain (Rec-
ommendation b 1.a).

Detectors using gallium, lithium, thallium, and indium are now under
~tudy at the Brookhaven and Argonne National Laboratories and the Bell
Laouratorics. The present observational limit of a solar neutrino flux at least R
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three times smaller than expected theoretically raises questions with pro-
found implications in many fields. including the possibility of secular changes
in solar-energy production in the core of the sun. The present measurements
have been extremely valuable in posing the problem. Yet the measurements
come trom a single observing station and are based on a necessarily inefficient
detection system that senses only the highenergy tail of a neutrino distribu-
tion for one relatively insensitive step in a hypothesized chain of nuclear
processes. The recently proposed neutrino mass can affect the predictions
substantially.

(vii) Steller Observation Facility  Insights into solar variability can be
achieved by the utilization of existing facilities such as the 60-inch Mt. Wilson
telescope to moenitor short- and long-period variations in other stars of solar
type (Recommendations I.1.a and 1.1.b). Parameters of interest are continuing
brightness and spectral-line variations on time scale of days to tens of years.

th)  Suborbital Observations

Rockets continue to perform an extremely useful function as they have over
the past decade as vehicles for powerful high-spatial-resolution ultraviolet
spectrographs and ultraviolet coronographs (Recommendation 1.1.b). They
ar2 also commonly in use as vehicles to carry radiometers for measurement
ot the solar constant and spectral irradiance (Recommendation 1.1.a). Con-
tinued support is needed for rocket programs to develop new spaceborne in-
strumentation (Recommendation I1.5) and also as a cost-effective vehicle for
observations that do not require continuous coverage.

(¢) Spacebome Observations

(i; Solar Constant and Spectral Irradiance Instruments A dedicated and
highly visible program of support is needed to bring to reality the oft-cited
couals of long-term solar constant and solar spectral irradiance measurements
(Recommendation 1.1.a). An immediate development program is needed to
hring about major improvements in solar radiometer design, stability, and
Lihoratory standards. A carefully planned 22-year program to make use of
apportunities on the Space Shuttle and other missions needs to be formulated
and implemented with assurances of continuity. Crucial to its success and
viability s the involvement of practicing scientists trom the solar-physics
community. In the spectral irradiance program, particular emphasis should
r¢ placed on detining the nature of photon flux variability in the 1500-3000
A region, where solar fluctuations are of particular importance to the chemis-
trv of the upper atmosphere.
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(ii} Solar Optnical Telescope (SOT) The SOT will provide images with 0.1
se of are spatial resolution of surtace features of the sun to an interchange-
«le arrav of instruments. including a filter magnetograph and high-dispersion
optical and ultraviolet spectrographs (Recommendation I.1.b). SOT missions
sie contemplated to last about a week. To take full advantage of the flexibil-
1y of this unique facility, there should be regular re-flights, as originally
planned.

td; Theorctical Studies

A balanced program to study the basic mechanisms of solar variability will
require theoretical investigations including the following topics:

!. The investigation ot physical mechanisms leading to possible variations
i solar luminosity (S) on levels and time scales of climatological significance,
ic.. AS'S~ 107, r > 1 year (Recommendation I.1.a). Modeling of the solar
convection zone to determine better the possible connection between such
parameters as the solar diameter and the photospheric heat flux, and influ-
ences of variable magnetic fields on the total luminosity.

2. The continued study of physical processes leading to the intensification
of strong magnetic tields. their emergence at the photosphere, and their dis-
persal and ohmic dissipation (Recommendation 1.1.b). Such a study will
require modeling of solar convection, with efforts to incorporate compressi-
tlity and magnetic Lorentz forces. The effects of the convection-zone kine-
inatics, derived from these models, on magnetic fields in the solar interior
require study in the context of dynamo theory and other concepts such as

irsional oscillations. The general topic of magnetic-field behavior in a turbu-
ent tluid must be investigated to learn more about the transport, stability,
sind dispersal of the tields over the range of spatial wave numbers observed at
e photosphere. The decay of magnetic fields of opposite polarity in such
turbulent velocity fields is still poorly understood. How does reconnection
proceed? What role does the consequent ohmic dissipation play in the heating
ot photospheric. chromospheric, and coronal structures?

3. The further study of the dynamics of the corona, particularly in order
to understand the relative roles of energy and momentum deposition in the
acceleration process of the solar wind (Recommendations I.1.b and 1.2.a).

4. The study of waves in the solar interior, in order to determine their role
S tramsporting energy and angular momentum, and in the possible mixing of
the nuciear hurning core with outer regions ot the solar interior. This would
mehide oomtinued close analysis of the acoustic p-modes as a usetul diagnos-
tre ot comeection zone conditions (Recommendation 1.1.a).

<. The continued detailed study ot conditions that produce flares, possi-
Sy leadine oo eventual ability to predict them. A close study of flare
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. study the likely role of instabilities causing the flare eruption.

¥ (<, Data from Other Fields

Almost all of our hard knowledge of long-term solar behavior, including the
existence of periods of anomalous behavior such as the Maunder Minimum,
has come from proxy indicators such as tree-ring radiocarbon dating. Other,
longer-lived isotopic tracers of solar activity such as beryllium-10 studies of
sea cores and ice samples promise to extend our knowledge of solar variability
as much as a million years or more into the past. The natural samples that are
the basis for these studies and the methods of analyzing them (such as the
conventional radioactive decay measurements of radiocarbon or new nuclear
accelerator techniques) are in fields of science that are not traditionally
tunded through solar- or atmospheric-science agency offices. Tree-ring labora-
tories and radiocarbon analysis facilities are traditionally underfunded and
short staffed. As solar studies come to depend increasingly on these data
sources, provision should be made to provide STR support for such studies
and tor the facilities that are used.
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: precurscrs, such as changes in velocity patterns, oscillation modes, or mag- j
T petic structure, will be required. More refined modeling of the basic flare ‘
o crocess will be required to understand the acceleration ot high-energy part- d
‘ icles und the nature of the continued heating in the decay phase. The mag- ;
netic stability of loop configurations must be investigated in more detail to |

q

i

O |

Iy

.

2. The Interplanetary Medium

The particular aspects of research in the interplanetary medium emphasized :
below are linked with the achievement of the scientific recommendations

presented in Chapter 2. The discussion of existing modes ot ground-based ob- :
servations below is not intended to suggest that the development of new ideas ]
or techniques should be excluded. High priority should be given, for exam- {
ple. to the coordination of observations of optical/x-ray flares, radio bursts,
coronal transients, and interplanetary scintillations (IPS) resulting from mass
ciections and shocks. We give only a short discussion of some spacecraft mis-
stons, because a detailed and thorough discussion of them is available in a
recent report of the Space Science Board, Solar-System Space Physics in the
198105 4 Research Strategy . (The major recommendations of that study are
reproduced 1in Appendix A and in the NASA design study for the mission
“Qrigins of Plasmas in the Earth’s Neighborhood.™)

° In the following., we discuss those diagnostic observations obtained with
ground-based and space techniques that we believe to be the minimum
needaed for both theoretical and modeling studies that tulfill the intent of the
scienee reconnmendations in this area.
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o, Ground-Based Observations i:
]

i1 He 1t Observarions He 11 10830-A observations (like those currently car-
iled out at Kitt Peak. tor example) should be continued (Recommendation {
i.2.1). These images ot the solar disk provide a monitor of suspected coronal
holes that appear at the solar east limb and then march, often with changed
geometry. toward the central meridian. These solar image observations can be
corteiated with solar-wind-stream interactions detected by in situ techniques
and help to detine boundary conditions for solar-wind flow near the sun.
They thereby reveal certain features of the heliosphere’s structure and are al-
ready used us an early predictor of sustained activity.

g §

Rud DA

iy Radio Spectrographs and  Interferometers  Radio spectrographs and
mterterometers (like those at Fort Davis and Clark Lake and the DOD SOON/
KSTN* sites. for example) are needed to provide information for distinguish-
mng the various processes (energetic particle streams, shocks, or trapped par-
ticles) that give rise to radio emissions. These observations are essential for
nuplementation of Recommendation 1.2.b on solar disturbances and the
mterplanetary “transmission line™ because initial solar transient conditions
{Type Il electrons. Type Il shocks) can be determined in this way. These ob- ‘
servations also provide data on the three-dimensional structure of the helio- ’
sphere (Recommendation 1.2.a).

Nt "

i) Neutron Monitors A minimal network of neutron monitor stations
aocessary for implementing three-dimensional studies of cosmic-rays with

BENAERT I
IR )

energies > 1 GeV should have cones of acceptance as follows: (1) perpendicu- 1

lar te the ecliptic and at locations for which the threshold imposed by atmo- ]

spheric und geomagnetic cutoffs are 2 GeV and 15 GeV, respectively, and

(2) a high-altitude station at a location where the threshold is atmospheric

rather than geomagnetic. The neutron monitor data address the basic na- .i

ture of the heliosphere (Recommendation 1.2.a). To achieve the goals of 1

studying heliospheric anisotropies that arise from various transient phe-

nomena and their energy dependence (Recommendation 1.2.b), it is essential AR )

that the existing group of strategically located sites (maintained by the

United States) be continued. !1

(i Intcrplancrary and  Spacecraft Scintillations  Scintillations of  radio ;

woves o small-diameter radio sources provide important information on .
[ : solai-wird velocity and turbulence throughout the heliosphere on a regular ]
( : bust (Recommiendations 2.0 and 1.2.b). Spacecratt telemetry signals can !;
- | g
- i “CovaN Lnd RSTN are abbreviations tor the Solar Optical Operation Network and the ]
- f Poardto Sorar Felescope Network, respectively.
‘ 2 . L,
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alsu be used occasionally to probe the lower corona. Studies of this type
(those conducted by the Jet Propulsion Laboratory and University of Califor-
nia at San Diego, for example) should be continued and strengthened. These
observations, preferably coordinated with those at the iPS facilities in Japan
and India through the international program (STIP, Study of Travelling Inter-
planetary Phenomena) of the Scientific Committee on Solar-Terrestrial
Phy sics (SCOSTEP) would provide valuable information from as yet inacces-
sible regions close to the sun, following the recommendations on the basic
and disturbed interplanetary medium, During transient solar activity, Recom-
miendation 1.2.b would be served especially when coordinated with items (ii)
und (iii) above.

(b)  Suborbital Observations

We do not consider that observations in this category can, at the present state
of the art, be given a high priority for studies of the interplanetary medium.
However, as in the other specific disciplines, rockets may provide a means of
testing innovations in instrumentation.

(c) Spaceborne Observations

As noted in our introduction, specific new spacecraft plans for the next de-
cade have been considered in detail in previous studies, and we fully support
those recommendations. Hence we consider here only recommendations for
continued observations and the use of data from currently operating space-
craft. We also make some recommendations for instrumentation and future
mission planning.

(i) Continued Observations The present network of deep-space probes,
near-carth monitors, and ground-based observations should be exploited as
fully as possible by coordinating multiple spacecraft observations of both nor-
mal conditions (Recommendation 1.2.a) and nonroutine special events (Rec-
ommendation 1.2.b) and by establishing mechanisms for rapid response. Ex-
amples follow:

e Continued tracking and extended mission for Pioneers 10 and 11 and
Vovagers 1 and 2 will enable us to explore for the first time the outer regions
ot the solar svstem and will permit the study of the evolution of the helio-
sphere over one or more complete 22-year solar cycles.

¢ Simultaneous observations using imaging FUV, XUV, and x-ray photo-
spectrometers and white-light/Lyman-alpha coronographs would relate the
solar and terrestrial ends of the sun-earth system. Missions that incorporate
these techniques (such as Solar Maximum Mission, P78-1, System '90. and
Pin-Hole Camera) should be encouraged.
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‘n; Long-Term Coordinated Observarions at 1 40 Plans should be de- »

veloped for missions near 1 AU at supeérior conjunction permitting continu- ’

s and i sine solar-wind observations with plasma. magnetic field, ener- 1

3

¢

b

3 - .

1 vetic particle, and Kilometric wavelength observations of high-speed streams
. < shocks from coronal holes and tlares (Recommendations 1.2.a and 1.2.b). -
h In e datter case. imaging devices on spacecraft that could view the side of
b

b

o

de san not visthle from the earth would improve the reliability of predic-
tiecs, Toas especially important that adequate funds tor the analysis of space-
catt observatons from multiple locations be provided on a long-term dedi-
<aled basis. Coordinated studies of this type, like those conducted during the
? August 1972 tlares and more recently (in 1977) by Helios-1 and -2, IMP-7 and
¢

c =l

‘
. e
Adodadat

-x.isT . and Vovagers 1 and 2. provide synoptic material essertial tor an
understanding ot the sun-earth linkage.

1t 1y also important to continue long-term in situ solar-wind observations at
I AU in the vicinity ot the earth, The 1St 1-3 payload made a start, which
siiould be  ontinuea by the Interplanetary Laboratory (121 ) of the Onigin of
Plasmas in the Earth’s Neighborhood (0PE N) mission and payload capabilities
taitiier developed tor the tuture.

PPN SN N )

we -
. g

caic Intorplinetarv-Magnetosphere Coupling Studies 1t is of particular im- -
pertanee that we understand the coupling of interplanetary disturbances to ’
racnctospheric processes  (Recommendation 1.2.¢). For example. two
s hooly ot thought are prevalent at this time. In one, it appears that solar-
A enerey can be stored within the magnetosphere and explosively released 7]
. o the mapact of a solar-wind disturbance (the arrival of a shock wave, or re- )
' coniection ot the field lines at the magnetopause). In the other, it appears
(et a fraction (of the order of 1 percent) of the energy in the solar wind inci- 1
1
]
|
B
d

dent on the magnetosphere can be transtferred to the magnetosphere with un
eticiency that depends on the orientation of the interplanetary magnetic
fieid cernied by thie solar wind. ]
A combined theoretical and observational prograni is needed. The latter
sheddd indlude dedicated monitoring of solar-wind plasma and magnetic fields
ot the type provided by 181 F-3, together with geophysical index monitoring
o e chictarbance, storm) and AL (auroral electrojet). The tormer should
el e two-nmensional and three-dunensional magnetohy drodvnamic com- ’
pot o e of solar-flure and coronal-hole disturbances and ther propa- :
vt s o ~dn to the earth The simuloted results should be compared
ci o cavations apstream from and at the carth, Ideally . chservations made "
qeds b sanoundom the interplancetary medium would improve multupomt ‘
ventcation of odr ideas about the sun-interplanctary -magnetosphere con- i
cootivn . The causeand-ettect chain should be checked with abservations m P
the riszictosphere of the type to be provided by the OPE N mission i order

s the Bivpothe es o storaee and release of eneryy
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(iv) Heliospheric Boundary Probe  Planning should start for a probe to the
hehospheric boundary (Recommendation [.2.a). Our horizon is at present
being extended by Pioneers 10 and 11 and Voyagers | and 2. Because an
understanding of the general structure of the heliosphere is essential to an
understanding of STR, it is important that our exploration ot critical regions
of the heliosphere continue. They should be followed by a spacecraft with a
sensitive, sophisticated instrumental complement to search for the heliopause,
which, according to best current estimates, is possibly beyond 100 AU. Infor-
mation on its existence, structure, and location will have an important bear-
ing on solar-wind parameters, turbulence, and cosmic-ray modulation at the
carth’s orbit of interest to solar-terrestrial research.

a

® o
ddes Adaddo

VN P S Y Y

iv) Instrument Development In order to use more {ully the opportunities
that future missions are expected to provide, we urge that the following ureas
of instrumental development be encouraged: 1

o Experimental systems for a solar probe mission (i.e., Star Probe), '
capable of withstanding thermal stress and offering large dynamical range. »

e Solar-wind 10on-mass spectrometers, providing better ion-mass resolution
and taster time resolution. The study of the rarer ionic species would benefit
substantially trom the development of detector systems with larger collection
rates.

e Innovative and coordinated instrumentation, developed to study the
most significant aspects of turbulence and fluctuations in the interplanetary
medium. Close collaboration between experimenters and theorists should be -
encouraged for defining experimental design and goals. ]

e Cosmic-ray detectors, able to measure particle charge states in the ®
cnergy range from 1 to 10 MeV/charge. The development of large-area -
detectors to study particle composition, three-dimensional anisotropics, and
tast timie variations is also desirable. e

(d) Theoretical Studies .

Several processes in the interplanctary medium, the theoretical study of ]
which would serve the goals of both Recommendation 1.2.4 (steady-state -
striucture) and Recommendation 1.2.b (transients), are noted below., {

A comprehensive study of physical processes in the interplanetary medium .<
quist focus on some of the specific individual problems whose understanding {

iv cosential it the overall goals are to be realized. NASA’s Solar Terrestrial
Theory Program 1s makinz a good beginning on this.

(11 Chargced-Particle Propagation and Transport - We must understand how (]
poneemeal processes. including transients in the interplanetary medium, are
dtiected and controlled by the three-dimensional structure ot the heliosphere.

fe s L Al e a_a_ s P P APy U PP, UL "SI S S, N SR T U VYRR iy SRR Sty 0 Ty T SIS P S



- -

| SRSt S A N v LA e Rates i St Tl it et A0 At~ B Al i Rl B d Sadi I N A e A S
. ~

; } REPRODUICED AT GOVERNMENT F¥PENSE
" @ ! )
!
e 4
' Congemien enon Gogly for the 1980 53 N
it necessary that we develop a theory of charged-particle propagation in the B
mterplonetary medium. This is an important aspect of implementing the rec- '1
canaendation on the steady-state heliosphere. |
1
o dntorslanerary Acceleration Processes  Theories of solar-wind particle P
doedictation by propagating shock waves or by planetary bow shocks are )
iceded. As in the propagation theories mentioned above, the understanding .
¢t oinese aceeleration processes also requires a knowledge of the nature of 4
veiorplanetary fluctuations and of how particles propagate through such tluc- ’
ti.ations. Although current efforts have demonstrated good agreement be- ~4
iwern numerical experiments and theory, these show serious discrepancies g
Wit ohservation. It must be that some important physical processes are miss-
g iresn the numerical and theoretical models. Two approaches are currently ]
cone cadied. The first is the stochastic acceleration of particles by shock
w.ves and turbulent plasma ahead of or behind these shocks: the second is a -
e tR dnitt set up by the Vox B tield in the shock trame. Both of these 3
conicadhos should be tuly exploited, together with ¢onsideration of the ]
swotal tfow tields provided by modeling and observational studies. -]
U fwroudesce and Fluermarions To understand the observed nature of '
ploseie and mugnetic fluctuations, a vigorous effort involving analytical and )
nunieiical techniques is necessary to answer such fundamental questions as
‘e dollevane. 1 fluctuations are waves, then which wave modes predominate,
< ' wdnov Lo they evolve in the solar wind? It these tluctuations are “turbu- )
..- ferice.”” then what is the statistical nature of this turbulence? Other aspects

will require new missions, as noted above, in which experimenters and theo-
sste collaborate closely on experimental design and goals.

. . -

L o Maencrohvdrodyvnamic Modeling  Related problems requiring contin-
Lot not increased, attention include the development of magnetohydro-
"vamie time-dependent two- and three-dimensional multifluid codes, includ-
g anomalous™ transport coefficients. Self-consistent models, including
Pagher-me mient equations, are necessary to examine non-Maxwellian distribu-
nen functions, anisotropies, particle beams, heat flux, and thermal conductiv-
ties. Fas essential that the theoretical computer modeling of shocks, various
Aivcortinumties, and Altvén waves be compared with @ siree observations and
oound-nased observations. These theoretical studies provide a codification of
e vieds and a tormulation of unifying concepts. These studies should proceed
nosteir own ondependent course instead of attempting to explain specitic
o envations. Therr results should be compared with observations from several
v urees when deemed appropriate by the independent theoretician.
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4

3 Magnetosphere-lonosphere

The accomplishment of the scientific recommendations presented in Chapter
2 requires that a specific research program be carried out in the magneto-
sphiere and ionosphere. A quantitative understanding of the physical mecha-
aisims governing particle and energy transport in the near-<arth space environ-
ment requires a carefully planned program of spacecraft, rocket, balloon, and
cround-based observations. In situ measurements with spacecraft in the solar
wind. i high-inclination orbits, and in the distant magnetotail are essential to
vain an overall view of magnetosphere energy-transfer processes. These
measurements must be complemented at times with balloon observations,
Frch-lititude rocket experiments, and appropriate ground-based measure-
ravnits tor the detailed study of small-scale structures.

An implementation strategy for space-based studies of solar-system
piasmas in the 1980’s has been developed by the Committee on Solar and
Space Physics (CSSP) of the Space Science Board. The main recommenda-
tions ot their study are reproduced in Appendix A. Their strategy has four
mdator elements: a two-satellite atmospheric research effort [the Upper Atmo-
sphere Research Satellites (UARS)], the four-satellite magnetosphere-inter-
slanetary research effort (OPEN), a Shuttle-based program for solar physics
thut bevins with the Solar Optical Telescope (SOT), and the Dynamics
F-xplorer. This strategy is compatible with the science discussions in Chapter
S and is central to future national efforts in solar-terrestrial research. Because
these elements of the CSSP strategy are covered in depth in their report, they
wre only outlined briefly below in Subsection (¢).

Ou. implementation strategy for ground-based and suborbital studies of
solar-sy'stem plasma processes is based on the scientific discussions and result-
1 recommendations in Chapter 2. Ground-based and suborbital observations

* the ionosphere and upper atmosphere at high geomagnetic latitudes will be
« i zreat importance in the next decade to furnish crucial information on mag-
“.2tospheric processes. The advantage of passing relatively slowly through the
v.aious jonospheric projections of magnetospheric regions offers important
opportunities tor seeing temporal and spatial variations, which are often
“ised or are difficult to interpret from satellite observations.

i Ground-Based Observations

‘1 Integrated Station Arravs and Unmanned Stations  Developments in
clectronics and sensor technologies have provided, during the last decade. a
creatly increased capability for “conventional” geophysical instrumentation
stich as magnetometers, riometers, and VLF receivers. Similar improvements
ave been made in data acquisition, transmission, and processing techniques.
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Lrean s oi bservatories with such instrumentation are now being used to pro-
Jeoeareal-time information on the state of magnetosphere-ionosphere
creracitons tor peneral predictive purposes. They are also being used to per-
he coctiate assessment of complementary data sets (e.g.. auroral radar,
wreilirepore detectors), where information on important boundaries in the
. tosmsctosphiere such as the polar cap, the equatorward border of the auroral
caoi i plusmapause, and substorm-disturbed regions is a requirement (Rec-
o petidation L3al).

[he vent decade should feature the continued development of more effec-
i low power data-acquisition and preprocessing systems for use in remote
io_ i the Antarcuica, where, up to now, it has been almost impossible to set
up Lty with optimum station spacing. These arrays should involve remote
to o aanes ehservatories, possibly powered with energy extracted from the
Lo eranenment. There will be a need to develop high-quality software for

v nage and display of the various types of data that will be acquired.
I .e'her with the advanced development of remote array capabilities
; Jooand e the continued operation (either manned or unmanned ot a combi-
cotien tiereotd of a high-resolution array to monitor continually the mag-
cenoapberie energy dissipated in the near<arth environment. A chain. like
' hat o the Alaskan sector, could be connected for data acquisition to other
i by stantons e the Scandinavian sector to achieve a transpolar configuration
seml slong o omagnetic meridian. Such a configuration is of fundamental
“upectance toostudy, on a continuous basis, noon-midnight and dawn-dusk

: Cvnmetnies off the entire polar cap and the auroral oval current system.,

: iir (o heroee-Scarter Radar  The coherent-scatter radar technique is based

1 the mewsurement of the Doppler shift of VHF radio waves scattered from

Cwvine plasma irregularities associated with ionospheric currents. Through

ihe use of iange-gatung techniques and two multiple-beam receiving antennas,

Aosely packed set of drift velocity measurements (about 400 points dis-

1-hoted over an jonospheric area of about 230,000 km?) can be obtained

“.m those regions where ionospheric currents are present with sufficient

rensily to establish the irregularities required to scatter the VHE signal
tiRecommedation 1.3.b).

In ordei 1o obtain appreciable coherent scattering, the probing radio waves

imust be directed nearly perpendicular to the local magnetic field at the iono-

phene beight where the irregularities produce the scattering. This condition

ceonmes mereasingly difticult to satisty as one progresses toward the magne-

tie pole There 1s an observational threshold set by the relative velocity be-

faven clectrons and ions: when the ionospheric electric field is less than

¢ 13 mVim, there are too few irregularities to yield an identitiable re-
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Sesults from the currently operating STARTE radar system in Scandinavia
Loae poovided important new views of the distribution of the electric field
ot the warora, as well as the temporal variations ot the electric tield associ-
«icd waiih hvdromagnetic waves. In conjunction with satellite magnetometer
Gatd. it has been possible to obtain some new results on the atitudinal distri-
bauon of magnetic-tield-aligned currents. The economy of this technique
<houla tuster its deployment at several locations in the auroral zone, extend-
oo lengitude to yield an instantaneous view of plasma convection and the
quasi-de and transtent electric fields.

s facoherent-Scatter Radar - The incoherent-scatter (1S) radar technique
provides the local plasma density. lTon-drift speed and the temperatures are
Jeinved from the trequency displacement and spectral shape ot the received
<oab Pulsed 18 radar provides range discrimination with simultaneous
daltiple measurements of the received signals at designated altitudes. Using
voooaltitude protiles ot the derived densities, temperatures, and drift veloci-
tics. vne can deduce additional information about ionospheric electric fields,
b -region current densities, 1onospheric conductivities, Joule heating rates,
ren-neutral collision rates, E-region neutral winds, energetic particle precipi-
Lton characteristics, and ion recombination rates (Recommendations 1.3.a
and 1.3.b),

bor radar like that at Chatanika, Alaska, observations become difficult
when the electron density is less than about 10* ¢cmi™. For a monostatic
e dar, the ion-drift velocity vectors are obtained from spatial and temporal
averaves, Multiple receivers. such as those to be deploved around the Euro-
pean incoherent-scatter (EISCAT) tacility, can substantially improve the
spetial resolution of the velocity measurements.

Currently existing 1S radars include those at Chatanika (Alaska), Millstone
Hill (Muassachusetts), Arecibo (Puerto Rico), Jicamarca (Peru), St. Santun
(France). and in northern Scandinavia. The establishment ot an 1S radar at a
vory hieh geomagnetic latitude site is the foundation of our national plan tor
cround-hased studies of the polar cusp. the polar cap, and the high-lutitude
avice of the nightside auroral oval (Recommendation [.3.a).

o Optical Measurements  Three distinct categories of optical measure-
wents have provided a wealth of unique observations of the magnetospheric,
ionosphenic, and atmospheric environment. First, optical imaging on the
“ronosphieric TV screen’ provides information on magnetospheric processes
revealed in the torm of auroras (Recommendation [.3.a). Second, spectro-
woopIc o mvestigations provide a quantitative tool for studying the complex
Chemistiy ob jon and neutral species in the high atmosphere, particularly as

wied too metastable species and minor constituents (Recommendations

[ U S S )
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i 3. and L.3b). Third, interferometric measurements of selected emission
smies are a relatively low-cost means for obtaining systemaiic data of ion mo-
1oy ana neutral winds, important parameters for studying global thermo-
«ohernie circulation and magnetospheric convection (Recommendation 1.3 .b).
Opiical measurements of natural atomic or molecular emissions can be

veny cost-effective and should therefore take advantage of recent develop- )
»ants in detector technology. Innovation in some fundamental optical con- :1
cepts and radical changes in capabilities make possible new instrumentation. ‘]
The widely used photographic all-sky camera, imaging with light from the :
total auroral spectrum, weighted according to the response of the film used, ) 4

+ouid be replaced with electronic monochromatic imagers (e.g., image tube ’
ot chisrged-coupled diode arrays). Such electronic imagers, providing both

spatiat and spectral information, would replace not only the all-sky camera
Fotoulso the conventional meridian-scanning photometers. High-spectrul- _
resobition systems are needed for the observation of the daytime auroras at -
t' itose northern hemisphere sites where adverse solar illumination is encoun-
icvd Mulople-éralon Fabry-Perot interferometers would allow optical ob-
~onvations of dayside auroras. High-throughput spectrophotometric facilities
;e required to monitor the low level of optical emissions from the metastable
Lmospherie species. Optical Doppler techniques are now being used to mea-

Py

~ar. atmospheric winds fiom the ground and will in due course be made from ]
RS .‘
yahorbital Observanions ]

i Hudioons Instruments flown on zero-pressure balloons have provided in- ]
roonation onosuch variables as electron bremsstrahlung x-ray fluxes and iono- i"
sotwe ie electrie tields. all of which are important for studying a number of 1
worotesphere-ionosphere processes. In the tuture, zero-pressure balloon 1

ot

s el continue to be an eftective means of obtaining data at strato- 1
Sl hienchis mnosupport of active experiments and in conjunction with
coreeninited campaigns tfor the study of specific phenomena. A major new
et an ballooning technology involves superpressure balloons that

o uedd reeentlyoan the southern hemisphere for long-duration flights
coe aath minddie-armosphere objectives. At present, there is no well- '1
St cann 2 tor easily obtaining launch support for superpressure balloon ]
© B boon launch opportunities should be treated like satellite oppor- :
o e saentsic teams should be chosen from individually submitted )

©oror speaitic mission objectives.

s e Rocker Sounding rockets are the only vehicles able to trans-
vocren e mstrumentation for i site measurements in the 40- to 120-km-
vt segions they are dlso the only “slow-moving™ observation plattorms

. o el
. . . - e e,
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3 available at satellite altitudes. Rocket launches can be timed for specific geo-
b‘ physical (auroral) situations and often aftord temporal and spatial resolution
’ unattainable with satellites. The use of rocket platforms provides opportuni-
: ties tor graduate students to conduct original research for advanced degrees,
opportunities that essentially no longer exist with the long lead times that
aatellite experiments require. In the last decade, several tfixed sounding-rocket
launching sites have been closed or reduced in operations. Further reductions

would virtually eliminate this valuable capability. 1
In the tuture, sounding-rocket platforms will be used principally for the
detatled multiparameter and multipoint study of specific magnetosphere- 1
wnosphere problems and tor active experiments. “*Causc-and-effect”™ experi- N
ments that use rocket platforms tor both the active portions ot the experi- ‘
ment and Yor diagnostic instrumentation will likely become important facets
ol suborbital research technology in the 1980’s. Some investigations ol
natural phenomena will require active releases trom rockets as well as compre- 4
hensive ground-based diagnostics. ),
There is a clear need for rocket plattorms capable of probing the impor- -
tant auroral acceleration zone above about 3000-km altitude from appropri- :
ately located launch sites. Multirocket launches for electric-field measure-
ments at lower altitudes below the acceleration region will also be necessary. :
)
]
dii) Actve Fxperiments  The behavior ot the magnetosphere-ionosphere B
svstem 15 governed by physical mechanisms that are part of extremely com- ]
plex chains of cause-and-effect relationships. The dynamics of these strong )
teedhack systems are difticult to understand quantitatively solely on the "
basts o1 observations of natural perturbations that are highly unpredictable :_{
amd whose initial conditions are often difficult to establish. 4
There are basically four types of possible man-made perturbations: (1) in- .
jection ot electromagnetic waves of appropriate frequency. intensity, direc- )
ien. and tme envelope: (2) injection of charged-particle beams of given B
i eneray, tensity, and direction: (3) injection of plasma clouds or beams of ;
g siven composition, temperature, and bulk speed: (4) injection of neutral "]
g chicrnils,
| Some ot these controlled experiments are of the type called “tracer ex- ).
E' vonenisoor active probing.” in which the injected signal does not carry B
{ el power or energy to cause a measurable perturbation of the medium. "
i ovach experiments it is the propagation or evolution of the signal itself that i
[ ~oed as the active probe to observe the prevailing natural conditions. We are 1
¢ croased trnote that NAsa is undertaking a significant program of active ex- '1
Dorrnents using three of the above four types ot perturbations, Transmitters N
.- Coodaeeclerators on Spacelab are under development for experiments (1) and -]
GO e A oint US=German ettort, Active Magnetosphere Particle Tracer 1
. 3
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banlorer (AMPTE), will trace the entry of tracer chemicals from the solar
wind into the magnetosphere. On the other hand, some man-made perturba-
nons are nondeliberate.” such as electromagnetic radiation emitted by
wiectrie power networks and radio communication antennas and chemical
teloases into the upper atmosphere as products of high-flying aircraft or
recket motor combustion, and may cause significant overall changes.
Cround-based VLF wave-injection experiments have proven most valuable
tu stady the interaction of waves and energetic particles in the magnetosphere
and i energetic particle precipitation. Radio4requency heating experiments
operated in the continuous wave (cw) mode have been used to study the role
oi parametric instabilities in the ionosphere. Shaped-charge barium injections
from sounding rockets have been successfully used to determine the electric
1ichd mn the vicinity of auroral arcs and to study the relationship between stri-
stions und 1onospheric instabilities. Electron-beam injections from rockets

U Yy O A

a2 a4 4 A A,

re

N

Eave been used to measure the bounce and drift motions of particles on mag- J
netie field lines near the trapping boundary, to study beam-plasma instabili- 1

ues i ospace. and to induce local instabilities and waves. Chemicals released
iito the upper atmosphere and the ionosphere are used to measure wind pro-

‘iles ut high altitudes and have been used to modify the ionospheric conduc- :
tivity under controlled conditions. Finally, active experiments have provided, 3
anid continue to provide, valuable information on some of the local effects ]

> nected to oceur during high-altitude nuclear detonations.

The chemical release module, the electron .ccelerator, and the wave-
iacstion dacility, all proposed for Space Shuttle flights, are examples of
Skt tecility-class active experiment developments proposed for the future.
Map 1ot heating transmitters operating in a cw mode are being built at mid-
fnittudos near the Arecibo IS facility and in the auroral zone near the Euro-
soan IS tecility. There is laboratory evidence that experiments using high-
pooaer-density . pulsed-plasma-wave excitation can lead to caviton formation,

cartide energization, and nonlinear interactions in the high-latitude iono-

o 2 4 4. . AR AKX & b s K L Vol  Adeded

S Operated inoa double-frequency mode with beat frequency in the
b i sach high-power pulsed beams could be used to excite ion- .
wva e ten=avdotron, whistler, and lower hybrid waves. Further study I
no e ot the possible results and implications from such high-peak- .
oo anecnon experiments conducted near an IS radar and rocket ]
: ,‘ d
Lo the distant magnetosphere will provide an important tool .

Do partic b transt o mechanisms through boundary layers and associated
Lo medhmsims. Muluple. or multirocket, shaped-charge ion injec-
s conducted simultaneously at different points in the neighborhood of
+meral are should be carried out to provide information on the fundamen-
S o the nature of parallel electric fields responsible for auroral particle
wcioration above auroral ares,
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i) SOLAR-TERRESTRIAL RFSEARCH IN THE 19807

s

‘) Spacebome Observations

he implementation of solar-terrestrial research in the 1980°s using space-
hoine instrumentation was developed in depth in the report by the Commit-
tee on Solar and Space Physics, Solar-System Space Physics in the 1980's: A
~escarch Strategy. The scientific basis for this strategy was largely laid in B
the Space Science Board report Space Plasma Physics: The Study of Solar- »
Svstem Plasmas. The major recommendations of both of these studies are
quoted in Appendix A and may be summarized as follows:

i Origin of Plasma in Earth’s Neighborhood (oPtN)  The OPEN program 1
as currently conceived consists of spacecraft at four locations [upstream
interplunetary space, the distant (>200 R, ) geomagnetic tail, the near-equa- ]
torial magnetosphere, and high above the earth’s north polar cap]. A compre- ‘
Lensive instrument complement will make simultaneous measurements at

cach Tocation in order to ascertain the flow of energy and momentum from -.J
the interplanetary medium, through the carth’s system and ultimately cnergy

deposition on top of the upper atmosphere.

tii; The Solar Optical Telescope (SOT) The SOT is a Shuttle-based instru-
ment with 0.1 sec of arc spatial resolution to study surface features ot the )

sun. using a variety of focal-plane instruments.

il Upper-Amiosphere Rescarch Satellite (U.4RS) In addition to OPEN

and sOT. the UARS spacecraft will complement the ionosphere-atmosphere "
clement of these measurements. These programs will follow the Dynamics '._,
Eaplorer spacecraft, which will study magnetosphere-ionosphere coupling 4
by means of comparisons of simultaneous high- and low-latitude measure- J
ments, comprising particle distributions, field-aligned currents, and electric 1
and magnetic fields. 1
These four NASA programs form the core of a national effort in solar- !}
wirestrial research and understanding in the next decade. We fully support .-_
these programs, and the magnetosphere-ionosphere implementation plan that :
we present in this chapter complements these spaceborne observing programs. j
)
Ao Theorerical Studies }
Fhe dueta-gathering phase of the International Magnetospheric Study (1M8) i
wus conducted in the four-year perod 1976-1979. Coordinated ground-based, }
stroospheric, and space observations took place during the 1MS on an unprec- )
Sdented seale. Large amounts of scientific data have been accumulated from
ace missons, both 1M S-related and nonrelated. In part, this is a result of the ‘
oo that most satellites continue to function long after their designated prime
)
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vinston phases. Data handling and management have become a problem be-
cause of the staggering amounts of data produced and the ever-increasing
reeds to conduct multiparameter studies.

[he period 1980-198S has been designated as the Post-IMS Data Analysis
Phase. whose objective is to promote analysis and theory in an organized, co-
crdinated way. A major accomplishment of the IMS has been the quick avail-
ability at the World Data Center A for Solar-Terrestrial Physics, NOAA
(Boulder. Colorado) of data obtained from an extensive array of ground-
L ased magnetometers and distributed in near real-time by the NOAA Environ-
8 it Laboratory Data Acquisition and Display System. This successful exper-
ienee in data handling and management should provide a basis for the devel-
ooent of data systems for solar-terrestrial research in the next decade.

Treory and computer modeling must play a more integral role in the tu-
suae development of solar-system physics. In addition to basic theoretical
-iwdies of an analvitical nature, important contributions to the development
1 magnetospheric physics will come through computer modeling and simula-
S ottorts, Quite recently, NASA has implemented significant new en-
feavors m the support of solar-terrestrial theory as a result of the Space Sci-
cnice Board study, Space Plasma Physics: The Study of Solar-System Plasmas.

§ .
(o) Swmmary and Priorities )
In termis of eround-based measurements, the principal priority in the first por- 1
tion ot the decade should be placed on the development of new ground-based i
mst.umentation and data-handling techniques for use in studies of high geo- "1
mametic latitude phenomena and for studies of magnetosphere-ionosphere ).
g coupling. Of equal prioriny during this time interval should be the analysis .Z
! and theoretical interpretation of the extensive suites of data acquired during
. the 1MS. :
? Tie above two priorities for ground-based research can probably be accom- '
;: olish.ed only with a significant decrease in some existing conventional ground- '—,«
Faeed observational work., With the exception of the operational portion of 2
g one ot two key US. chains, such as the multi-instrumented array in the ' -
! Alaskan sector, the resources thus freed should be devoted to the interpreta- )
{ f.on ot IMS data and to instrumentation development. including sensors and )
‘ data bonndling, The selection of the research efforts in these two areas should 5
bt neb the standard peer-review process. )
iaier in the decade, new ground-based observations, carried out both in .
olation and 1n coordination with the UARS and OPEN spacecraft, will be 3,
1+ uned 1o implement the scientific objective for the study of geophysical ),
processes at very high geomagnetic latitudes. Many of the studies of these

processes can be attacked well using the incoherent-scatter radar techniques
st there latitudes. The full benefit of such a facility can only be achieved by

. . - . - a e S
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the ready availability of data from suitably spaced arrays (unmanned or
manned) of ground-based instruments both in the vicinity of a radar and at
other appropriate locations. Such arrays and observational complexes should
coantdin modern optical, magnetic, and radio-wave instruments and data-
handling svstems.

Studies ot the scientific objectives involving magnetosphere-ionosphere-
atmosphere coupling will require the acquisition of data at auroral and
subauroral locations, both in cooperation with. and independent of, a very-
hach-fautude radar facility and closely associated arrays. The appropriate
mstrumentatton tor these coupling studies will depend on the physical
nrocesses being studied and the inventiveness of the individual investigators.
The coherentscatter radar technique will most likely play important roles in
this research.

The advent ot the Space Shuttle, even a polar-orbiting Shuttle, will not
negate the usefulness of balloons and rockets as platforms for studying a
number of problems in space plasma physics. Investigations of the structure
of auroral ares and studies ot the high-altitude auroral acceleration regions
will require rocket capabilities. Balloons will continue to be of importance as
plattorms for studies of electron-produced x rays and of atmospheric and
ionospheric electric fields. The appropriate development of the capability for
tonz-duration balloon flights may, in the future, become important for
studies ot high-fatitude magnetospheric phenomena.

Active experiments will play an increasing role in some aspects of mag-
netospheric physics, particularly those problems that elucidate specific me-
chanisms in the geospace environment, Rockets will continue to be required
ror carrving gas releases into various regions of the geospace environment to
measure winds, electric fields, and other parameters and to trace magnetic
fteld lines and elucidate physical processes operating along them. Wave-
i jection experiments will continue to explore the reasons for particle loss
from the maugnetosphere and provide crucial insights into magnetosphere-
cumosphere coupling processes.

4. The Atmosphere

I order to achieve the scientific goals presented in Chapter 2 it is necessary
foocurry out certain programs of research in the middle atmosphere and in the
JAormosphere. The research needs outlined below reflect the judgments of the
present study and are consistent with the previous CSTR study on the upper
ctmosphere, Upper Atmosphere Research in the 1980°s: Ground-Based, Air-
howie and Rocket Techniques. The principal recommendations of this carlier
stidy are quoted in Appendix A. The fact that the plan described below is
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intended to achieve the scientific objectives of the recommendations in Chap-
;¢ ter 2 does not imply, however, that new techniques and/or scientific needs
’ aot anticipated here should not also receive careful consideration. Finally, the
requirements discussed in this section appear to be consistent with current
ageney tunding projections and so do not anticipate the need for any signifi-
cant increase 11 funding.
ﬁ Ti.¢ level of our present-day understanding of the chemical and physical
'L tehavior of the thermosphere is different from that of the middle atmo-
: spheie, primarily because the two regions have not been equally accessible to
. .weasurements. The thermosphere has been probed by satellites, rockets,
~round-based radar, and optical techniques for a number of years. By con-
ttast, the middle atmosphere has been probed infrequently, chiefly by bal-
louns and rockets and only recently (using remote-sensing techniques) from
satellites. Therefore, the requirements for implementing the major scientific
ohjectives are different for the thermosphere and middle atmosphere, We em- ]
phasize the impuitance of recent discoveries in the middle atmosphere, as
related to etfects of human input, and recognize that the momentum now
established 1tn studying this region of the atmosphere must not be lost. The y
problem associated with the fragility of the ozone layer, to name one con-
spicuous recent problem, illustrates the importance of understanding all .
regions ot the atmosphere surrounding us. '
These considerations have led to the initiation of the Middle Atmosphere '
Piugram (MAP), an international program of intensive study of the middle
atmosphere that has been designed for the time period 1982-1985. The cur-

PP W WP

-7,

rent position regarding the U.S. contribution to MAP has been described in a ”4

recent CSTR report, The Middle Atmosphere Program: Prospects for U.S. ]
Poracipation. :

. 4

la; Ground-Based Observations -3

: )

: ‘i) Verv-High-Latitude Radar An incoherent-scatter radar at very high lati- ?
¢ N

tude needs to be established in order to observe the energy and momentum
! input intc the atmosphere from the cusp and dynamic processes in the polar S
, . can. Consideration should be given to a site that aligns the existing western
p herusphers radar stations in a meridional chain to study global dynamics
{ eticetively. Since energy propagation from the high-latitude auroral region is
3 ’ ecuatorward, the meridional chain is important for studying the equatorward
- propagation ot electric fields and ionospheric perturbations as well as neutral
' wind. ‘emperature, and composition responses. The appropriate upgrading of
(] ke eaisting subauroral latitude radar is an important part of this plan (Rec-
ommendation 1L.3.b).
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- 1ii) Atmospheric (MST and ST) Radars Radars can detect echoes created ’
‘l bv turbulence in the neutral atmosphere as a means of studying atmospheric )
g motions. The mesosphere-stratosphere-troposphere (MST) and stratosphere- 1
tropusphere (ST) radar capabilities should be exploited to gain a better under- ,
_ standing ot the importance of small-scale motions in the overall dynamics of :
r the middle atmosphere. Studies should also be undertaken to examine the po- _]
h tential sctentific return of a more extensive network of MST and ST radars

. e
A4
&' o

(Recommendation 1.4.a).

(iit) Spectroscopic Methods 1t is now possible to study all regions of the
middle atmosphere and thermosphere from the ground by methods that
apply wavelength discrimination. Absorption and emission spectroscopic ’
studies. at a wide range of wavelengths, from the optical to the radio, provide
a powertul tool to identify particular atmospheric species unambiguously.
Observations of the shift and shape of the spectral lines at very high resolu-
tion lead to information on atmospheric temperatures and winds. Active lidar
techniques are now well established as being capable of measuring tempera-
turcs, winds, and certain minor atmospheric species in the middle atmo-
sphere. The recent rapid advances in detector and data-handling technology
should lead to significant improvements in these observations, which need to
be continued and expanded during the next decade. Meaningful coordination
among the groups carrying out these observations should be encouraged in
order to help in elucidating the large-scale dynamics and chemistry in the
middle atmosphere and thermosphere (Recommendation 1.4.b).

]
PSS
AT’ e e

Yivy Awroral Faciliies Magnetometer, auroral imaging, and optical spectro-
scopic data are useful for estimating magnetospheric energy input into the
atmosphere and its spatial and temporal variations. Since these methods are
the only way to obtain information on global energy inputs, a means for col-
lecting and disseminating data on high-latitude magnetic disturbances and
auroral images should be maintained (Recommendations [.3.b and 1.4 .a).

- e s s A b

(b)) Suborbital Observarions

A vigorous program of in situ and remote-sensing observations from aircraft, )
balloons. and rockets needs to be pursued to investigate the chemistry, dy- T
namics, and electrical properties of the middle atmosphere. Direct sampling
of the middle atmosphere is an especially difficult undertaking, and, there- 1
fore. the development of new and/or novel concepts needs to be encouraged. ]
Direct measurements are important for investigating detailed chemical-reac- )
tion processes. Thus, even with a strong program of satellite and ground-based
remote sensing, it is essential that the capability for in situ measurements
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:" foonn ancratt, balloons, and rockets be preserved. The sounding-rocket pro-

T <rain has been cut and threatened on numerous occasions mn recent years. It

iy 1perative tor the health of atmospheric research that a viable national
~ouudimg-rocket program be maintained during the 1980’s (Recommendation
' ! ‘1.d ).

Spaccborme Obsenvations

- Upper-Armosphere  Research  Satellite (UARS) A proposed satellite
prozrum (UARS) has been described in detail by an earlier planning group.
Tas1s 2 multisatellite program that will be able to investigate the radiative
cnoray balunce, chemistry, and dynamics of the stratosphere, mesosphere,
~fd Tewer thermosphere. This program is the backbone of our national plan
i <tudy the busic state of the middle atmosphere, its natural variability, and
1osponse to various solar-terrestrial perturbations. The U.S. contribution to
the Middle Atnospnere rrogram (mAvr), « major international progran: that
was established to study the energetics, dynamics, and chemistry of (h. mid-
die atmosphere was, to a large degree, tailored and timed to take place around
the tirst two UARS launches. It is important from both a national and inter-
national peint of view that this satellite program be carried out soon (Recom-
mendation 1.4.a).

(i, Spacetlisht Opportunities In the 1980s there is a need to develop
atmospheric measurement capabilities for both Space Shuttle and free-flyer
spacetlight opportunities, For short-duration Shuttle missions, support is nec-
2x<any for the development and flight of new facility-class instruments that 1
=il <tectively probe the atmosphere with high spatial, temporal, and wave-
leneth resolution. The continued development of instruments, using the latest
rechnology ., must be an integral part of such a program. Moreover, as pointed
vt by the CSSP report, it is essential that Shuttle<lass instruments be kept
m space longer than one week at a time.” This is necessary for studying atmo-
sphesic processes having longer time scales than Shuttle flight times and also
for investigating intermittent solar~terrestrial perturbations. Shuttle instru- IS
ments currently being developed might eventually be combined with a power ‘ §
scurce (such as the proposed 25-kW Power Module) to create a free-flying
Solar-Terrestrial Observatory.

LT |

R D

itroA Sarellite for Investigating Global Thermospheric Dynamics  Consid-
cration and planning for a satellite in a high-inclination orbit that incorpo-
rutes the latest instrumental techniques should begin in the late 1980’s. This
satellite is needed to investigate thermospheric dynamics from F-region
hei, 'ts down to the mesosphere and should be able to probe composition,
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winds, and temperatures in the lower thermosphere and mesosphere and
stmospheric response to auroral activity. It will complement the meridional
chain of incoherent-scatter radar facilities, spanning the region from the polar
cusp 1o the equator discussed above. Together they will provide a unique op-
rortunity for a systematic exploration of the global response of the thermo-
sphere and mesosphere to auroral inputs, solar ultraviolet changes, and lower
atmospheric perturbations, such as planetary waves and tides, as well as de-
termining the nature of any instabilities in the general circulation. The satel-
lite and radar measurements should be coordinated and supplemented by
measurements from the network of ground-based optical observatories with
4 capability of measuring winds and temperatures in various thermospheric
arrglow emission regions (Recommendations 1.3.b and 1.4.a).

(d} Theoretical Studies

There is a need for the continued development of general circulation models
for both the thermosphere and middle atmosphere to incorporate the findings
of the experiments identified in the recommendations and to guide furtuer
the optical and experimental eftort. Since these models generally incorporate
only parameterized chemical schemes for computational efficiency, there is
also a need tor continued development of one- and two-dimensional chemical
transport-radiative balance codes.
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The Solar-Terrestrial System

;. INTRODUCTION

[+ i vhvicus that the sun affects the earth, but until quite recently most sci-
¢ntists believed that the only important effect was the bathing of the earth
wiih a uniform. constant flux of electromagnetic radiation, mostly visible
lighi and infrared heat, with a little ultraviolet radiation added. Indeed, this
flux 1< called the “solar constant.” Over the past few decades, and especially
since the beginning of the Space Age, this view has changed. We have become
aware of the existence of a vast, interrelated system in which many forms of
»nervy propagate and matter travels from the sun to the earth, and on beyond
1o the most distant planets. The study of the various parts of this system,
vw.ith thewr couplings and interactions, has become known as solar-terrestrial
research® (or solar-planetary research, if planets other than the earth are ex-
phcitiy emphasized). The component parts of the system--the sun, the inter-
planetary medium, and the magnetospheres, ionospheres, and atinospheres of
e carth and other planets—are described in more detail below. We shall call

*Usaze is not vet quite uniform. The term “‘solar-terrestrial physics™ has the widest inter-
sational currency, and the Scientific Committee on Solar-Terrestrial Physics (SCOSTEP)
. the Internauional Council of Scientific Unions is so designated. But atmospheric chem-
sty is Leortainly involved in solar-terrestrial processes, and even biology, in that the vege-
qative ground cover affects atmospheric chemistry ; thus many prefer a term with a wider
.onnotation than “physics.” Other terms enjoying wide currency are ‘“‘solar-terrestrial
~lations” or “‘relationships.” In all these. “‘planetary” is substituted for *‘terrestrial”
+ 1en the broader context is appropriate. ot example, the American Geophysical Union
s the term “solar-planetary relationships™ for its Section in this field of interest.
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particular attention to the close interrelationships and feedback between the
various parts of the system.

. THE SUN

1. Introduction

The sun is a glowing ball of intensely hot gas held together by it own gravita-
tional tield. The mass of this gas is so large that the density and pressure, and
hence temperature, are sufficient to initiate and maintain nuclear reactions.
Fusion. or the nuclear combining of hydrogen atoms to create heavier ele-
ments. must be the ultimate source of the sun’s enormous outpouring of
energy trom the photosphere, the deepest directly visible layer of the atmo-
sphere. (The photosphere looks like the sun’s surface, because the gases above
1t are transparent: but a gaseous ball has no well-defined surface.)

The energy derived from nuclear reactions does not all go directly into
heat that is radiated into space. In the deepest solar interior, the energy liber-
ated by the proton-proton, or p-p, chain first works its way outward toward
the surtace in the form of energetic or short-wavelength “hard” X rays, then
as ess-energetic Usott” x rays, and ultraviolet radiation. Eventually this radia-
tion is absorbed in the outer layers, and the heated gas expands and rises. This
outcr region is known as the convection layer or zone and extends to a depth
of roughly a quarter of the solar radius below the photosphere. The motions
of the ionized gas, or plasma, in the convection zone twist and tangle the
internally generated solar magnetic field that is embedded in the plasma,
stretching the field lines like rubber bands and squeezing them closer together
in places. thus creating intense local fields.

At any given ume, a significant part of the energy generated near the sun’s
center may be diverted in the convection zone and stored there in coils of
twisted magnetic tields, in the kinetic energy of convective gas motion, or in
an increase of the sun’s potential energy through expansion of the sun’s diam-
eter. In view ot the complexity of our star’s inner workings, it would be
somew hiat surprising if the amount of heat reaching the visible surface, and
dhas the sun’s luminosity, were exactly constant. Thus an essential ingredient
1 a theony ot solar-terrestrial research is a better observational understanding
ot how thes output of light and heat might vary. What we believe to be impor-
wantianetives in this direction are discussed below.,

The mtensitied magnetic tields generated in the convection zone tend to
“r+ to the surtace under the action of the sun's convective motions coupled
vathihie remarkable property of their own buoyancy. The localized tubes of
irronse 11200 appear at the photosphere as magnetic active regions of various
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srzes. which are the scene ot dark sunspots and also bright areas, called
i*!.:;sz.”

Thore increasing evidence that some ot the energy stored in subsurface

soncic-tield coils dissipates when it emerges at the photosphere and is con-
voricd o other rtorms of energy, thus increasing the local output ot x-ray,
avanviclet, and radio-trequency (rf) emission by very large factors. Although
o acnion of the sun's total radiated energy emitted at these wavelengths

ooy sntall (less than | opart in 10%), the resulting modutation is profoundly
pestant tor the chemistry of the earth’s upper atmosphere. The most ex-
ceae cases of ocalized excess energy output are associated with catastrophic
coupte ns Rnown as ares: the x-ray emission may then rise by a fuctor of 100
or eore 1 oa tew minutes. Thus, a close study of changes in the distribution
S sedar energy i wavelength, or spectral irradiance particularly at these short
woavddencths s eritically important to solar-terrestrial research.

1he Bisipatuon of magnetic fields at the photosphere, and above it in the
Checrosphionie and coronal layers of the solar atmosphere, not wnly aftects
BiewanTs rodiation and its spectral distribution but also the outtlow of mag-
2o sed plesmd into the interplanetary medium. At times, flares unleash in ex-
Cioann e outbursts the stored energy of the magnetic tield accumulated slowly
b corvection layer. Flare eruptions heat the solar atmosphere tremen-
sk end also hurl large volumes of gas into the interplanetary medium
towean tbe cwth’s orbit, The gas drags the embedded solar magnetic field
Faes withoor,

e sun’s magnetic fields also shape the general steady outflow of plasma.
i the aotive reaons, the field lines emerge from the interior and return lo-
cuiv . in arches that cover only a small fraction of the solar surface. Else-
wivoro he gadusl evolution of the magnetic field produces the so-called
“ocione holes.” In these. field lines are open and stretch beyond the earth’s
st sllewing magnetized plasma to be accelerated outward, eventually to
ciroom pest the carth at speeds ranging from 200 to 800 km/sec (or 0.5 mil-
B s 2 oatben males per hour).,

Tohas been discovered that the whole field pattern extending beyond the
oty oot teo gt feast as far out as Saturn changes its magnetic polarity

cuo T vears, Thivlong-term pracess is still mysterious.

e Ltiemate goal of solar-terrestrnial research is to understand and pre-
St e processes that connect observable changes on the sun to signifi-
S sdaences onoour environment. To achieve this goal. we must observe
theweoarie outpnt of radiation and maagnetized plasma from the sun in con-
e e actwid, For the purpose of making predictions, we also need to
codestadd the dommant physical mechanisms responsible tor the modula-
~onss trom shert to long time-scales. We describe below three selected areas

o owoar research that are central to solar-terrestrial research. These are the
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variation of solar luminosity and spectral irradiance, the basic mechanisms of
«:lar magnetic activity, and the variable solar output of magnetized plasma.

2. Variation of Solar Luminosity

The solar output of light and heat appears to vary, at least slightly, in total
power und more significantly in its distribution with wavelength. Both types
ot variation have important consequences for the earth’s upper atmosphere.
Theretore, a first goal of any study of solar luminosity is to measure the vari-
ction ot the solar constant over time scales from seconds to centuries. These
are needed as inputs to climate models and eventually in climate prediction,
i solar variation can be predicted. There is no question about the sensitivity
of global temperature and climate to variations in the total solar flux. Present
caleulations indicate that a persistant change of 0.1 percent in the solar con-
stant might well produce a significant change in climate.

A second purpose of solar-luminosity studies is to discover why the solar
output varies. To do this, we need to understand the mechanisms for the
generation, transport, and storage of solar energy in the solar interior. Exist-
ing measurements of the solar constant from ground level, from high-altitude
~lattorms, and recently from spacecraft have established that the solar lumi-
nesity is constant to better than 1 percent over the roughly 50 years during
which there has been a U.S. program of ground-based measurements. Recent
statistical studies of these historical data, as well as observations of the depth
o1 certain temperature-sensitive absorption lines in the photospheric spectrum
«id balloon and rocket radiometer measurements suggest that variations as
laige as 0.4 percent of the total flux may occur. These variations, and the
smuller changes in total flux implied by the large x-ray, UV, and radio-wave
ci.ibursts during flares, have been studied on time scales of seconds to years.

The importance of solar spectral-flux variations in restricted waelength
hands (spectral irradiance changes) in controlling the upper atmosphere has
hoen stressed many times. A problem of particular interest is the amplitude
of variation in the ultraviolet (U V) continuum over the 11-year activity cycle.
These emissions are responsible for the formation and partly for the destruc-
fion of atmospheric ozone, as discussed in Chapter 6. It also presents a chal-
fenye 1o solar physics, since it is difficult to construct a physical mechanism
that can generate an 11-year variation of the size indicated by the available
Jdatd.

3. Modem Techniques to Study the Basic Mechanisms of Solar Magnetic
Activity

In the last 10 years, advances in our understanding of the basic physics of the
sun hased on data collected at UV and x-ray wavelengths from space have
“een muatched by equally important advances trom ground-based studies. The
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Gowrplay ot these results with new theoretical insights has substantially

Vvrccooun ndeos about solar oscillations, magnetic fields, and velocity ficlds, )
ovodibas the mechanisms responsible tor the supply of escaping plasma and
“pcopette pariicles and their acceleration and energy balance as they are ex-
votled toward the earth.

“he Saamute velocity oscillation of the solar atmosphere was originally -
uive aaicd by mans of ground-based optical techniques and has been inter- ’
Pooeowas stunding acoustic waves in the convection zone. The continued in-
vest-wilo i tato selar “seismology,” as it is sometimes called, is well suited A
s greand-bused factlities and should continue to yield productive insights &
mto te Jdepth and structure ot the convection zone, Sophisticated optical o
Si0tsds o maanetic-field measurement have revealed that all resolved solar
fell wre vorny strong and lie in the range from hundreds to thousands of
Saussos. bields of this magnitude can be created on carth only in powertul

Cecticmuunets oron laboratory plasma devices such as those used in con-
ot o thermenaclear tusion experiments. These solar tfields had been pre- %
viousiv theught to be weak because the observations made with low spatial 1
evelunen were averaged over neighboring regions of the photosphere that '
s tehave no tield atall, j
Recont studies of solar atmospheric motions appear to show an increase -1
in 1he wojur rotational angular velocity in a shallow layer below the phioto- ’
<:hiei > This result places interesting constraints on the physics governing the
soiticn of the deepest layers of the convection zone. ‘
Anaiee ot central importance to solar-terrestrial research is a continued
sdy ot vector magnetic and velocity fields at the highest spatial resolution.
This 1 necded if we are to understand the mechanisms of magnetic-flux in-
tensification, stable containment, evolution through transport, and ultimate
.ssipation into heat and accelerated particles. Investigation of these phe-
~neenais cacial if we are to continue to move toward a predictive theory
-t the solar magnetic cycle, the evolution of surface fields to active regions,
¢4 coronal holes. To achieve this goal. the detailed study of the dependence
i the acuaty cycle on the coupling of rotation and convection through dy-
pamo action plays a central role. )
The construction of a dynamo theory will also require a better knowledge
aidhe durgeoscale, low-amplitude solar motions in meridional planes and of )
‘orexi-ymmetric convective velocity structures predicted by models of rota- '
sienally constrained convection. This information is needed bhetore more can ]
N lewned about the influence of stochastic variations ot heat-flow efficiency 1
o the photosphere, the cause of differential rotation with latitude, and the
22oova magnetic oscillation, There is a distinct possibility that these effects ',
are mumately coupled. We know that they are related to the observed large
variations of spec.ral irradiance observed in the x-ray, UV, and radio-fre-
wency regions ot the electromagnetic spectrum over the 1l-year cycle. They
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b may also modulate the total flow of heat to the photosphere and thus influ- "4
"‘ ence the solar luminosity. ij
' !
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4. Variable Solar Qutput of Magnetized Plasma

Studies of the solar atmosphere in the past few years have made impressive ad-
vances in identifying and understanding the phenomena and physical pro-
cesses responsible for modulating the solar output of magnetized plasma and
cnergetic particles. Observations from space vehicles have played the most
conspicuous role in increasing our insight, but ground-based techniques, par-
ticularly at radio wavelengths, have also been extremely valuable.

Coronal holes were discovered and identified with the long-hypothesized
“mystery” regions on the solar surface that give rise to high-speed solar-wind
streams that appear to be responsible for increased geomagnetic activity,
which recurs at intervals equal to the period of rotation of the sun (27 days).
The recognition that the magnetic field lines over the holes diverge more
rupidly than radially has also helped to clarify the conditions governing the
acceleration of the high-speed solar wind.

The physical factors influencing the formation, evolution, and demise of
coronal holes, such as large-scale velocity fields and solar differential rotation,
need to be investigated. The development of coronal-hole observations from
the ground using the He 1 10830-A line promises to bear on this question.

Recent observations of the corona over the disk at EUV and x-ray wave-
lengths have allowed us to identify small volumes within the enormous cor-
onal Toops that link magnetic regions as the kernels of violent flare eruptions,
which uccelerate large fluxes of high-energy particles. (See Figure S.1.) The
first direct evidence of nuclear processes at the solar surface has been ob-
seived in the gamma-ray lines seen in a few large flares.

"lose study of the gas pressure, structure, and dynamics of these magnetic
loops, particularly in the EUV, has provided some insight into their layered
remperature structure and into the physical conditions required to initiate
the plusma instabilities that seem to be responsible for the tlare outburst
el

Muajestic configurations of magnetic field and cool plasma perched above
ihe photosphere. which are visible as prominences, sometimes also erupt.
These eruptions do not necessarily produce the great heating we see in flares.
Nevertheless, these transients also propel enormous volumes of coronal
plasma into the solar wind. In a few cases. transients of this sort have bheen
tollowed from the chromosphere (where they are visible in the H-alpha spec-
trum line of hydrogen) through the lower corona (at FUV and x-ray wave-
lengths), well into the outer corona by means of satelliteborne white-light
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V1O KE 5.1 An x-ray emission spectrum of a solar flare obtained by a Naval

Rese.rch Luboratory (NRL) instrument aboard satellite STP-78-1 compared
~1th +he spectrum of a plasma in the Princeton large tokamak. The spectral
.nes are associated with transitions in highly ionized iron (Fe x X111, X X1V,
ad X Xv, with 22, 23, and 24 electrons stripped off, respectively). To pro-
Juce these ions requires an electron temperature in excess of 12 x 10° K.
©¢r the spectra shown here, the flare temperature is 17 X 10® K and the
:okamak temperature is 20 X 10° K. The resemblances are striking; the
Aifferences are due not to the slight difference in temperature but to the
*4ct that the flare plasma is close to ionization equilibrinm, while the tokamak
nlacmua ts still rapidly heating up. (Courtesy of NRL.,

~sronagraphs and with radio spectral and spatial techniques from the ground
dind spacecraft,

So'ar-wind acceleration in the high-speed streams is thought to depend on
Jdissipation and/or momentum transfer of waves but is not well understood.
Ohservations using the ultraviolet Lyman-alpha coronagraph technique, Kine-
matic studies made with radar, and the analysis of spacecraft telemetry
‘r2nsmissions all promise to be valuable.
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The question of coronal heating must be solved in a unified way together
with the problem of the coronal mass-balance before we can say that we
understand it. Optical observations and UV spectra from rockets show power-
tul acceleration and heating to coronal temperatures ot the matenal in the
network ot magnetic fields. The polygonal elements ot the network coincide
with the interstices between the upwelling cells of supergranulation; the in-
tensified fields in the network are thought to be an accumulstion of fields
carried from the center to the periphery of each supergranule by plasma flow-
g radially from the upwelling center to the downtlowing cell boundary . 1t is
possible that a powerful ejection process. operating as low as the chromo-
sphere, contributes significantly to the mass and energy supply of the solar
~ind. The overall questicns of mass upflows in spicules, relatively small jets
rooted in the magnetic-field network, and their relation to the downtlows
seen 1n prominences, loops, and the network itself pose challenging problems
tor mass and energy transport in the coronal plasma and point to the possible
importance Hf intense electric fields of as yet unknown origin.

Finally, it is of great interest to study the changing configuration of large-
scale magnetic tields at the photosphere over the solar cycle. The reversal of
polarity of these tields over a 22-year cycle surely influences the magnetic
polanty structure of the solar wind near the earth. The relative orientation ot
the interplanetary magnetic field and the magnetospheric magnetic field is
likelv 1o be a factor in allowing magnetic merging (reconnection) between the
two tields, thus influencing ultimately the access of solar-wind particles to the
carth’s ytmosphere.

H1. THE INTERPLANETARY MEDIUM

1. Introduction

The solar-terrestrial system is physically located within the heliosphere (see
Figure S.2) -a huge bubble in the interstellar gas. This bubble is created by
the radial supersonic outflow of plasma from the sun (the solar wind) and its
interaction with the interstellar medium. The solar wind expands beyond the
2arth to the farthest reaches of the solar system to where its momentum flux
is valanced by the pressure of the interstellar gas and magnetic field. Pioneer
U1, now well beyond the orbit ot Saturn, still has not detected this boundary.

(smic processes that occur in this vast heliosphere are to a large extent
controlled and shaped by this supersonic wind. Hence, the study of the
physics of the heliosphere -in all directions and away from the ecliptic
plane is tundamental to an understanding of the cause-and-effect linkage
hetween the sun and earth. We describe below five aspects of research on the
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mteoplasetary medium or heliosphere that are currently of central impor-
tance to solar-terrestrial research. These are (1) the interface between the sun
and interplanetary space: (2) the average structure of the interplanetary med-
fann. (3) transients and collisionless shock waves: (4) hasic plasma processes:
and (3) energetic particles from the galaxy, the sun, and the interplanetary
ediam itselt,

> Interface between the Sun and the Interplanetary Medium

Supenmposed upon the normal solar radiation incident upon the earth (1.4 x
lU” eias em® sec . the so-called solar constant) is the quasi-steady solar-
wind energy lux of the earth of some 107! erg em™ sec’!. This estimate in-
Judes the hinetic, thermal, magnetic, and potential energy of the solar wind,
The cuttlow is locally interrupted by sporadic solar-tlare eruptions in which
the magnetic energy resident in intense tields ‘n the chromosphere and corona
is suddenly converted into thermal and nonthermal forms in an amount equiv-
alent to about 10' megaton H-bombs. The nonthermal form consists of
energetic solar particles that reach the earth at speeds close to that of light.
The thermal energy is in the enormous mass ejections that are propelled
through the ambient solar wind, preceded by shock waves. Very ditferent
trom and less violent than solar flares, but potentially equally important to
the terrestrial environment, are the high-speed solar-wind streams that ema-
nate from coronal holes, as described above.

At present, we are able to describe the average properties of the solar wind
as Jdetermined during 20 years of in situ observation by spacecraft but do not
have a good understanding of the processes responsible for its generation.

3. Average Structure of the Interplanetary Medium

Cr the smallest scales, the properties of the solar wind are found to be ran-
Jomiv varving and turbulent. At intermediate scales. the dominant features
2re ~hurp variations that are encountered along various boundaries. On the
laiyat scales, there is a surprising amount of structure, with gross variations
teoal! Jdirections, The term ““average structure™ refers to these large-scale fea-
“ies. Inthe north-south direction, perpendicular to the plane of the sun's
¢auater, the principal asymmetry is associated with the dipole-like character
cihe solar magnetic field. In the east-west direction (that of the motion of
tic planers around the sun) varations are associated with solar rotation and
fust ana slow solar-wind streams.

As the solar wind flows out from the sun, it drags solar magnetic field lines
with it As a direct consequence of solar rotation. the magnetic field is drawn
out to form Archimedean spirals on cones of constant heliographic latitude.
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Over most of the 11-year solar cycle the magnetic field is now believed to
have the basic structure of the Archimedean spiral described above, but with
poesite polarities in the northern and southern hemispheres. The signs of the
rields change in alternate solar cycles. The oppositely directed tields are sepa-
:uted by 4 thin current sheet lying roughly in the equatorial plane of the sun.
This current sheet (or neutral sheet) is slightly warped so that it extends up to
152207 above and below the equatorial plane. As the sun rotates, an observer
neai the earth sees alternately the fields on the north or south sides of the
v The configuration is sketched schematically in Figure 5.3.
i» addition, the solar wind varies in the east-west direction. At any given
tnie, the rotating sun is emitting several fast solar-wind streams, and these are
respensitle for the structure that is observed in and near the solar equatorial
olia=. As noted above, it appears that many of these streams emanate from
coronal holes on the sun, i.e., the patches in which the coronal luminous in-
tersity and wmperature are abnormally low but that are characterized by
opes magnetic field lines (as described previously) that give those regions rela-
tivery uncbstructed access to the heliosphere.
When a fust stream overtakes the trailing edge of a preceding slow stream
v tho interp’anetary medium, a characteristic “interaction region” develops
(see bigure 5.4). A compression front forms, near which there are large in-
creases in the density and temperature of the solar wind and in the magnitude .
ot the interplanetary magnetic field., ’
As the solur wind flows beyond the orbit of the earth, a change takes place
ii: the character of the interaction regions, leading to two distinctly different
< har-vand regimes. This change is associated with the development of shock -
_ waves at the outer and inner boundaries of the interaction regions and the dis-
| appratance of the interface. These regions are called corotating interaction
regions (Figure 5.4). :
As the torward and reverse shocks at the boundaries of the interaction re- : -
. viuns propagate beyond the orbit of the earth, the corotating interaction re-
l! zion widens. It appears that when the solar wind reaches 10 to 20 AU, the »
' (2tet regions may have been mostly replaced by successive and perhaps over- ‘1
"apping interaction regions, giving rise to persistent irregular variations. } .’f1
The properties of the solar wind are thought to depend on the solar lati- ]
“wie frem which it emanates. There are several lines of evidence that reveal an
irereace in solar-wind speed with increasing latitude. Spacecraft observations
'+ the ecliptic plane have provided only limited excursions in heliographic
Latitade (£7'57) but have demonstrated the existence of this velocity gradient :
~oar the solar equator. Ground-based interplanetary scintillation (1PS) mea- , )
surements have provided indirect evidence of solar-wind behavior at higher
wtitndes, which have thus far been inaccessible to spacecraft. Thus, exploring
the properties of the solar wind at high heliocentric latitudes by means of in
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QuiET
REGION

INTERACTION 7
REGION

FIGURE 3.4 A corotating interplanetary interaction region. (Courtesy of
i), S, Intriligator, USC.) A tast solar-wind stream overtakes and also leaves
pchind the slower ambient solar wind, thus creating an interaction region in
which the plasma is compressed to higher density and temperature. Forward
and reverse shocks are also generated.

st measurements remains an important and exciting task for solar-terrestrial
research,

There is a variety of current sheets in interplanetary space about which we
anow very little. The interplanetary neutral sheet, already mentioned, is only
one ¢ramiple. albeit the one probably having the largest scale.

Transients and Collisionless Shock Waves

4
Tt pieceding discussion concerns the average structure of the solar wind.
ihe sun is. hrowever, active and variable, and these variations cause iarge-scale
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L.ansients to propagate out into the interplanetary medium, These transients
often genera:e collisionless shock waves.

On the earth. shocks are encountered as sudden discontinuous jumps in
pressure, temperature, and velocity and occur in collision-dominated gases,
where the mean-free paths of particles between binary collisions are very
«imall. (Thunder claps and sonic booms are familiar examples.) In interplane-
a1y space. however, the mean-free path between binary collisions becomes
large relative to, say, the distance from the sun to the earth. Under these cir-
cumstances, the binary collision distances are replaced by much smaller ones,
which depend on the collective interactions between the charged particles
(tons and electrons) and the broad spectrum of fluctuations in the resident
magnetic and electric fields that govern the motions of the charged particles.
The net result is a “collisionless™ plasma that behaves essentially like an or-
Jdinary gas through which shock waves can propagate.

Transient interplanetary shocks are of considerable theoretical interest and
arc matters of practical concern because they can initiate the cnset of magne-
tic storms. They cun also accelerate local solar-wind particles up to subrelativ-
istic energy and deflect galactic cosmic rays and solar particles traveling
through interplanetary space.

5. Basic Processes

In uddition to the gross. lirge-scale interplanetary morphology discussed
ahove, the collisionless plasma that constitutes the solar wind is of interest for
the study ot such fundamental plasma phenomena as heat conduction, turbu-
lence. and wave interactions. Understanding these phenomena is important
for a wide variety ot physical problems involving astrophysical and terrestrial
plasmas, including thermonuclear fusion. For example, magnetic fluctuations
thuat have scales comparable with the scale ot the helicai motion of the par-
ticles nthe average (background) interplanetary magnetic tield can rapidly
change the direction of motion of these particles. The amount of particle
scattering is quite dependent on both the types of magnetohydrodynamic
(*MHD) waves present and their directions of propagation. The problem of
doscribig this wave-particle interaction is a tundamental one in plasmu-
ety theory that has attracted considerable attention during recent years.
Theie reman signiticant discrepancies between theory and observation, and
ther resolution requires coordinated theoretical and observational effort.

Oie ot the most important problems in the kinetic theory of the solar
wire! o that of uving to understand how the flux ot heat from the solar cor-
oila iy watried outward into the interplanetary medium. It was mentioned
thove thar some contemporary tluid models of the solar-wind flow require
addimonal heat sources to acecount tor the observed particle flow speeds and
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the electron and proton temperatures. Damping of MHD waves is one attrac-
tive possibility. Thus, an understanding ot the mechanisms that regulate the
electron heat tlux is an essential part of any complete picture of solar-wind
Jynamics. The processes important to this problem are by no means cleur.
One possibility is that the hot, suprathermal component of the solar-wind
electron distribution drifts with respect to the colder thermal component
wud excites various local plasma instabilities that tend to quench the inter-
action, thus maintaining a steady state. Other recent work suggests that the
:nagnitude of the electron heat flux may be governed by global effects re-
lated to the nature of the large-scale electric fields that drive the solar wind
throughout the heliosphere.,

U'nderstanding the physics of the regulation of electron heat tlux is not
colely o solar-wind problem. Heat carried away by the electrons has been
~town to be an efficient channel for removing energy from the vicinity of
the carth’s magnetosheath—a region thought to be the site of significant
ceconnection of magnetic fields. Thus, it is believed that the key to under-
«tunding the coupling of the solar plasma and its magnetic field may be found
tiouch studies of the earth’s magnetopause. the boundary between the
‘hocked solar plasma and the earth’s magnetosphere.

6 Encrgetic Particles from the Galaxy, the Sun, and the
[nterplanetarv Medium

frercene particles (nuclei of atoms, electrons) with energies from about 100
-y up to much higher energies pervade the inner solar system and constitute
e earth’s corpuscular radiation environment. Many of these particles can
yenetrate deep into the earth’s atmosphere and have practical consequences.
Scme of these particles come from the galaxy, some from the sun, and some
fiom regions in the interplanetary medium. All are influenced by their pas-
saxe through the heliosphere.,

Galactic cosmic rays serve as probes as they are acted upon by the large-
coale clectromagnetic features of the interplanetary medium that cannot

Ferwie be observed. Cosmic rays can be studied from space or from the
Jtoaind s Arravs of ground-based instruments at appropriate locations around
e b he constitate directional cosmic-ray detectors that scan the sky as the
carits rotgress These provide otherwise unobtainable continuous high-preci-
s Benvations of relatvistic particles (£ > 1 GeV).

The vrrue of studving the motion ot galactic cosmie rays as test partizles
Lrises T the tact that they come into the heliosphere essentially isotropi-
vty andd ence they propagate through regions of high heliocentric latitude
sl it cossitle o spacecraft. The intensity of these murticles varies over a
Cide raniee of e scales as conditions change in the solar wind (Figure 5.5),
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: Cosmic-Ray Intensity Variation Cause
10° —
~— 22 Year Wave Solar Magnet:c Cycle
— Long Term Modulation Solar Activity Cycle
10°
|
t
— Annual Variation Solar Equatorial
: Inctination
107 —
< — 27 Day Recurrence Rotation of Sun
£ 00
= !
Forbush Decrease Interplanetary
Medium
Disturbances
105 —
— Da:ly Variation Rotation of Earth
Ground Level Enhancement Solar Flares
104 _‘
n lane
Sc'ntiliations ! terpg tgry
| Magnetic Field
L Fluctuations
103 — ——— e - i - e - —— e ——————
iU RE S5 Types of cosmiuc-ray intensity variation, their associated peri-
Jicity o duration, and their causes. The time in seconds on the scale at left
corresponds to the period of the periodic variations and to the approximate
. Juratuian for nonpenodic events,
;
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Conmine ravs with gnergies up to ~ 1000 GcV (having a gvroradius of S AU

Ciaspetie tield of S gammas, or 5 x 107% gauss) are affected by the inter-
Leovctary magnetic tield and hence contribute most to the study of modula-

“hae o yhasical phenomena that are capable of producing the observed
. +aac-ney modulations and anisotropies fall into three general categories:

vargs-seale convection, diffusion, drift. and adiabatic deceleration;
totion of boundaries through the interplanetary magnetic tield;
Cobzrent particle drifts over large distances in the interplanctary mag-

sue 2 patactie cosmic rays discussed above are the dominant particles
vt encries (above about 100 MeV), other particles released from the sun
oo from the earth and Jupiter populate the lower<energy range of the
L, h 1~ cenerclly believed that shock waves are capable of accelerating
v:o . paeracles, both at the sun and in the interplanetary medium. For exam-
vic. s hnown that the bow shock in front of the earth’s magnetosphere
ce o Loceliates particles to energies of ten to hundreds of keV; these so-
iled Canstieam” particle bursts have been detected several hundred carth
o Ceveral mailion kilometers) upstream of the earth’s bow shock. Shocks
c.nited with corotating interaction regions (CIR’s), which are often
Cuinnd bevond the orbit of the earth (see Section 3 above), accelerate par-
soles 1o energes as high as 10 to 20 MeV/nucleon. Shocks formed when a
fost ~ lw-wind stream, generated at the time of a solar flare, overtakes the
awer oshient solar wind, acceelerate particles locally to energies of hun-
JEEATOUERS I O O
A+ noted in Section Il above, the sun frequently accelerates and releases
e e nterplanetary medium energetic particles with energies up to a few
Aun b d MeV. Much less frequently, solar particles with energies extending
o+t GeVorange are observed. Jupiter is now also known to be a strong
< ee ot electrons (with energies ranging from a few MeV to tens of MeV),
~hich oie eastly observed near earth and are known to stream both toward
c.away from the sun. There is some evidence that the earth may also be a
« oo of sub-MeV protons, and it is possible that some of the energetic ions
~and o the Jovian magnetosphere may leak out and contribute to the over-
s onergetie-particle population of the interplanetary medium.
A1 ohsenver, at a given location in the heliosphere at any given time, will
rerore Jetect energetic particles from a number of different sources. The
reiaiive oontrihutions ot the various sources of energetic particles wiil change
v tieee gy well as with the location of the observer.
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iV. THE MAGNETOSPHERE-IONOSPHERE SYSTEM ]

1. Introduction

1he carth’s magnetosphere arises from the interaction ‘ot the solar wind with
the planet's intrinsic magnetic field. The magnetosphere is a cavity carved out
in the solar-wind flow. Inside this cavity the planctary magnetic field domi-

|

nates and organizes the behavior of charged particles, plasma waves, and elec- '
tne currents. It also traps energetic particles, confines low-energy plasma, and ‘ 1
rransports hydromagnetic stress from the magnetosphere (via the partially )
cenducting tonosphere) to the upper atmosphere of the earth, )
" Through work in the recent past, including that encouraged and supported )
! by the International Magnetospheric Study (IMS), research on the earth’s i
maznetosphere has delved into some of the problem areas of most fundamen- ]
1l concern to laboratory and astrophysical plasma research. While concepts ]
| ot basic plasma physics are important to any understanding of the micro- :
¢ scopic and macroscopic plasma (and thus energy) transfer throughout the .:
magnetosphere-ionosphere system, the earth’s plasma environment cannot be b
4 Jeceupled from its geophysical context. Thus, concepts of fundamental ’
[ ¢tomic and chemical physics are required for understanding the interface be-
f cween the plusma system and the neutral atmospheric gases. For a number of
€ sieatticent problems associated with waves and ionospheric currents, concepts )
[ nselid-carth geophysics, planetary magnetism, and geoelectricity are needed. ]
- Thius, research in magnetospheric-ionospheric processes serves as a link in the ]
Fiead discipline that we call geophysics. -]
(] The developing understanding of our space environinent from the IMS .
3 <rows that the magnetosphere-ionosphere system also serves as an important ',
; varin the energy transter from the sun to the earth, )
' i Thie solar-energy output in the torm of fields and particles is transported b
E 4 Hhreugh, and altered by. the magnetosphere-ionosphere system before most ;
L. ! ¢t s deposited in the upper atmosphere of the earth. Variations in the solar )
tr | variicles and fields produce signiticant variations in the state of the magneto- 3
! ! srhere-ionosphere system.
Described below are the regions of the magnetospheric~ionospheric system
shat are ot central importance to solar-terrestrial research. These areas are (1) -]
¢ the Bow shock and magnetopause and (2) the plasma, fields, and waves with- !j
i the mugnetospheric cavity. The latter provides another laboratory for the :
tudy ot basie plasma processes, but with conditions or parameters (scale size, [1
[ ! iield streneth, and kinetic and thermal energy, for example) that are different ]
' trom the interplanetary medium.
‘ Following these two discussions, a number of scientific problems of high '
current nterest are outlined in order to illustrate some frontier areas of re- -
search m this tield. ‘
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: i
' ~ow Shock vird Magnetopause
Lok wae Toamounees” o the approaching solm wind that an obstacle
oo entered mons hitherto unimpeded tlow, Between the shock wave
Dol raseciesphere the shocked solar-wind tlow becomes more turbulent
oo aroactos and tlows around the magnetosphere boundarv, The mag-
! Lot boanndary is a dynamic (i.e., nonstationary) region where the
z Poonod ¢ oaci-vand plasma and its associated magnetic field constantly inter-
viaoowndotu planctary magnetic tield and confined magnetospheric plasma.
* ¢ vasiire in the solar wind and its associated magnetic energy must enter
z the snurpctosphere proper by fundamental plasma processes that are not yet
i hiew s o andenstood. The steady tlow ot the solar wind around the boun-
B orerates a argesscale electric field across the entire magnetosphere. This
ﬁ clectne teld causes plasma in the nightside of the magnetosphere (the mag-

Cotecit) to Hlew toward the earth.

Date enict that show that certain orientations of the interplanctary mag-
mote tiehs lead o enhanced transter of solar-wind energy into the magneto-
sovicie an oo energy release in the magnetosphere. Changes in the solar-wind
Sreona yessure on the magnetosphere boundary produce similar effects.
Gese porteds of enhanced activity are called “magnetic storms™ (or “sub-
oo tor sinaller events), These are periods when the magnetic field mea-
caead L thie eaith's surface fluctuates considerably .

A linerary magnetosphere involves a system of many distinct, mutually
stteracting plasma regimes: the streaming solar wind, the premagnetosphere
Pock owave, the magnetosphere boundary . the collisionless plasma contined
ﬁ‘ U doagnetespheric cavity, and the resistive plasma of the lonosphere. ’,

shechoe colhisienadly tied to the neutral atmosphere.

Maitphissma environments ot widely ditferent scale sizes and complexities

s .
{ a0 et in astrophiysical systems. An active sunspot region is an example of ;
[ sinailcale system, and radie galaxies are cosmic-scale systems. In tact, in "
r‘ asttophysios the coneept of a “magnetosphere™ has now been generalized to ]
{ conate any plasma envelope around a compact magnetized central body. ‘
1 g
[ 3 Plasmas, Fields, and Waves in the Magnetospheric Cavity- A Laboratory

¢ ter the Study of Basic Plasma Processes "1\
*: S otun darental property ot a magnetospheric system s its ability to transport

:I cho s ttom one plasma regme to another in the case of the carth, trom the

{ slar waind through the magnetospheric boundary 1o the 1onosphere and 1
E « upper stinosphere. This coupling controls the encrgy and momentum deposi- '«
[ ten bt the carth’s upper atmosphere. Tt is through this process that many K
& ceiturcanons wssoctated with solar activity, f.e.. those transmitted by the
4 solgr wand. are trransduced into effects detectable on mun-made sy stems on

P )
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th:c ground. in the atmosphere. and in near-earth space. Finally, it is through
E" s magnetosphere-ionosphere-atmosphere  coupling that some  physicai
[ mechanism should be sought that may be responsible for possible effects of
s.lar variability on the lower atmosphere, weather, and climate.
Mincetospheres and multiplasma systems often exhibit an ability suddenly
te release gradually accumulaed magnetic energy and thereby convert it into
‘ oroenized, nonthermal energy of charged particles. On the sun, this process of
rrohenargy particle acceleration is called a solar flare: on earth and Mercury,
anagnetic siorm (or substorm for smaller events). In astrophysical magneto-

. spheres, particle acceleration to relativistic encrgies is muanitested by the
- Coctromagnetic radiation emitted by these particles. Galactic cosmic rays
‘ coav likewise be the result of an acceleration process, or chain of processes. in
o oovdtiplasma system. The study of such universal acceleration mechanisms is
Ghsrousivoof fundamental importance to the quantitative understanding of
the soblar=terrestrial chain ot energy transfer, in which they participate so
S LY

Fhe carth’s magnetosphere offers the opportunity to study in situ the re-
lated energy storage and release mechanisms and their microscopic properties

: rosponsible for particle acceleration. Other solar-system planetary magneto-
sphieres (see Section VEof this chapter) are now also accessible to in situ prob-
‘ ing. although not in the same detail as the earth’s: thus, a wide range of
magnetosphere scale sizes ranging trom the ““minimagnetosphere’ of Mercury
, 1o the “macromagnetosphere™ of Jupiter is available for comparative study.
i i quite a different area, a magnetosphere with its multiplasma regions
separated by discrete boundary lavers generates a host ot plasma instabilities
(J : amd nonhinear phenomena that regulate the energy, momentum, and mass-
| iranster progesses from one region to the other. These processes and the
soeleration processes mentioned above constitute basic physical phenomena :
that wie equally interesting to laboratory plasma physics. Fundamental 1
3 “lasma topics include magnetic-tield reconnection, the interaction of turbu- .':
ei ce with magnetic tields. and particle confinement and transport. i
8
4. Scientific Prohi~ms ]
]
” 4 Glokal Processes !:
~soveral speattic global (s opposed 1o localized) topics in magnetospherice-
ponospierie research dre discussed below o aitastrate some general problens 1
cf neatest screntific interest at present (see Figure 3.6). 1
( e Orizin and Fate of Magncrospherie Plasma Plasma is found in all regions b,
o the earth’s magnetosphere. After two decades of satellite explotation, -]
]
1 .‘
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GO RES.6 0 A selection of some principal magnetospheric-ionospheric- )
AUpospheric phenomena., 1
— ")»_1
2 . . . . e . . . N
ey distinet plasma domains have been identified and distinguished by 1
¢ niserved physical characteristics and/or theoretical “expectations.” These ’;
Jornains, often not independent, include the polar cusps. plasma mantle, )
~lasma sheet, entry layer. plasmasphere, and ring current. It is the topological
: «rid o dynainical relationships among the plasma domains that pose some
] ventral questions for the next decade. )
: Maanetospheric plasma originates from two intrinsically distinct sources: }
! the ~arth's 1onosphere and the solar wind. lonospheric plasma is created

. N e et o it feachan . - PP — PO, ovinain
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prncrpadly tvom the ionization of the upper atmosphere by short-wavelength

L clectiomagnetic radiation (see below): this plasma includes particle
speaies sucli s hydrogen, helium, nitrogen, oxygen, and electrons. The solar
voand consists principally of jonized hydrogen and helium, as well as clectrons.

Coidn magnetospheric properties or events are causally associated pri-
“vth or exclusively with one plasma source. Other events are more complex
~ndd anvolve more than one plasma source. As an example of a one-plasma
ioone, the plasmasphere is low-temperature, high-density plasma that oceu-
s the inner magnetosphere and represents the extension of the ionosphere
1o space. It is confined by magnetic shells or tubes of flux of the earth’s
ticld and 1s usually quite distinct from the more cnergetic plasma in the sur-
raending outer magnetosphere. By contrast, the commencement of a magnetic
Lorm, caused by the disturbed solar-wind plasma impacting the outer magneto-
sphicre, involves at least two regimes. The main phase of the magnetic storm is
even more complex. Here the magnetospheric plasma is mixed with solar
wind and ionospheric plasmas resulting from direct injection of plasma from
the geomagnetic tail and the acceleration of heavy ions upward out of the
ionosphere.

Measurements have recently been reported of the electric tields that exist
parallel to the magnetic field in the auroral regions at altitudes of 4 few thou-
sand kilometers. These electric fields undoubtedly arise through microscale
nrocesses in the magnetospheric plasma, The electric fields are thought to he
the agent that accelerates plasma out ot the ionosphere and causes magneto-
~nhesic plasma to be depesited into the upper atmosphere, enhancing the
rtization there. Such tield-aligned currents can drive ionospheric currents on
a viebal scale and provide a possible explanation, for example, tor the correla-
tinn ot ground-based magnetic observations at the equator and at auroral
it tudes.

To summarize the fate of mugnetospheric plasma: Magnetospheric plasma,
cnice created or captured. iy either lost or “permanently”™ stored. Loss pro-
cossoy fall into two categories: the return of plasma to the solar wind or to
the carth’s atmosphere. Loss to the solar wind can occur by plasma escaping
scioss the magnetopause or by ejection down the geomagnetic tail. Under
ceriam conditions plasma can also be stored in the magnetosphere for long
roricds of time (us lorg as many vears in the case of the radiation belts).

Severa! questions relate to the plasma sheet and its topological connections
to the polar cusp. the boundary lavers, and the aurora. For example, the mor-
photogical characteristics and 1on compositions of the aurora and plasma
sheet suggest a direct connection between the two, but the issue is not re-
sohved. Farthermore, understanding the nature of the auroral substorm con-
tnues te prose great ditticulty as the complexity of the problem grows more
Pk trom the accumulanng observational evidence. The boundary Laver
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! may have casier access to the plasma sheet than other regimes, but this sug-
’ costion I speculative.
The cutry layer at the subsolar point (i.e., at the nose of the magneto-
i) o characterized by diffusion processes and large pressure gradients.
' The latier may play a role in driving plasma into the boundary layer on the
iarhs o4 the magnetosphere. These regions of the magnetosphere require far
2ore study,
stdy of the polar cusp regions deserve emphasis and will undoubtedly
fead to many discoveries in the next decade. Properties ot dayside aurora,
pulat-cap phenomena, and the degree of turbulence in the cusp regions all
: require further study. Magnetic merging (see below) is a process that has not
ke reen unambiguously confirmed (but is nevertheless invoked to explain many
mu-nctospheric phenomena): it may occur in the cusp regions.

Hvy— T
.

o V‘va‘vv

co dhe Awrora Where the aurora occurs and why it occurs at the locations
v 2oy are questions that have received much attention throughout this cen-
turv, beginning with the pioneering Arctic expeditions of Birkeland and
Steermer’s caleulations of the motion of a charged particle in a dipole geo-
rracnetic field. Today, a great deal is known about where the aurora occurs,
«ud certainly it is understood why it occurs. The aurora occurs in both hemi- B
-ph2res at high latitudes in oval-shaped zones. The auroral zones may at times
exiend a tull 360° around the geomagnetic poles or may at times concentrate
pancipally on the nightside. The aurora is caused by the precipitation of par-
nicles (principally electrons and protons) ot magnetospheric origin, which col-
Baongty excite atoms in the upper atmosphere. The excited atoms return to

dreir ground or normal state through the spontaneous emission of light that ,
constitutes the aurora. There are many morphological characteristics of the jl
~irora that have been caretully measured and cataloged. 5
Must early work on the aurora was based on visual observations, whereas '.:
more recent studies have utilized tar more sensitive ground-based photometric 5
oieervations., satellite imaging and particle data, radar observations, and other !

techmgues, Interpretation of the early visual data was mostly of a statistical
aeture, By contrast we are now able to study individual auroral events and
mehe detailed comparisons with other magnetospheric measurements. Thus, ’ o
i posing the question of the origin of the aurora we now include the identi-
foatton of e source of the precipitating particles, the particle precipitation
and coerization mechanisms, and an accounting for the time scales of events
v . the recovery ume of a magnetic storm or of a substorm).

The 1ask ot understanding the location of the aurora is no less complex.
talior aorphological studies established where the aurora occurred on a
Lol seale, and associated correlation studies established that variations ]

Looatpen e very large and commonplace. Many unanswered questions
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remain. We still do not understand why the poleward boundary of the aurora
is su much more variable than the equatorward boundary, or what dynamical
factars control these boundaries. The dynamical (physical) connection be-
tween the incidence of auroras and the orientation of the interplanetary mag-
netic field, which correlation studies indicate may be related, is also not fully
understood. Only recently, on the DMSP satellites, have concurrent measure-
ments become available of the spectrum of precipitating particles and the re-
sultant auroral images. The novel imaging experiments on the forthcoming
Dynamics Explorer mission promise to provide unprecedented coverage in
space and time of auroral occurrence and the development of auroral sub-
storms.

Advancing our knowledge of the nature of auroras will require the devel-
opment of better theoretical models and the acquisition of observational evi-
dence for the extension of the aurora upwards into space. The dynamics of
the region inside the auroral oval (called the polar cap) will be a central issue.
Here electic fields of magnetospheric origin control the motions of iono-
spheric particles; models for this effect are still extremely elementary and ig-
nore much of the growing base of observational information. The location of
tield-aligned currents within the auroral zones, the microstructure of electric
and magnetic fields within arcs, across zones of field-aligned currents, and in
the polar cap all require additional observational and theoretical study. More
comprehensive electric-field measurements along magnetic field lines are
recded to trace the origin of particles and energization processes more
conclusively,

(iii; Mass Coupling between the Magnetosphere and the Atmosphere  The
principal constituents of the magnetosphere are hydrogen, helium, and oxy-
cen tons, whose origins can be traced either to the photoionization of gases in
the carth’s upper atmosphere or to the entry of solar-wind plasma. Near the
carth, charge exchange between ionospheric oxygen ions and atomic hydro-
gen provides a ready source of protons which fill the low-latitude magnetic
ilux tubes to form the plasmasphere,

Above about 60° magnetic latitude the magnetospheric convection elec-
tric field acts to transter ionospheric plasma to magnetic field lines, which
connect into the magnetosphere tail. The result is the polar wind, a high-
speed, outward tlow of low-energy protons and helium ions with a net plasma
density a factor of approximately 1000 lower than the ion densities in the
plasmasphere.

A separate magnetospheric source of oxygen and helium ions is found at
»lutudes above discrete auroras. Through a mechanism that is not yet under-
stood, ionospheric oxygen and helium ions are heated and accelerated away
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frow the earth along magnetic field lines that connect to the aurora. The fate

_ oiabese funs is not known as yet: it is possible that the hot oxygen ion com-
t setcns inay play an important part in the dynamics of the ring current. ]
A aamher of cutstanding unsolved problems exist concerning mass coup- "
s i the magnetosphere. These include the determination of (a) the frac- .
fion o the pelar wind ultimately lost from the magnetosphere, (b) the role of ]
E enieryetic ions in the overall dynamics of the magnetosphere, (¢) the contribu- '

PPy

tion ¢t the plusmasphere to the overall mass budget of the inagnetosphere, (d)
the vxwwnt to which the solar wind may provide a source of magnetospheric
piastag and tare elemental species in the atmosphere, and (e¢) the validity of
chassitical ditfusion theory as an accurate explanation for the high speed of
e poter-wind tlow,

[N

vy Transport of Energy and Electric Fields from High to Low Latitudes
Joule heating and particle precipitation at auroral latitudes are important _
wouices of energy for the thermosphere, as well as perhaps the upper meso- 3
snhere. These localized heating sources launch gravity waves that propagate B
to fower latitudes and also produce meridional circulation patterns that sig- :
sificantly alter the undisturbed global thermospheric wind pattern. As a ';’
result of this perturbed meridional circulation, thermospheric temperatures '
. and compoesitions can be significantly altered on a global scale during dis- B |
? tirhed muagnetic conditions. The altered thermospheric conditions change .
e'setion densities in the ionosphere. These processes are discussed further x
[ ; 4 Secion B '
' Muagnctospheric electric fields seem largely confined to high geomagnetic
?
[

latitxdos but can penetrate to low latitudes, where they affect the dynamics
~t the plusmasphere and plasmapause, the ring current, and the ionosphere,
The otticiency with which high-latitude electric fields penetrate to lower lati-
{ tud-y depends on the distribution of ionospheric conductivity as well as on , .
: “he rates of change of the electric fields themselves. Their variations arise from .
-

.
%)

1he tendency of the inner edge of the plasma sheet to shield lower latitudes
tron the steady, high-latitude convection field. However, more rapidly vary-
ing substorm electric fields are observed well inside the plasmapause. Tran-
sviit ! ctric fic.ds associated with interplanetary magnetic-field changes
3 have heen observed in the equatorial ionosphere. A tuller understanding of »
s process requires a more complete picture of the global electric circuit.

b Scientitic Topics Regarding Localized Processes

The vollowing research problems of considerable current interest have been o
wlected as examples of localized processes.
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(i) Plasma Boundaries A number of distinct boundaries between plasma
reggmes have been identified in geospace. These boundaries include the
plasmapause, the magnetospheric boundary (magnetopause), and the bow
shock of the magnetosphere. The plasmapause marks the boundary between
the region where the plasma motion (flow) is dominated by the corotational
electric tield of the earth and the region where it is dominated by the large-
scale magnetospheric convection electric field. The magnetopause is formed
by the interaction of the solar-wind plasma with the vacuum magnetic field
of carth. The physical role that the magnetic field in interplanetary space
plays in the formation of the earth’s magnetopause remains poorly under-
stoed and is an area of active investigation in magnetospheric science. The
how shock. sunward of the earth’s magnetopause, is produced by encounter
ot ¢+ supersonic solar wind with the obstacle of the earth’s magnetic field.

In recent years considerable understanding has been achieved in studies of
the collisionless bow shock upstream of the earth’s magnetopause. The inves-
tizgation of the earth’s magnetopause has continued, most recently by use of
the dual ISFE spacecraft to separate spatial and temporal variations at the
boundary. Studies of the plasmapause have furnished new information on the
trapping and losses of ions and electrons and the generation of waves at an
internal boundary.

Much work remains to be done in understanding the nature of the earth’s
magnetopause. The interaction of a magnetized plasma (e.g., the solar wind)
with a vacuum magnetic field remains a fundamental plasma problem. Not
cnly is the interaction at the earth not understood, but the magnetopause
structure ot Jupiter appears to be quite different from that of the earth. The
collisionless bow shock requires still further investigation, particularly its role
i producing waves and energetic particles upstream (sunward) from the bow
shock. The effects of the plasmapause in the generation of hydromagnetic-
wave phenomena in the magnetosphere and in producing particle precipita-
tion requires further work. In summary, plasma boundaries in the geospace
cnvironment represent some of the most interesting plasma phenomena that
are produced by the interactions of magnetic fields and plasmas of quite dif-
terent characteristics. Studies of these boundaries in a cosmic environment
will coittinue to contribute to understanding of laboratory plasma boundary
phenomena.

qre Origing Configuration, and Role of Flectric Fields  The de and quasi-de
electiic field has only in recent years become one of the fundamental observ-
shles of the magnetospheric plasma system. Commonly, in magnctosphere
research, if the physical process responsible for the field (its *“‘origin™) is ex-
ternal to the plasma region under consideration, the electric field can be
viewed as “‘driving” the plasma’s bulk motion. On the other hand, if the
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slama's bulk motion is impressed by external forces (e.g.. collisional or tur-
el tacnon) the electric field is viewed as “induced™ by the plasma mo-

o faviamo electrie tield toriginating™ in the moving plasma).
o oodition tothe perpendicular electric field (EL) discussed above, there
woo it parallet electric fields (Efl) in some regions of the magnetospheric
‘ vovoo Aoy Edowall be uncoupled from the bulk plasma motion. An E|| can
E 4t g cnoa acioscopie plasma scale under several possible conditions: in
! the vrosence of (1) a tield-aligned current whose particles experience a finite

resbsiteity (ee., electrostatic and electromagnetic plasma waves), (2) ions and
viections wathe ditferent distribution functions (double layers), (3) current-
Jriven olecniostatic shocks, or (4) as a component of an induction electric
ticld.

Ti o mzanetosphere is bounded on one side by the resistive ionosphere.
Vhict o cmbedded ina neutral gas that can impress its own motion on the
“lasinia fereating dynamo E fields), and on the other side by its interface with
the solfar wind. s believed that the combined etfect of, and interplay be-
tween. the boundary and ionospheric dvnamos determines the lirge-scale
SUtesoot o comection in the magnetosphere and the contiguration of its
“open’ CCenvection proper) and “closed” (corotation) regions.

Progiess lius been made in recent years in the study and understanding of
this svstemt of quiescent, large-scale convection and its implications for ener-
setic particle monon, the formation of the plasmasphere, and some dynamic
pvepechies of the magnetospheric tail during magnetically quiet times. A se-
aquencoof causal relationships is generally accepted: (1) The solar-wind dy-

PO O W

ranro ampresses an electric field onto the open-field-line region of the mag-
! notosplieres (2) this region, connected to the polar-cap ionosphere, deter- |
' munes the electrie field therein: (3) given the polar-cap field, the ionospheric h
onductivity electrostatically determines the electric field equatorwards of ]
, ‘e polar-cap boundartes: (4) this. plus the corotation dynamo, determines '
e electric ield in the entire closed-field-line domain. %

Many cuestions related to the magnetospheric electric tields remain. For
i quiescent electric fields, these questions concern (1) the relative impor-
sanee of the dynamo in the boundary layer and any magnetic-line intercon- A
poction between the interplanetary and magnetospheric fields and (2) the

serl-seale mechanisims responsible for the boundary dynamo. Two other ]
castiens concern (3) the mechanism(s) by which electric tields, impressed on ]
fae clar-cap ionosphere, are “transmitted” to lower latitudes and (4) cou-
pling fetween the ionospheric-magnetospheric electric field and that in the
tropaspherc-stratosphere, which were discussed in Subsection 1V .4 .a(iv) :
thove, has local as well as global aspects. Quantitative information on tran- {
vent electnie fields in the magnetosphere is almost completely lacking. Infor- ]
mititon and theory are needed for understanding the electric field acting on 1
N
et e o]
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auroral-zone ficld hines at alttudes of several thousand kilometers, for under-
standinyg the nature and onset ot instabilities in the cross-tail current, and tor )
understanding the physics of magnetic tield reconnection (see the tollowing

section).

i Magnetic-Field Reconnection Magnetized plasma regions containing
tvoo domains with differently directed magnetic fields in contact with each
cither that are pushed together 1end to develop a thin layer of plasma at the
contact beundary containing intense electric current sheets. The magnetic

E ! caudatorial plune of the magnetotail is such a region. Such current sheets can

o ' e exist i interplanetary space at sector boundaries and tangential discon-
Ee tnuttios and in the solar chromosphere and corona.

Iheoretical studies, analytical as well as computer simulations, suggest

that the reconnection process involves a complex interaction between macro-

v wwopte and microscopic plasma processes. The lurge-scale plasma flow and

1. Sagnele tields (e, the “boundary conditions™) appear to control the over-

i st dyiamics and energy conversion rate. In the small region surrounding the

maznetic null, efectric current-driven plasma turbulence (microstructure phe-
pomena, see above) may operate together with inertial and/or collisional pro-
! cesses to produce a resistivity in the null region.

The applicability of reconnection to magnetospheric processes, and to
astrophysical systems as well as to laboratory devices, is far from proven.
Much work 15 needed in such areas as (a) theoretical and computer simulation
stndies of two- and three-dimensional systems, (b) laboratory experiments to
sty plasma properties at the resistive limit, and (¢) magnetosphere observa-
neps designed to resolve the spatial and temporal etfects of plasma and field
mevements that mav be associated with the reconnection process.

vt Acceleration and Heating Mechanisms [t now seems clear that in the
suroral region the *“frozen-in” magnetic-field concept, derived trom basic
zenetohydrodynamic theory. is not completely valid. Magnetic-field-aligned

e

rotential drops occur that dissipate energy through the acceleration of X
Jreed particles, Figure 5.7 is a schematic representation of our contem- .
corary coneept ot the physics in such a region of the magnetosphere, in which .
Jetrie tickds wre aligned with the magnetic tields. This picture comes from )
doomrerpictation of Jow-altitude auroral particle measurements (made with R
cecket thighta) ana optical observaticns of the motion ot curoral {orms. ;

: vann rekeases from reckets and SKylab were also useful in revealing upward
] s cccdderation. A Department of Detense spacecraft made the first in situ b
: meastrenrents of electne tields in the aceeleration region, '4
ii Darne maanctic storms, energetic ions and electrons appear i the trap- 8
o romon of the magnetosphere, Electrons are accelerated to eneigies as .
<
}
v o e |
K
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JIGURE 5.7 Schematic meridian cross section through the auroral oval,
Slowing the structure of aurora-associated electric currents and fields aligned
ith the ceamagnetic tield, (Courtesy of L. J. Lanzerotti, Bell Laboratories.)

figit as several MeV. The appearance of these particles often occurs within a
nine span of a tew minutes or less, generally on the nightside of the magneto-
sphere alihough cases have been reported on the dayside. While such particle
cnbancaents have been noted since the carliest days of magnetospheric re-
eorch o understanding of their dynamics is fa from complete. Adiabatic
“roccsses such as betatron acceleration, and plasma instabiiitics such as dritt
waves. have been used to explain the apparent ceceleration.
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v aund omental theoretical and observational work is needed to understand
cveedeation processes in o the magnetospheric plasma. Some of the work
sheata miclude (a) a determination of the altitudes and time dependencies of

et achlaligned acceleration regions; (b) the geophysical conditions for
sty of such currents: (¢) plasma processes that produce energetic

caoped particles: and (d) the relationships, it any, between accelerated
Cavnd panticles and particles accelerated at low altitudes above the auroral

v Grivti o Plasma Waves  The term “plasma waves™ characterizes all those
Caves ! can propagate in a plasma or that have their wave characteristics
signioanily modified by the presence of a plasma. Plasma waves can be pre-
Jemusanty electromagnetic (having both electric and magnetic fields pro-
ducad by current tluctuations) or electrostatic (having only an clectric tield
praduced by tluctuations of electric charge). Hydromagnetic waves are
plasina waves that exist only in highly ionized, magnetized media such as
subar-system plasmas. Most plasma waves are generated by the conversion of
plesmu and energetic particle kinetic energy into wave energy through u vari-
ciy of wave-particle interaction processes. In turn, these waves may interact
with the particles and modity the velocity distribution of particles in the
plasma,

Rewons with significant plasma-wave activity in the earth’s magnetosphere
are schematically illustrated in Figure 5.8. A number of the observed VLI
cionstons (10 Hz to 30 kHz) have been attributed to amplification through
the interactions between coherent particle beams and plasma waves. Particle
Jynamics of the trapped radiation belts are determined by some of these
waves. Kiiomeitric radiation (50-500 kHz) observed above the auroras appears
v ke related 1o the auroral particle acceleration and may be comparable to
the radio emisstons observed from the outer planets. Flectrostatic noise is
sequently detected in regions containing hot or streaming plasma. Waves and
iene in o the hydromagnetic frequency regime are observed throughout the
tnagnetosphere and are often enhanced at boundaries such as the plasmapause.

Several outstanding problem areas in understanding plasma waves include
e determination ot (1) the conditions tor generating electrostatic waves and
their consequences: (b)) mechanisms for generating the carth’s kilometrie
redic bursts (and radio bursts from Jupiter, Saturn, and Uranus). (¢) the roles
ctoplasmia waves Inoenergetic particle dynamics: and (d) the souices of fow-
1ooauvney waves and noise in the terrestrial magnetosphere.

L Hiectnie Coupling benween Magnetosphere and Atmosphere Recent evi-
cenee suggests that stiong electrical coupling exists between the tonosphere
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iU KRE S A schematic noon-midnight section of the earth’s magneto-
Chere showeng pegions with significant plasma-wave activity, Compare with

e am order to rdentity the locations mentioned below.,

cidthe Jower atmosphere. Large-scale horizontal electric fields of magneto-
spheaie and wonosphene ornigin map down, with little attenuation, to an alti-
t..de of about 10 km. The total potential drop across regions like the polar
can and the auroral wnosphere can be a significant fraction of the average
‘onospheric potential with respect to the earth (240,000 V). Thus. the mag-
¢ ctosphenic-tonospheric electric tield can signiticantly atfect the global dis-
Soabunen eof the vertical fair-weather tield near the earth’s surface. The atmo-
ohenie elecinie tield also depends on the conductivity distribution within the
ativesphare,which is known to be modulated at various altitudes by electron
©capitaiien dunne maenctic stonms and by solar-tlare x rays. solar proton

vyt calactie cosmuc-ray variations, These questions naturally interest

vEo phvaicsts and meteorologists as well,

Medar cacutatne s indicate thar electrie fields from large thunderstorm
At s the atmosg here may reach the ionosphere and magnetosphere with
S0 atenany e have amportant dynamic effects. They can attect

ey and e saretes an the magnetesphere,
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- Scveral tmportant considerations for further elucidating the electrical .
(¢ ccupling processes within the earth-atmosphere-magnetosphere system in- 1
E Jade (a) a study of the solar-terrestrial influences on atmospheric electric )
ficlds by simultaneous measurements on the ground, in the middle atmo- ;
s ohere, and in the ionosphere; (b) determination ot the role of electric fields
i trznsintting disturbances vertically between regions; and (¢) determination ‘
r‘_ i the role, if any, of mapped magnetospheric electric fields in modulating i
] iLunderstorms in some latitude regions of the carth. ]
- i i) lonospheric Dynamics  The  global-scale  convection electric  field ]
2 strongly influences the properties of the ionosphere. At high altitudes, in the
ye ¥ remon, where ion-neutral collisions are infrequent, the ionospheric plasma
{ tas o pattern of E « B drift velocity that extends over the entire polar cap .
aind down to magnetic latitudes of 60°. Because of competing photochemical
and dynamical effecis, the ionospheric structure is quite complex. At low alti-
' tudes (in the ionospheric E region) additional ionospheric coinplexities can
* arise trom a coupling of electrodynamic effects involving the relation between
[ plasma motions and electrical conductivity. Such effects are of particular im-
yortance in the ionosphere near the plasmapause, where very large convection )
Y clectric fields can appreciably reduce the ionospheric conductivity and mod- . 4
a iy the driving magnetospheric currents. ‘
g Several important problem areas involving ionospheric dynamics include i
{ (a) a determination of whether plasma convection at ionospheric heights is ‘
{ stimilar to that farther out in the magnetosphere, (b) a determination of the :
t atmosphetic species by-products of ionospheric convection at high latitudes,
[.] and (¢) further studies of current theoretical models to determine if they can
[ predict the gross features of high-latitude plasma densities. )
) b
{
;
O V. THE ATMOSPHERE
!, Introduction ;
r The regron of the earth’s atmosphere from an altiiude ot about 10 km (the .
PY Uopopatned to near 90 km (the huse of the thermosphere) encompasses the !
& oonesphare and the mesosphere: inorecent wears this region has become
{ heoan s chie middle atmosphere. The thermogsphere is considered to extend
{ e 20 to about S00 km altitude and includes the ionosphere. The thermo- {
; sphere and the middie atmosphere are sinks for almost all ot the known large j
L4 vartatons an solar energy . ie., the energy in the electromagnetic spectrum he-
teoen about 10 to 2000 A and the energy of the solar particles and the inter-
rlaotay maenetic field that constitutes the solar wind.
4
° !
L 1




We hall encounter two problems in this description. The first problem is that,
it as the ionosphere and magnetosphere are linked by electrodynamic and
pasticle transport, so are the neutral atmosphere and ionosphere linked by
civcirodynamic and momentum transfer, so that some phenomena described
j.ers are either identical to or extensions of phenomena described in Section
1) ubove, perhaps trom a slightly different point of view. The second problem
i that such aspects of the upper atmosphere as its composition, chemistry,
vnorgetics, dynamics. nd resulting structure, which are functions of location
znd nime, are all so intricately interrelated that it is not really possible to dis-
cass cach in isolation without mentioning the others. On the other hand, it
has sceimed best to organize a discussion of the scientific problems of this
ossentiaily indivisible subject by using these aspects as headings. This inter-
related set of phenomena like the following could conceivably be discussed
under all these headings.

The rate ot absorption of solar UV radiation and the consequent conver-
sion of radiant energy to ionization or excitation energy or heat (energetics)
depends sensitively on the composition, including minor constituents. The
rates of the chemical reactions by which the constituents then release energy
{chemistry ) are dependent on the composition and temperature as is the rate
ieradiation (energetics). But the local temperature is not exclusively depen-
dent on these processes. because other sources of energy are involved, e.g.,
auansport of heat from high latitudes or by dissipation of waves from below
m'crgu s and motions). Furthermore, some constituents involving absorp-

Jon, eruission. and reactions have lifeumes long compared with times typical
ot iur-.._:-wl». mouons, so local composition is modified, which modities the
civppetics. which modifies the temperature, which modifies the chemistry,

ST RNANIT S

i‘n Jaytime steaay-state ionosphere is established i the thermosphere
prinvinally by photochemical reaction of the dominant atmospheric constitu-
snts, oxyeen and nitrogen. At midlatitudes under quiet solar conditions the
rebiavior of the 1onosphere can be reasonably well predicted, subject only to
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- The nuddle atmosphere absorbs solar electromagnetic energy at ultraviolet

_7 (U V) wavelengths (2000-4000 A), galactic cosmic rays, en2rgetic solar pro-

i U, ond parucles accelerated within the earth’s magnetosphere whose inten-
) sitivs ate modulated by the solar-controlled interplanetary medium. The
: s corewavelength extreme ultraviolet (FUV) solar radiation is absorbed

iaiaelv in the thermosphere, as are x rays produced by solar tlares.
U , Doscribed below are these two regions of the atmosphere where research

: is 1 ceriral importance to solar-terrestrial research.

! 2. ‘The Thermosphere
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[ ancertainties in the solar UV and EUV spectra and (to a lesser extent) un- <
Ll ceitainty in the concentrations of the neutral species in the region. The -
E ctiects of large variations in the solar electromagnetic flux (as during solar ':‘

tlares) are reasonably well understood.
y
The other principal sources of day-to-day variations in the thermosphere

, +d 1onesphere appear to be fluctuations in the energy flux of solar-wind _

g pucidcles arriving at the earth’s magnetosphere and the interplanetary mag- )

: noiie field. the efficiency of which in transferring energy to the magneto- }
sphioie is upparently governed by the relative orientation of the two fields. wf
Muost or the energy extracted by the earth’s magnetosphere from the solar j
vl s deposited at high latitudes in the auroral zone., While the total energy j
put from this source is usually less than the solar Uv and EUV flux de- ’
oosited globally in the atmosphere, the fact that this energy input is concen- *
trzted within a narrow interval of latitude meeans that it can protoundly

; attest the global circulation of the neutral atmosphere (Figure 5.9).

§ The solar energy transmitted through the interplanetary medium produces 1

three separate but related effects on the thermosphere and middle atmo- b

sptere. Heat 1s produced by direct electron and proton impact on the atmo- J
~here during auroral and solar-tlare events. Frictional (Joule) heating is ]

PrISU PPREIE

croeduced i the atmosphere by electric currents tlowing in the lower thermo-
-mhere (auroral electrojet). Momentum is transmitted to the neutral atmo-
shere by tast-moving ions in the upper regions (2150 km) of the ionosphere.
) The heat and momentum transterred by these processes to the neutral
atmosphere 1in the thermosphere appear to be redistributed globally over the
carth by winds and waves. The winds in the thermosphere preferentially
transport the lighter atomic constituents of the atmosphere and can thus )
modity the global chemical composition. The overall heating of the thermo- J
: sphere durimg geomagnetic storms can be a 1y “ificant fraction (SO percent) of

et s b

the global mean. )
The electric field produced across the entire magnetosphere by the flowing ]
setat wind 1s observed at thermospheric heights in the polar caps. Changes in ’}

iLix electric tield. produced by changes in the solar-wind flow, cuan produce
apid mouoen of the ionized matter, with speeds of more than 1 km/sec at
tunes. Changes in this magnetospheric electric field also appear to penetrate to
lower latitudes, where they are comparable in magnitude with the fields pro- )
Piced by the atmospheric dynamo.

These two superimposed electric fields. both of which are highly variable }
hecsnse their ongins are variable, are mapped downward and superimposed )
o the electric fields established by global thunderstorm activity . The possible :
imteraction of these different electric-field generators in the global atmo- )
spherie electiie cireuit has been suggested as one means by which solar activ- e

v mueht attect the carth’s weather.
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3. The Middle Atmosphere .
)
he chemical processes occurringin the middle atmosphere and lower thermo- '
Sl are very complex: not all are even well recognized vet. Photodissocia-
.on ob the normal oxygen molecule (O, ) produces odd oxygen- atomic oxy-
O czone Oy 0and excited atomic oxygen O(' D). The ozone is distributed .
]
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‘. : in the atmosphere between the surface and about 100 km, with a peak con-
centration near 20 km, and serves as the most important absorber of solar uv
in the atmosphere. Any major change in the amount of ozone in the atmo- »
sphere would have profound eftects on many existing biological specics.
% The ozone abundance produced by solar photodissociation is largely deter-
' mined by chemical radicals such as NO, NO,, OH, HO,, Cl, and ClO produced
k rrom chemical species that are to a large degree transported upward from the
{ : troposphere (below about 10 km). The constituents from which these radicals
g : are produced by photochemical reactions include N,O, CH; (methane),
‘ CFM's (chlorofluoromethanes such as CCI,F, and CCI3F), CH,Cl, other
: halocarbons (including bromine compounds), and water vapor. All of these .
" i constituents are relatively stable molecules that are introduced into the tropo- i
{ sphere and that gradually enter the stratosphere where they act as sources of
radicals. The interactions among these reactive chemical species may be
slowly changing as man continues to add CO,, CFM’s, and N, O to the atmo-
sphere in steadily increasing quantities.
¢ ‘ The presence of radicals in the stratosphere leads to the formation there of .
3 . soveral reactive chemicals such as HNQ;, CIONO, , HOCI, and HO,NO,, by ]
analogy with the same chemical reactions observed in the laboratory. Never- '
theless. several of these chemical species, expected in concentrations of only
I ppb or less, have not yet been detected in the stratosphere itself. Atmo-
spheric constituents that are important in the formation of aerosols include
SO,. COS. NH;. and H,S0,. Such carbon compounds as CO and various
hydiocarbons such as H,CO are also of importance for middle-atmospheric
cireustry. Concentrations of these constituents must be known in order to
understund the radiative energy balance that establishes the basic thermal
structure of the atmospheric region. There is a complicated feedback in these
processes sinee the absorption of solar energy is related to the chemical com-
position, but the heating itself atfects the temperature-dependent chemical
reaction rates, which in turn affect the chemical composition.

matate ol

IR .
ity . .

4. Scientific Problems

o Composition and Chemistry

¢ “roNirat sphere The chemistry of the stratosphere is exceedingly compli-
cated, and the deseription of atmospheric composition must be very detailed
i -rder 1o permit a realistic consideration of the chemistry (Figure 5.10).
Whode tamilies of substances of interest are present in the stratosphere in
ddinon 1o the normal background of clean dry air *Dry " 1s. of course. a rela- J
tve term. and enough water vapor is always present to attect the chemistry in ’
SNPOranl Wiy, -1
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A~one the subsiances of interest (already noted above), probably the first ‘ . _
et should e mentioned is odd oxygen—atomic oxygen O, ozone Oy, and J
2wited atomic oxygen O('D)--which arises from the photodissociation of
-
: O, h_solar UV radiation with wavelengths shorter than 242 nm. Next are the
i radicals NO, NO,, HO,, HO, Cl, and ClO. These constituents, plus a few .
: ctiter chemical forms, are at times referred to as the “odd N, *odd H,” and .
} “odd CI"" families, because within each family the constituents are trans- .
) «ormed relatively rapidly from one to another. The precursors ot radicals- - the -
. sepstituents from which radicals arise through photochemical reactions in- )
’ clude N, O, CHy. CEM’s (chlorotflucromethanes), CH5Cl, other halocarbons .
) |
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Spediuding bromine compounds), and water vapor. These are the relatively
L‘ siai ke oclecules that are introduced into the troposphere either naturally or
Byean and that gradually enter the stratosphere, where they act as sources
ot edicals Another category of interest comprises the radical-radical reaction
o ducts: tirese are generally inactive as catalysts, but they constitute a form
7 terage trom which radicals can be released photochemically, and they in-
chide such species as HCI, HINQ;, CIONO, , H,0,, HO,NO, , and HOCI. Cen-
<atuents that are important in the formation of aerosols include SO,, NH;,
and 1, S0,
Moivcules such as COS (carbonyl sulfide) are inactive in the troposphere
~at can be photolyzed in the middle stratosphere to release S atoms, which
( oturn cun be oxidized to form sulfuric acid aerosol.
lie curbon compounds CO and H,CG are also of importance to strato-
.phernie chemistry. This provides an impressive array of constituents whose
concentrations must be known, along with their distribution in altitude, lati-
tude. and time just to describe adequately the compositional structure of the
~uratosphiere. The concentrations of all of these constituents are small (typi-
cully o 1o parts per billion or less), and sophisticated techniques are needed
1o oiwerve and measure them. Without measurements of most or all of these
chcinical species in the stratosphere itself, there must remain substantial un-
c ! «crtamnty in our understanding of stratospheric chemistry, both on the aver-
sov I response to solar variations.
I e various processes of interest are also numerous and in many cases dif-

i teult o observe. These include the generation of gases—the radical precur-
! <~ by biological or physical processes at the earth’s surface, the removal of
(] | vases and particles from the troposphere (i.e., tropospheric sinks), the photo-

chomical reactions in the stratosphere (and in some cases the troposphere),
«wrosol formation, heterogeneous reactions that take place on the surfaces of
seronols, radiative effects of gaseous constituents and aerosols, and atmo-
spheiic tansport. In an oversimplified view of the problem, source molecules
¢ cenerated at the earth’s surface mix rather rapidly through the troposphere
and are slowly transported into the stratosphere, where they are converted
oo chemically active species—-radicals—by  photochemical reactions. How-
caer, some of the seurce molecules may be removed by sinks in the tropo-
spheie, reducing the number that eventually reach the stratosphere. Full

.. ejerstanding of the atmospherie cycle of each gas includes knowledge of its
strtace release rate, its loss to tropospheric sinks. its transfer to the strato-
sphere, and 1ts loss to stratospherie sinks.

Muany radicals that are released in the stratosphere participate repeatedly in

(] cetahvite reactions, but some of them become converted into inactive torms -
those tadical-radical reactions products that provide a torm of storage. There
v o sieady o slow tiansport of both the radicals and the inactive forms back
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inwe the troposphere, where they are generally removed from the atmosphere
b 1ain. In this way a relatively steady state is set up, but many complications
urice v a result of alternate paths that some of the constituents may follow.
Furthiermore, the chemical problem is complicated by the nature of atmo-
sphieric motons: tor example, where substantial vertical motions are associ-
atzd vith wave motions, the chemical reactions may take place preferentially
in regivns of higher or lower atmospheric density than that at the level under
constderaty o,

Aumosplieric aerosols is a general term that has been applied to matter sus-
praacd in the atmosphere ranging in size.from 1 nm (molecular clusters) to
micionieter-size particulates. Those with radii greater than about 0.1 nm act
as patticulates in scattering light, while smaller particles scatter light in the
same way that molecules do. A considerable amount of research has been
done i the larger aerosols over the last five years. The stratosphere has been
fuund to be a rather stable reservoir for such particles. Since sedimentation is
very slow, such perticles remain in the stratosphere for relatively long times;
tvpieal hitetimes are of the order of a year in contrast to lifetimes measured in
ay's in the troposphere.

it is now believed that aerosols are tormed in the stratosphere by gas-to-
particle conversion processes and that the major constituent is sulfuric acid,
H.SO,. The processes result in the formation of a layer of stratospheric sul-
fate particles at about 20 km. Typical stratospheric concentrations of these
patticles range from 0.5 to 10 cm™ . The gaseous sulfur compound responsi-
ble ior the formation of sulfuric acid droplets is thought to be mainly sulfur
dinxtde, SO, . Carbonyl sulfide, COS, known to be a by-product of coal com-
hustion and possibly formed by other processes as well, has now been mea-
sured in the 0.5 ppb range in the troposphere, and theoretically it shouid not
icact substantially until it has diffused some 30 km into the stratosphere,
where it is converted to SO, by photolysis. Thus, COS may be an important
mun-made source of stratospheric aerosols.

riij Mesosphere By comparison with the regions above and below it, the
mesosphere 1s usually described as characterized by relatively simple photo-
chemistry. Atomic oxygen is produced by the photodissociation of molecular
oxygen by solar UV radiation in the Schumann-Runge bands. Above 55 km,
ihe atomic oxygen remains mainly in that torm during the daytime, bu there

y i~ taige divrnal variation as it converts to ozone at night. Below 55 km, the
\ <tormie onyeen formed by photodissociation of molecular oxygen mainly con-
v ts to ozone. even in the daytime. Recombination ot O and O to O, in

(| ihis region of the atmosphere is belicved to be accomplished chiefly by cata-

hvtic reaction chains involving H, OH, and HO, .
There aie only a few observations of Q5 in the mesosphere, and these few
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g provide little reassurance that we understand or are able to predict the con- ;

centiation of such active species. In the tropics at night, the observed concen- ,J

‘rations between 40 and 55 kin have been found to be 3 to 5 times larger :

han anticipated, and above 55 km the profile is not at all like that expected. ]

Somarly, one measurement of NO at 70 km is about 20 times the expected '

Jinount. g

Orne would like to measure the concentrations of O3, O, OH, HO,, NOy, 2

- H, 0. CH,. and H, and the diurnal variations of these constituents. At pres- ]

! ent. the most suitable means of doing this seems to be use of instruments sus- :

:I-- : pended from parachutes ejected from sounding rockets. Infrared spectro- '4

I ; scopic instruments planned for flights using the Space Transportation System A

1 | (S18) also promise to provide valuable information on the global distribution 4
{ 1 of certain minor neutral constituents in the upper stratosphere, mesosphere,

and lower thermosphere.

L. (iii) Thermospherc There are still no direct measurements in the lower -

i : thermosphere of chemically active species. Atmosphere Explorer meusure-

. ' ments did not extend below 150 kin, and it does not appear feasible to make
in sine measurements below this altitude from satellites. A fundamental ques-
. : tion that affects the structure of the thermosphere in a dominant way is the
atomic and molecular oxygen distributions from 80 to 150 km. Measure-
ments of atomic oxygen have been made with mass spectrometers in rockets,
hut recombination of oxygen on the surfaces ot the rocket and spectrometer
gives rise to questions about the validity of the interpretation of measure-
ments. Airglow measurements from above provide another means of obtain-
ing the atomic oxygen profile. since recombinations give rise to green-line
c¢missions that can be interpreted in terms of atomic oxygeri concentrations.
Hewever, such observations from 0G0 -6 have not satisfactorily answered the
question of the atomic oxygen distribution. Molecular oxygen may also have
seasonal. diurnal, and latitudinal variations in the lower thermosphere. Mea-
suring the absorption of solar radiation trom rockets and satellites is one way
to determine the O, distribution.

Another important question relates to hydrogen compounds in the lower
thermosphere Although CHy and H, O provide the source molecules for
dtomic hydrogen. and the escape tlux trom the top ot the atmosphere is in

the form ot wtomic hydrogen, the role of other species, ¢, Ho . incanying
the upward {lux needs to be established. Thus profiles ot CH,. HO 1, and
o the Tower thermosphere are needed.

In the lower thermosphere and in the mesosphere, problems relating to the
D roaon of the wonosphere remain, namely, identitying and understanding the
soetrees of onzation, the steps leading to the formation of the dommant wons
(and even the wWdenutication of the dominant tons in the case of negative ons),
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and the mechanisms leading to ion removal. The ionization may be intimately
inhed with the NO distribution in the lower thermosphere and mesosphere,
which 18 governed by solar and auroral causes. The highly variable auroral
component can be transported globally by wind systems, and vertical trans-
~ort to dewer altitudes may perturb the ion and neutral chemistry of the
sresosphiere. Measurements made from sounding rockets, parachutes, and bal-
wsons e sull required in order to provide such information.

.1t 1ole of metals and ions in the lower thermosphere also needs further
ivescostion. Somewhat higher up in the thermosphere, Atmosphere Ex-
piorer has demonstrated the importance of metastable neutral and ion species
in controlling the chemistry; however, the global impact is still not under-
Stovd.

Ti.e upper atmosphere is strongly perturbed at certain times and in certain
plices by auroral precipitation, solar proton events, and plunetary waves,
Measurements of the energy input, the changes in neutral and ion composi-
t;or, and the radiative balance remain a requirement. Meuasurements made
from sounding rocacts and satellite remote sensing in certain airglow onnds
ar:d atmospheric emissions, assisted by ground-based optical observations and
incohcerent-scatter radar, appear to be the most suitable methods for attacking
this class of problems. Global imaging is necessary to provide time-dependent
mformation for models.

(1w ] Fxosphere  The current belief is that escape of hydrogen from the exo-
sphere is dominated by nonthermal escape, principally charge-exchange col-
!istons between energetic hydrogen ions and hydrogen or oxygen atoms. How-
ever, there has been no direct observational confirmation of this concept.
Groeund-based observations with new high-sensitivity optical instrumentation
n1y provide some of the necessary information.

b Energetics

/i, Middle Armosphere  The term middle atmosphere is used here as en-
compassing the stratosphere and mesosphere. In the decade of the 1980°s we
cun expect substantial progress in the formulation and solution of three-
dnrensional time-dependent models of atmospheric dynamics and electro-
Jvnamics through the middle atmosphere. The success of these models will
Jdepead in part on the availability of data on the energy budget ot the system,
i o . the energy input at various altitudes, radiative energy transter, chemical
storage of energy., and energy transport by dynamical processes.

Satellites provide optimal platforms from which to muke global measure-
ments of energy input in to the middle atmosphere. To evaluate the effects
o anani-mace or natural perturbations on the composition ot the middle
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atmosphere, more detailed information is needed on quantities associated with
the interaction of UV visible, and infrared radiation with the gaseous constitu-
ents and atnwospheric aerosols. It 1s clear that satellite observations must be
supplemented and complemented by balloon, aircraft, and ground-based
measurements. The quantities to be measured include the spectral distribu-
tens of the solar and terrestrial radiation ficlds as functions of altitude, loca-
tion. and season; the albedo of the underlying combined surtace-plus-atmo-
sphere system; and the spatial distribution of radiatively active constituents
such ¢s Os. H,; 0, and CO, and/or aerosol particles.

Of the many problems and unknowns in the middle-aunosphere radiation
budget, we highlight one that presents a large uncertainty in calculating rates
ot atmospheric heating. Our present knowledge of the optical properties of
stratospheric aerosol particles leads to about an order-of-magnitude uncer-
rai:ty in deriving stratospheric heating rates caused by the particles, and un-
certamty even in sign appears in evaluating the etfect of particulates on
clobal-average surface temperatures.

Acrosol particles are known to be located in the stratosphere in the inter-
val at about 15225 km with highly variable concentrations, especially follow-
mg major voleanie eruptions. High concentrations of particles have also been
tound in other regions of the upper atmosphere, as attested to by the pres-
ence of noctilacent clouds at the mesopause and by occasional reports of
cetosul lavers at intermediate levels. Significant effects on the energy budget
ot the atmosphere were associated with the increase in aerosol concentrations
obecrved atter the eruption of the volcano Mt. Agung in early 1963, Approxi-
mately a year atter the eruption, for example, temperature increases ot 6 to
> K owere observed near the 20-km altitude level throughout the equatorial
creion,

A stznificant uncertainty also exists in our ability to specify the vertical
Jistiibution of the direct and diffuse UV radiation field. This is important not
o tor use in caleularing the amount »f energy absorbed by atmospheric
~oawtitaents but also for use in photochemical calculations. Data on the spec-
v divtitbution of solar radiation outside of the atmosphere are available
©om solar sensors on orbiting satellite platforms. However, the changes in the
e tand diffuse solar UV radiation as it propagates downward are usually
¢ ried oyousing empirical values in the models. The caleulation schemes

‘1

Siust be tested. Iiositee observations using instrumentation mounted on bal-
i~ and rockets to determine the direct and diftuse UV radiation fields are
Ceanrad for the validation and improvement ot the stratospheric models.
bnerzete particles provide both a quasi-steady and a sporadic energy input
o the upper atmosphere at high latitudes. Fluxes ot energetic protons foliow
coaer solar tlares. and the bulk of their energy is dissipated in the foim ot
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ronization, mainly in the mesosphere in the case of protons with energies less
thuti ubout 30 MeV and in the stratosphere in the case of higher energies. The
tutal onergy input during a solar-proton event can be significant in compari-
<on wathi other upper-atmospheric energy sources.

In tic middle atmosphere the ionization process is accompanied by dis-
~ovistion of nitrogen and water vapor. leading to the formation of a wide
izit2 ot odd-nitrogen and odd-hydrogen compounds that can initiate cataly-
tic Jhemical-reaction chains. The energy released by the catalytic reactions
coanoran exceeed the initial energy input from the particles themselves, since the
cutolytic chains effectively tap the storehouse of chemical energy in the upper
~tinosphere. The largest single component of stored chemical energy in the
cuddle atnosphere is dissociated oxygen in the form of atomic oxygen and
ccone. The catalytic action of NOy and HOy compounds hus the effect cf
aloreasing the rate at which recombination of O3 and O proceeds. The HOy
e is most etfective in the mesosphere, but it has a relatively short dura-
.0 since the lifetinie of HOy is only of the order of a day at these altitudes.
The NOy chain is most effective in the stratosphere, and it may have a long-
crdaring eftect because of the relatively long photochemical lifetime of NOy.

An exciting prospect for the 1980's, namely, the possibility of gaining a
better understanding of global electrodynamics, was discussed from the stand-
punt of magnetospheric and ionospheric physics and is recapitulated here
hecause of its potential importance to atmospheric physics as well. Electric
firtds z2re present at all heights of the atmospliere and have a significant im-
nact on the energy budget in the thermosphere. High-altitude electric fields
huave beon shown to penetrate to stratospheric levels where they perturb the
clutial ctinospheric electric potential distribution. On the other hand, electric
fiel 1. ssosated with thunderstorms perturb fonospheric fields and currents.
Tiis upward and downward mapping of electric fields is one of the few clear,
Jmaostapstantaneous, coupling mechanisms between upper and lower atmo-
sphernie processes. To make progress, we need to explore the interactive ef-
tects .t tormospheric, mesospheric, and stratospheric electric tields and the
rosanle coupling of high-atitude electric fields to middle- and low-latitude
sepiens cng elobal scale and for extended time intervals.

ol omoepicere Ultraviolet radiation from the sun provides an important
crd o letivey steady heat input into the thermosphere. This input varies with
“he wo'as evele and produces a solar-cycle variation in exospheric temperature.
St.ortei-term varigtions result from enhanced radiation associated with solar
Uares An average energy input due to the absorption of solar UV radiation in
‘ne therrosphere is about 19'? W above 100 km.

Heat input into the upper atmosphere from the magnetosphere constitutes
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znoether nuportant heat source. It includes quasi-steady components due to
Yoec heaiing oy electric currents and particle precipitation around the auro-
L Voval that is present nearly all of the time: this has been estimated at about
3 10" W for average conditions of auroral activity. During magnetic
tonios, the Joule heating and particle-precipitation energy-input rate can be
. oorder of magnitude greater (S x 10" W), During strong geomagnetic
«torms about an order of magnitude more energy than is deposited in the
Lucoral sones goes into the injection of encrgetic particles that become
tieppod 1 the earth’s magnetic field to produce a ring current; this energy
Gecads at a cate roughly a factor of 10 times slower than the rate of injection.
Some of this ring-current energy (perhaps 10 percent) is directly deposited in
the nuddie- and low-latitude regions of the upper atmosphere (i.e., at a rate of
ahout S 10'% W) as the ring current decays. Particle energy from the mag-
netesphere can be directly deposited by ion and electronic precipitation, flow
of Joule heat from the ring current, and energetic neutral-particle precipita-
tion. These quantities are poorly known. There is a need for coordinated
measurements of optical emissions, ionization production rates, electric
ficlds, and electron- and ion-temperature gradients along the ficld lines to
¢viluate the auroral-zone energy inputs and their variation in local time, and
cnergy transport to lower latitudes, as well as the direct energy inputs to mid-
div und low latitudes.

Precipitation of trapped energetic particles into the atmospheric loss cone
meuvced by UL F-VLEF waves constitutes an energy source for the thermo-
«phere and mesesphere. Both coherent and incoherent wave forms are present
iin the magnetosphere, and they may precipitate particle fluxes that have cner-
cies uvrders of magnitudes larger than the cenergy fluxes in the scattering
waves. A variety of wave-induced effects occur both in and outside the
plasmasphere. These eftects have not yet been well described in terms of the
ty pos of scattering waves, the particle energies involved, and the temporal and
spatial characteristics. The problem is further compiicated by the presence in
the magnetosphiere of VIF waves from communication and navigation trans-
miieers and from power distribution systems.

In the 19807, satellites and Shuttle-based techniques can play an impor-
tant role in describing the particle inputs to the atmosphere associated with
-cattering by waves, particularly the quasi-steady etfects. However, the impor-
tert dvnamical eftects such as tast temporal variations will require observa-
Hens ot precipitation etfects (and associated wave activity) from the ground
i troes balloon and rocket plattorms. The appropriate insttuments include
piotemeters, xeray detectors, riemeters. magnetometers, and UL -VIE ice-
covers, bach or these techniques is currently undergomg improvements,
Trese improvements should be continued <o as to provide the instrumental
SdnD Dol mMappine preapttation, supporting assocrted space experiments, sup-
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puiting active wave-injection experiments, and evaluating man-made precipi-

oo eriedts.

Noructure and Motions

qﬁf”vvrrvvrw Y vV w

f sheldic Aemosphere The principal energy sources of the lower and mid-
=2 oo osphere are. respectively, solar heating of the earth’s surtace and of

| e coone jayer. This leads 1o a structure where the temperature decreases
L v dritade through the troposphere, increases throug'i the stratosphere to a
5 srwaeinum near SO km, and again decreases through the mesosphere. The lati-
cadingd ditterenual in the heating of the ozone layer by absorption of solar
[, <+ energy, and the subsequent infrared emission to space from ozone, car-
;‘ oo atoadde, and water vapor, drives a global circulation that 1s characterized
browoetiong west to east jet in winter and a strong east to west jet in summer,
centored at altitudes near 60 km. Thus, there is a strong annual periodicity in
o+ middle-atmosphere flow. Other notable periodicities in the flow include

:

. e yuasi-hicnnial oscillation that is prominent in the lower stratosphere near
the eyuator and the semiannual oscillation that dominates at higher levels in
e Lopies. The source of the quasi-biennial oscillation is believed to be the
{ Jiooimate castward and westward acceleration arising from vertically propa-
' watig tropical wave modes. The source of the semiannual oscillation is more
rruin but is thought to lie in alternate eastward and westward accelera-
s eosing fromvertically propagating tropical wave modes and extratropical
niqnctary -scade disturbances that have their sources in the winter troposphere.
A: raiddle and high latitudes, somewhat irregular oscillations with one- to
thhee-weok periods are seen in the winter flow; these are commonly referred
to o ot warmings, Also, there is the sudden stratosph ric warming-—a
highlatiude phenomenon that appears during some winters,
itese vmddiz- and high-latitude phenomena are thought to be intimately

Ui

coanocted withe vertically propagating planetary waves that are evident on
v oweather maps as large-scale undulations in the tlow. The vertical mo-

Do at accempany these global flows are small, on the coder of Tem sec !

1

ot Lesss Svoopticsseale disturbances (those lows that are tamilrly seen as
dr g hiebis and lows on weather maps) are believed to plav a much ie-

fuced tode m o the middle atmosphere compared with their role in the tropo-

‘ v o vbaweser observations are madequate to settle this issue at present,
viies cheiie tides are global-scale motions that are dniven by thie sun and
coccn Byoterr thermal and gravitational mtluences: thiey have penods
conad remtesral fractions of a solar o lunar day - Tidal wands are observed
L ¢ he comparable with prevailing winds in the upper mesosphere and lower
'

vivciaiosphere. Gravity waves are much shorter-period oscillattons that are
corecs by guroral disturbances. severe weather, and shiear instabibities, as
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well 2s by other 1eans. The vertical propagation of gravity waves upwurd
feom the tioposphere is thought to act as an appreciable energy and momen-
tuin ~otree tor the middle atmosphere and above.

Turbulence anses in the atmosphere from instability in the large-scale
Tow. us well as instability of tidal and gravity waves. The role, and indeed
the source of turbulence above the lower stratosphere, is quite uncertain
ai s time. although there does appear to be evidence for an appreciable
CLiancerent inomechanical dissipation above the stratopause due to the
©oeking ot tidal and gravity waves there.

A 2reat nuimber of constituents of the upper atmosphere have chemical
tree vales that are much greater than the time scales for transport. Examples
cre O the lower stratosphere and NO in the mesosphere. For these and
Cthor constitaents, consideration of transport must be included in efforts to
srdentand the chemistry. Although transport of chemical constituents takes
place 1norosponse to motions on g variety of time and length scales, global
Jistributions of species are thought to be primarily the results of chemica!l
precesses and planetary-scale motions with periods of seveal days and longer.
Soaallessscale motions are important in several contexts, however. Perhaps
the mest important of these is the stratosphere-troposphere exchange ot air
that s thought to occur in processes associated with the upper-tropospheric
NN SEURE L)

Transport of

sical motions also play a significant role in determining the temperature
stoecture of the middle atmosphere. Observations trom satellite plattorms can

heat and the adabatic heating and cooling that accompany

o 2o the elobal coverage necessary tor the study of large-scale phenomena.
Aonattoeasurements are appropriate for somewhat smaller-scale phenom-

Lene-duration balloons act as tracers. Ground-based measurements that
Ve contnuous measurements are sultable tor the studv of wave structures
wontirhlence. To study the full range of dynamics. @ proper combination ot
d ot ihese measurement techniques is requied.

v hermespiiere and [onosphere The circulation and temperature stiue-
mare ot the Jow- and middle-latitude thermosphere are primarily controlled by
seating due (o the absorption of solar extreme ultraviolet (EUV) and UV
“raaton Yet the structure established by solar radiant heating is frequently
vortunhed by thermospheric waves and changes in the mean circulation that
are cenergted by auroral substorms and geomagnetic activity that propacate
cquaterward through the region. These perturbations are manifestations of
the adobal redistribution of auroral energy that is Jeposited locully in the
frzhattude thermosphere. Thermosphene dvnamics is strongly governed by
‘e maznitude ot the high-lantude heating becauce the vanations in this heat-
iy dre so ldrge (three orders of magnitude).

Pw s processes appedar to he important: namelveelectrie current flowing it
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Jhituaes of 100 to 140 km and the precipitation of energetic particles. While
Lo ooiosetive of currents can be detected from ground-based measurements of
tic-field perturbations, the heating rate is best determined by direct
cervatiens ot the ionospheric electric fields that drive them, together with
weasvicinents of the conductivity of the region in which they flow. These
vue nade only by means of ground-based incoherent-scatter radar.

x’vit'h <1 to the energy input by particles, substantial knowledge of the
RN J.sd clupuldl variation of auroral precipitation has been gained from
<o dbbaee d optical and spacecraft observations. Local heating rates from
Foosauicral processes can be much larger than solar FUV heating, with con-
wqieat e indluence on the dynamics and composition of the thermo-
spieo A mere widespread particle energy input occurs in connection with
rure seicrproton events that engulf the polar cap and auroral zone.

Ao consequence of the irregular way in which auroral heating occurs, the
toes o shepe s dynamically active and s in a constant state of imbalance.
Looo e ettecti .oenergy transport is meridional in the thermosphere, the
Cxisto i coberentseatter radars (Millstone Hill, Arecibo, and Jicamuarca)
{2t Leown e the 707 Womeridian can be used to study the equatorward pro-

vt thermospheric waves and circulation perturbations that are

fa e doai high lautudes. The data obtained by these and optical stations

arzlvzed with the help of numerical models of thermospheric circula-
fer g remperature structure. These studies will define the dynamic pro-
SCros hatoare so important in the global redistribution of auroral energy
“oo hout the entire upper atmosphere.

i oomtluence of electrodynamical phenomena is more complex. As noted
oove. substantial electric fields are present in the thermosphere. The total
nevy mput from these tields in the auroral zone and polar cap is compa-
“heowith that from solar FUV radiation and auroral precipitation. A partic-

~vicentration of such energy release occurs within the “throat’ region
magictospheric polar cleft or cusp, where very large electric tields are
vl present. There is currently no way of obtaining direct informa-
+houat the behavior of the cusp or polarcap electric fields, currents, or
avsy dnapaton on g day-to-day basis.
~oodntluence exerted through high-iatitude electrical processes is the
st momentum from the ienospherie plasma to the the mosphere.
vl hiermosphieric dvnamics indicste that this momentum source is of
Revampesence bor understanding the global behavior of the thermosphere
s oonods of magnetospheric disturbance. Anincoherent-scatter radar
S b aoposition to observe the cusp in the local-noon sector and monitor
“onar cap ot el Tocal times would be a powertul tool for making progress

ceoproblem. Sertous consideration should be given to placing a high-
aude ctstton an such a position to extend the meridiona) chan of existing
vat s tostuedy elobal thermospheric response to auroral encrev inputs.
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The lower thermosphere (90-150 km) is a region affected by thermo-
‘ swherie processes from above and by tidal, planetary, and gravity waves from
T‘ Betow. Since many species produced in this region like NO and O are long-
lived. thev are atfected by transport processes as well as by fast nonlinear
chemierry . To understand this region it is necessary to determine the mean

! <ticalation and temperature structure as well as the response to changes in
A Jhe tidal structure and changes produced by geomagnetic activity. That is,
Hdyvnainics hus an important role in determining the compositional structure,

which m turn atfects processes in the thermosphere above and the meso-
vhere helow. Observations of tides by incoherent-scatter and meteor-wind
iadars have shown that these are variable in both time (from day to day) and

" i cation (over distances of 1000 km), apparently retlecting the effects of
I seoneround winds in the mesosphere in coupling energy from the fundamen-

“«binto higher-order modes. This greatly complicates the dynamics of the
tow2r thermosphere and has made it difficult to establish the average tidal
sehavior. A concerted effort is nceded during the next few years to achicve

2

! { Uil

[ Nuierntcal models of the global distribution of temperatuie, density, and
[ sorapositton are extremely useful for a number of upper-atmospheric studies,
- wree they conveniently summarize the large-scale structure of the thermo-
! spiere. The growing collection of observed quantities should be used to peri-
( oGl update models and improve their performance. The pressuie forces

caried by these semi-empirical global models of neutral temperature and
«omposition can be compared with those deduced from measurements of
e by ineoherentsscatter radar, optical means, and possibly satethte tech-

7 mores, Those studies provide a consistent check on the longitudinal and lan-

‘ Cudinial wradients of neutral temperature and composition in the semi<mpiri-

: ool Dsinee these variations primarily govern the thermosphene wind
stiacture. Particular emphasis should be placed on improving the time-

| Aependent predictive capabilities of the models by including the effects of

X fedes propagating mnto the lower thermosphere and the response to auroral
Coaung,

Planctary und gravity waves launched by weather tronts and other sources

e che noposphere or stratosphere appear capable of propagating into the

“harmosphere, where they dissipate their energy through the action of vis-

' ~~vs The importance ot these phenomena for creating motions in the

thermosphere that give rise to significant heating and/or transport eftects

feminns uneertain and must be explored. Tt remains to he seen whether they
car then be incorporated in the models outlined above.

Ihe dynamics of the ionospheric plasma constitute a separate scientific
stdy, but related to o that of the neutral atmosphere. At thermospheric
- herebts electrons are set i motion only by electric tields. At mudlatitudes
! those are generated by udal winds that transport ions across magnetic field
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Leos eed ostablisin polarization electric fields, while at high latitudes electric
tods aieimipressed into the ionosphere by the interaction of the solar wind
wito 1 carth’s magnetosphere. fons can be transported horizontally by
ocds et wthitudes below about 130 kmy, but at greater heights winds drive
“oa- onlyoan the magnetic-field direction. Above about 150 km. electric

oo i lons across field lines in the same direction as the electrons. These
et serve as tracers of winds and electric flelds tfor the incoherent-
<

carter radar techuique.
L. +he presence ot strong density gradients combined with electric fields,
beoessbionic plasma can become unstable in the sense that small density per-
chenens awow, creating large density fluctuations. hrreguiarities resulting
P several processes appear to exist. and under appropriate conditions they

Ciooooine teoereate large irregularities in the plasma density with scales of
coectens doewn 1o centimeters. It is possible to stimulate these irregularities
oMy by osuch means as using a farge high-frequency transmitter to de-
nostocneies i the wonosphere. Research on these phenomena contributes to ',
ive aenstanding of plasma processes mmoa way that is often difticult to
St ews ey the Leboratory,

Vi. COMPARATIVE STUDIES OF THE PLANETS AND
THE SOLAR-TERRESTRIAL SYSTEM

! Iatroduction )

iae carth s only one of the planets in the solar system. Thus it can be said ]
at research in solar-terrestrial physics is 4 special case of research in solar- )
nanetany relations. Comparative studies of such teatures of the planets as
e maenetospheres, ionospheres, and atmospheres are a stimulating experi- )
w0 and dead toward an understanding of the solar system as a complete
cnivy . The consequence 1s that fresh insights into solar-terrestrial relations
canhe provided by understanding the wide range of interactions displayed
nytae other solar-planctary systems. We describe below two areas that are
« c1importance to solar-terrestrial physics - the magnetospheres-ionospheres of ’
t e piane tound comets and the atmospheres of the planets.

———
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2 The Magnetospheres-Ionospheres of the Planets and Comets

Vhacie e several plunets that are known to have strong enough intrinsic mag-

netic tields to stand ott the solar wind and create magnetospheres above their %
renosphieres These are Mercury. earth, Jupiter, Saturn, and perhaps Mars ]

{5 onre 200
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P10 RE S S11 Comparative  magnetospheres.  Fundamental  similarities
che-acturize the magnetospheric configurations of the planets in the solar
olomioand some other celestial objects in the universe at large, bu' their
Lodes are vastly different because of differences in their intrinsic magnetic
Selis and associated plasmas. Among the planets, Mercury's magnetosphere is
sy compared with the earth’s, while Jupiter’s is enormous--an order of mag-
situde Lirger than the sun itself. The size of the magnetosphere of a typical
~ulwr is of the same order of mugnitude as the carth's, but its magnetic
Cebd s tnillions of times as strong. Plasma s locked into its magnetic tield
Lic1h 1tas spun up to nearly the speed of light. As the radio galaxy NGC
% iGhown here with a map o1 radio emisston for comparison) plows through
e mntergtlactic gas, the ram pressure creates a magnetospheric tail stretching
aiihions of light-years into space. The distance ot 10'* or a million trillion
il meters shown by the marks is the equivalent of a hundred thousand light
Cours (Courtesy of NRL. based on carlier figures by the NASA Goddard
Spa e Flieht Centerand L. 3. Lanzerotti,) See also Figure 5.2, the heliosphere,
whiich 15 the magnetosphere of the sun,

In the case of Mercury. a bow shock is created in the solar wind about 1.4
planetary radii trom the subsolar point. The magnetosphere of Mercury 1s
dmitlar to that of earth with the important difference that the solid planet
cectpies o darge fraction of the total volume of its mugnetosphere. Further-
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‘ ... there s no proper atmosphere on Mercury, so that the magnetosphere
- . oot o cnetvetie particle belts in the region of the undistorted planctary
,‘ IS RN STO B N

e urnenie ticdd of Mars 1s so weak that the solar wind may interact di-

con 0w the atinosphere at times. Uintortunately, despite the many probes

1hat s heer sent to Mars, only the ULS, spacecratt Mariner 4 carried instru-
r' peec Jodunad tostudy the solar-wind-magnetic-tield interaction.
, e sienitetosphiere of Jupiter has been the subject of tuirly intensive ex-
prolation wlready and s scheduled to receive even more attention. It is
g sire ned into a shape possibly unlike that of the carth’s, is modulated at the
;‘ Teia 0k rotation period, and displays rapid changes in contiguration and
‘ sieso.enoooseale of minutes. In contrast with the earth's magnetosphere to
1 whichc Cheed particles are supplied mainly by the solar wind, the sovree of

.10 vd particles in the Jovian magnetosphere is the ionosphere of Jupiter

ot und the torus of heavy ions and electrons that surrounds Jupiter near
{ e it of lo. iectrons in the energy range of tens of MeV escape trom the
¢ meeetosphere and constitute the major source of such particles in the solar

CLSTeR
i Pioncer 11 und more recently Voyagers 1 and 2 detected a magnetosphere
. 4t Szturn and tound it to be more like the magnetosphere of the earth than
»-“ Jupiter's, It Las its own interesting singularity in that it is strongly perturbed
E_ v tie sweeping action of Saturn’s rings on the trapped particles.

The Picneer Venus mission has demonstrated that Venus, in contrast with
the othier planets, has little if any intrinsic magnetic ticld. The consequence is
4 strorg direct interaction between the solar wind and the ionosphere and
(] stmosphere. The magnetic interaction is with the induced field created by
currents tlowing in the 1onosphere. The solar wind also interacts with
comets. which orobably accounts for the long ion cometarny tails that develop

!

{ whioo comets approach the sun. ]

L_ Studv of this rich variety of solar wind-planctary interactions provides .’
' - e . 4

¢ coasetul Backzround for our efforts to understand the muagnetosphere of our :

Parcit planet earthi.

The Atmospheres of the Planets A

e
-

T atmiospheres ot the planets offer us a wide range of musses. 1otationui
forooss topographical ettects, atmospheric constituents, thermal ume con-
stants and solar heating. Thus we are presented with a wide range of mixtures

i e torees and processes that control atmospheric cireulation and tempera- »
P tures. Lhe ettects of mdividual processes can be isolated on some plinets, so ',
that ithe contnibution of similar processes to terrestrial weather and chimate
can be evaluated.
Canl the results obtamed by the Pioreer Venus missions and Soviet
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Veneras 11 and 12 can be fully digested, the atmosphere of Mars will remain
the nonterrestrial atmosphere that has been most intensively studied. The
size, sartace temperature, length of day, and solar illumination are roughly
cuntaagble tor the planets earth and Mars, although their interaction with
the solar vind is ditferent. On the other hand, the Martian atmospliere exerts
+ suitace pressure that is only about | percent of that on carth, and it is com-
pused almost entirely of CO,. The surface features on Mars are so large that
thie o oxtend over an appreciable traction of the atmospheric layer, i.e.. their
verticet extent is of the order of an atmospheric scale height. Consequently,
the eftect of topography on winds—so-called orographic forcing—appears to
Fo naportant. Martian probes have in fact obtained evidence that this is the
cose. Mars offers an excellent laboratory for testing theories of orographic
rorcing and propagation of forced waves. More detailed studies than those
o available are needed, however.

Large latitudinal and seasonal variations of temperature have been ob-
served on Mars, while tides and gravity waves are prominent dynamical fea-
tures in the atmosphere. Surface wind velocities as large as 60 m/sec have
hoon observed. The atmosphere of Mars 1s extraordinarily dusty, and enor-
maous dust storms systematically occur. The absorption of radiation by dust is
importent in determining atmospheric properties, as are processes involving
the ¢xchange of atmospheric CO, and H, O with the polar caps. Yet, despite
the results of the Viking mission there is not yet an adequate data base avail-
anle to allow us to sort out the influence of latitudinal, longitudinal, seasonal,
topographic, and dust-relateg effects on the Martian weather. Further study
will be rewarding.

The atmosphere of Venus consists predominantly of CO,, with a surface
wemperature of 700 K and a pressure 90 times as large as that of earth. The
Picneer Venus mission was designed with the study of the atmosphere of
Venus as its primary objective. Analysis of the data obtained is not yet com-
plete but promises to provide us with a great advance in our understanding of
the properties of this extraordinary atmosphere. Already we know that large-
scale circulation is so important in transporting heat in this massive, ocean-
like atmosphere that there is little difterence in temperature between night
and day. equator and pole. We know that deposition of energy in the cloud
lavers lying 40 to 70 km above the surface is important. Probably the most
<inking property of the atmosphere is the large zonal wind velocities that are
attatned even below the clouds, where pressures are greater than that at the
carth’s surface and wind velocities are greater than 100 m/sec. The amount of
energy stored in the weather machine of Venus is enormous.

Jupiter has a massive atmosphere and a large rotational velocity. Under-
standing the extraordinarily stable zonal cloud and circulation patterns sepa-
rated by regions ot gieat turbulence as revealed by the Voyager images pre-
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i sents u preap challenge to atmospheric scientists and the promise of rich
1 rawerds.
' A most anteresting discovery made by the Pioneer Venus and Voyager

The exstence of lightning in atmospheres that contain no clouds like the ice
and water droplet clouds of earth is surprising and difficult to understand.
Iy view of our incomplete understanding of processes leading to the genera-
tun ot terrestirial lightning, these discoveries could conceivably lead to impor-
tent advances in our understanding of this phenomenon.

Historically, our present conception of the genesis of planetary atmo-
<pheres was the consequence of the discovery by the Mariner S and Venera
iissions that the atmosphere of Venus contains approximately as much CO,
as cun be accounted for on earth in the inventory of CO,; in carbonate rocks
and buried sedimentary carbon. This discovery, along with discoveries in
nulcebiology, has stimulated dramatic advances in our understanding of the
deveiopment of an oxidizing atmosphere and various life forms on carth.

Another achievement that resulted from the need to understand the sta-
niity of CO, in the atmospheres of Venus and Mars, despite the tendency of
UV oradiztion from the sun to turn them into atmospheres consisting mainly
ot CO and O,. was the development of modeling techniques involving com-

he

plex vas-phase chiemistry and vertical transport of gases. Technigques were

then available to understand the effect of man-made pollutants on the ozone

layer in the stratosphere when the need arose in the early 1970's. Examples

nae these are illustrative of the benefits for solar-terrestrial research that ]
g Cain acerue from solar-planetary studies. »
[ ;
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6
Societal Impacts

The creation of many of today’s technologies--satellites, global communica-
tion and weather monitoring systems, and national defense activities—has
come to rely on the knowledge gained 1.0m solar-terrestrial research. Solar-
terrestrial research has contributed to our appreciation of the fragility of our
environment and the increasing understanding of the effects of the variable
sun on several aspects of this environment. The reentry of Skylab excited
widespread popular interest in an event that contained as ingredients such
issues as our ability to predict solar activity on an operationally useful time
swale and the response of the earth’s upper atmosphere (and its consequent
Jensity increase) to the variable sun.

While some applicat. »ns have been discussed briefly clsewhere, this chapter
highlights by selected example the impact that solar-terrestiial research has
made on society and technology and points out how the research objectives
cited in other chapters are connected to several areas of present or potential
apphication,

Described below, then, are the following four areas in which solar-
terrestrial research is central to impacts on society and technology: (1)
predictions of the space environment: (2) stratospheric ozone, a feedback
loop between the biosphere and the solar-terrestrial system; (3) the evolution
ot tonospheric physics: and. last but certainly not least, (4) the sun-weather
connection—a great enigma.

I. PREDICTIONS OF THE SPACE ENVIRONMENT

The United States has developed sophisticated operational space capabilities
that are essential elements of national welfare and national defense. Thus, the
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- very capabilities—rocket and space technology—inat fostered the rapid ad-
' vanee in solar-terrestrial research have evolved to become consumers as well
t 45 roerces of knowledge. The development and operation of modern space
svstems  be they interplanetary research spacecraft, meteorological spacecraft,
cammercial communications satellites, manned Space Shuttles, or military
aussions  depend on an accumulated fund of knowledge in solar, atmospheric,
( and wnospheric research and understanding o. the properties of magneto-
spheric radiations and plasmas as well as knowledge of the expected fluxes of
solar und galactic cosmic rays. This fund of knowledge needs expanding and A
updating as the ever-increasing complexity of space systems highlights the
nead for information about new areas. The recent interest in the differential

;‘ charzing ot spacecraft by space plasmas as well as in the effects of high-energy
cosiale rays on microelectronics are examples of the use of established
; Sraciples of physics in new applications.
| he temporal variability of the space environment ot interest typicully
t pans the range trom seconds to many years. Some systems, for example,
, ¢ craniied spacecrafl, have an urgent need to be immediately informed of the
vecarrence of potentially hazardous solar-proton events. Similarly | high-tlying
atreratt taveising the polar regions are also routinely alerted when solar-

pretos events are in progress. The spacecraft designer and operator, on the
cilier Land. would like to see the properties of the environment, i which

-

i o~e vications must operate, predicted vears in advance. Thus space environ- ]
micieal predicuons over a wide range ot time scales are of practical and neces- -]
AT terest. i
: Siopiesent there is a growing interest in applying our improved knowledge >
( oty to torecast disturbances in space to the forecasting of the eftects 1
i ot such disturbances on ground-based systems. For example, it has been )
Y provan tor many years that geomagnetic storms cause difficulties in cable ]
Commaications systems and can disrupt power-distribution systems. More ‘:
L. cocently o has been observed that geomagnetic activity can induce substantial '.j

1

| cioctoe currents inooll and gas pipelines, hastening corrosion and disturbing

-
pomtorne systeins, Utihties and communication corporations are thus inter-
coied 1o the possibility that a forecast of magnetic-field variations on a re- s
d crenal basis might provide a technique tor alerting the operators that unusual

Cooo T Hows may be expected. Conversely, exploration geophysicists could L3
St broana forecast of geomagnetically quiet conditions o order to opti-
. 1 taeonaenay o airborne surveys and searches tor ores and minerals

coencl o an Byomeans of sensitive magnetometers.,

o enndpated ancreass i the unilization of space because ot the avail-
ahalie 0 the Space Shuttle suggests that increasing demands will be placed o
1t natonal capabilities to Torecast the behavior ot the space environment.
Pt noreastie complexity ot spacecraft and the very tact that people will he
v dhonnd the Shatde wath increasing frequency in the T980°S will bring
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additional requirements for warnings and alerts. While, in many instances, it is
pussible to make space systems relatively immune to environmental effecty
through caretul engineering design, such immunity is often purchased only at
considerable cost. The cost tradeofts depend on the presumed accurate
knowledge of the space environment and the variability of the environment.

The development of advanced space systems—such as the Solar Power
Satellite (sps) program, which is currently under discussion - is already draw-
ing on the intellectual resources and data base developed by solar-terrestrial
rescarch of the past. In this instance, such issues as the disturbance of the
stratospheric and ionospheric chemistry by the large advanced launchers--far
larger than the Shuttle~-which would be required to boost an SPS into low
carth orbit are of concern. The effects of ion engines (required to transfer
SPs to synchronous orbit) on magnetospheric particle populations and energy
Nows. as well as the etfects of the transmission of gigawatts of microwave
power through the ionosphere to power converters on the ground. are also
cleatly problems that require detailed consideration. These problems span
hroad arcas of solar-terrestrial research and address crucial questions of the
cftect of man on the relatively fragile environment ot near-carth space. Such
questions may well be typical of what future planners of advanced space
systeans will tace: the scale of the problems will, ot course, depend on the
fesel of commitment that our society will make to the “industrialization™
of space.

Cential to such questions are fundamental problems in mesospheric and
thermospheric chemistry and dynamics as well as in interplanctary-magneto-
whore and magnetosphere-ionosphere coupling. The answers may be obtain-
sbre only by sound, well-structured research programs beginning with small-
<odde palot projects. It seems almost inevitable that some of the issues will he
sosalved only by active experiments involving several specific disciplines of
solar-terrestrial research.

1. STRATOSPHERIC OZONE: A FEEDBACK LOOP BETWEEN
I'HE BIOSPHERE AND THE SOLAR-TERRESTRIAL SYSTEM

Perbiaps the clearest example of a solar-terrestrial effect on man and his
tochnology as provided by the ozone layer. Ozone is formed by the attach-
aent ol oo free oavgen atom to an ordinary oxygen molecule, and the free
coavoen atems themselves are provided by photodissociation of molecular
cavveen By oultraviolet (UV) sunlight in the 175- to 242-nm wavelength range.
Despite ity thiness (0.3 ¢em at atmospheric pressure) the ozone layer plays an
el role in the preservation of life on earth, since it absorbs nearly all of
the potentially fethal solar UV radiation that enters the atmospherc. In par-
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T _ulur, the so-called UV-B radiation, trom 280- to 320-nm wavelength, is
v avily absorbed and is thus prevented from irradiating surface-dwelling orgun-
iy, the sun's radiative output in this wavelength range is relatively high,
id the absorption cross sections of DNA and protein are also large: thus it
i opawrs that the existence of an ozone layer must have been a necessary con-
Jnen for the development of most of the life forms that we know today.
ibe sun controls the amount of ozone in the stratosphere directly, by
voosdine the UV radiation necessary to create ozone, and, somewhat Jess di-
Jily . bvontluencing the ozone loss mechanisms. The sun'’s radiative output
~ remarkably constant at visible wavelengths, varving by at most a few tenths
cow porcent over a time period of decades. At extreme ultraviolet (L UV) and
. v owavelengths, on the other hand, solar vanability is pronounced on a
ce senge of time scales. The UV radiation responsible tor producing vzone

sor metween these regions, but the sun's variability in the 175-242-nm wave-
o thrunge has not yet been studied adequately. There are, however. indica-
e that signiticant variability does exist over the 11-year solar cycle, and
¢4 Jauons have shown that corresponding variations in stratospheric ozone
ceadd dhso oceur. Some indications of such variation have been obtained
i data tuken with the Nimbus-4 satellite, but coverage did not extend
s wocemplete solar eyele. Inoaddition, the occasional large solar tlares pro-
G NOy end HOy in the mesosphere and upper stratosphere, and variations
Socwone content are both caleulated and observed in high-altitude, high-
srirnnde regions ot the atmosphere.

Colar-terrestrial effects also play a part in determining the effectiveness of
e NOy sink for stratospheric ozone, both directly through the generation
ai .l ovecipitation ot energetic particles (which, in turn, create NOy in the
cmesphere) and soriewhat less directly through the modulation of galactic
sosnneray Huxes. The importance of these effects in terms of total ozone
cortont. rowever, is difficult to assess quantitatively. The full consequences
ior society and technelogy of changes in the stratospheric ozone content are
ase diiticult to assess. The chief arcas in which the impact would be felt,
~ouw et can be brietly described as follows.

1. Direct Ultraviolet Radiation Effects

mentioned above, the UV-B radiation that is filtered out by the ozone
Pvoor s achigh cross section for destruction of DN A and protein, which ar.
e chiet huilding blocks of most life forms. Cells are thus quite vulnerable to
e ses - the intensity of Uv-B radiation, such as would result from a de-
Crrase 1 ozone content. Fortunately for the biosphere, both plants and ani-
s heve developed highly effective detense mechanisms against such effects,
inciuding the Jevelopment of such tanning pigments as melanin in man in
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order 1o prevent penetration of the UV radiation, and of enzymatic repair
7 mechanisms tor radiation damage by both plants and animals. Many orga-
f nisiits exist, 1n fact, in a continual state of delicate balance between destruc-
ten and repair of cells, and any external effect that upsets this balance can
save severely detrimental effects.

The eftects ot decreases in UV -B radiation, such as would result from an
h increass in stratospheric ozone, may not be negligible. In man, UV-B radiation
& deos have a role in generating vitamin D, while in plants it is used to some ex-
& ient in photosynthesis. Although global photosynthetic activity is probably
iirmied more by the availability of nutrients or water than by photon fluxes,
b‘ ihe latter may be important in certain environments.

2 Climatic Effects

Osone has 2 dominating intfluence on the climate of the middle atmosphere,
since the radiation that it absorbs is ultimately turned into heat and provides
the driving force for stratospheric and mesospheric wind systems. Although
the climuate of the middle atmosphere has apparently little or no direct c¢ffect
~n the rropospheric climate. there may be an indirect eftect through the fact
that upward transmission and reflection properties for tropospheric planetary
and vravity waves are determined by middle-atmosphere parameters. The po-
tential intluences of man’s activities on stratospheric ozone are complicated
-t turther by the possibility that preferential attuck (e.g., by chlorine) might
oceur in the upper stratosphere with a resulting change in the vertical distribu-
uen of ozone. A substantial diminution in ozone at 40 km should lead to a
lessened absorption of UV radiation at that altitude, and theretore a smaller
neatie: eitect, and overall cooling of the upper stratosphere. Another poten-
tial cttect arises through the influence of stratospheric ozone in determining
the height and other properties of the troposphere, which in turn determines
the depth of convective activity within the lower atmosphere.

Il1. EVOLUTION OF IONOSPHERIC PHYSICS

An entirely different range of solar-terrestrial effects on society and technol-
ogy anises through the influence of particle and x-ray ionization on radio
propagation. With the advent of communications satellites, operating at fre-
queities far above those at which lonospheric effects are dominant, much of
the curlier importance attached to ionospheric propagation scemed to de-
orease. In tact, however, recent years have secnt an increase in the use of the
tower-frequency ranges. from about 10 kHz to 30 MHz, in which ionospheric
tfects are indeed important. There are several practical reasons for this in-
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crease 1ouse, ainong them the facts that some parts of the carth, particularly
svothe pelic cgons, are inaceessible to synchronous satellite links and that
gt e d o aplendty of satellite ground facilities eftectively rule them out

Lo b topeses. particularly in the less industrially developed cournitries.
A heddcally propagated radio waves are currently being used for a wide
cro 0 rereaes, including aireraft commiunications (especially on trans-
Jr b vashisg ship-tosshore and ship-to-ship communication, and long-
cavigaticn. Conditions in the lower ionosphere can have an important
<o ihaose applications by causing loss of signal at medium and high fre-
caone s et chianges of phase in the It and it signals that are used for navi-
cab sueses . Major enhancements in fonization occur in association with

Pty an i magnetic storms. but the tonespheric eftfects tend to be
ok ovelatively short in duration. A much more severe problem arises

Hesoscollee polar-cap absoiption events in which intense ionization

crews 4 by osolur protons blankets both polar caps down to magnetic latitudes

C-u® rtor several days at a time. During these events ht communications

Uoand laniiudes are seriously Jdegraded and may even become impossible for
lon s pennods ot ume.

fnie venerablie field of tonospheric physics has been thoroughly penetrated

v the results ot solar-terrestrial research and has reemerged, in renaissance,
oo un aceessible cosmic-scale plasma-physics domain whose understanding
woony cracdal to any advance in our understanding of the exchange of matter,
cncray L and imomentum between the interplanetary medium, the magneto-
vacre. and the lower atmosphere. The appreciation of the importance ot
saticle cpergy sources in driving onospheric dynamics has led to improve-
genis i cnospheric forecasting and may contribute to more efficient use of
e trequency bandwidths allocated to various users. Herein hes one of the
contnteinons that solar=terrestrial rescarch can make: while research cannot
conte addinonal bandwidths i the already crowded spectrum, continucd
stk i the area ol magnetosphere-ionosphere-atmospheric coupling and
tie Torecasting ot donospheric disturbances can improve the utilization of
axistin requency allocations. Such rescarch will provide essenual mtorma-
ton and trned personnel sothat decisions on frequency allocations are
aared i the hest physical understa ling available.

It e onderstanding of the role of the smuall-scale structure ot the iono-
sPictsoan vartous communications, navigation, and radar systems has also
cveiveds dncreasing use of satellite communication links and satellite based
auvication systems has focused interest on the characterization ot irans-
wonesphooe propagation of electromagnetic energy and has enhanced inier-
otan undernstanding the smadlcale structures of the onosphere, which aive
ine teosiznal seintiflations, even at frequencies in the GHz range.
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1V. THE SOLAR-VARIABILITY-WEATHER-CLIMATE CONNECTION:
DOES IT EXIST?

1y

woared of solar=terrestrial research huas venerated so much contreversy in re-
_ent times as the question of a possible connection between solar activity or
cacehilinn on the one hand and teniestriad weather and climate on the other.
The views of the proponents ot a connection find their way inio the national
vicss with some regularity, snd the controversy has even percolated into the
sepular press The opposing view, maintained so far by the mamstream of
metesrological thought. has not been so well publicized.

Foct, we aeed to distinguish between weaather timesscales thours te
ionths and seasons) and climate time-scales (vears to hundreds of milleniy).
The inertia of the atmosphere-ocedns system is such that at the shorter timie
end of the scaje only solar transients could have uny citect: on the longe:
tmesscales. variability ot the sun’s luminosity would donunate: at the e
e diate tintescades ot long-range weather tforecasts, it s conceivahle thar the
cuncddative ettect of solar activity might play a role.

Second. we need to distinguish between scienniic interest in these ques-
dons and. 1t the relationships are shown to be reail the pracucal unlity of
applving then to predictions about the weather and climate. Weather predic-
tons will depend on predictions of solar activity and ihe transmission of the
resultime energy, particles. and ticlds through the sun-carth svstem. At pres-
et these predictions are largely statistical, with some hours to a couple of
Jav s warnang in some cases that something from the sun is coming our way.
bven ihie most enthusiastic parusan ot the reality ot the solar-activity -
weather connection would probably concede that such etfects would be fost
mthe aelter of intrinsie meteorological varability, with s much larger
sinplhrudes, The potential sclar-activity -weazher relationship thus appears to

+

Soomar v ot serenttic interest. On the other hand, the quertion ot a poten-
tral refutinship between solar variability and climate is clearly of great practi-
cal mioresty because the water supply and agcultural svstems ot the world,
crat leant darce parts of them, appear to be only maraima!ly stable. The abihin
prodict dhmges e climate or to predice what the next seasens will bring
cald e mnertant tor economic planning and resoaree alocation onregional,
o and mirernational seales,

Sachevrdenee as has been presented to support the hypothesis that solar
Ceratibiee ariccts the weather and chmate has been in the torm of correla-
S between parameters that describe solar cutputs directly or mdirectly
{srrspat nimbors, amerplanetary field reversals, geomagnetic disturbances)
o measurenients of terrestinad weather and chmate (tempasture, prossure,
Sroantation. frequency of thundeistorms) Opponents ot these hypotheses
cresnen e validity and analysis of the data setso tor example on the grounds

'

i
i
'

e the o ne Tocal or regienal rather than global: that data that could have
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been used. but were not, destroy the correlations; that correlations estab-
lished for short time-series disappear or change sign when the time-series are
oxtended: and that the results are not subjected to critical tests of their statis-
tical signiticance.

There is also the problem of physical mechanisms. The mechanisms for
linking variability in the sun’s luminosity to longer-term weather or climatic
change. namely changes in direct heating, is perfectly straightforward. The
main ditficulty here would be to separate such effects from others of gener-
ally uccepted validity with comparable time-scales—for example, the buildup
vl carbon dioxide, or volcanic dust (or, for time intervals comparable with
interglacial periods, changes in the earth’s orbit). The case is quite different
tor mechanisms postulated for linking solar activity to weather-scale effects.
The latter appeal to various “trigger” mechanisms in which a relatively mi-
nute amount of energy can push the unstable weather system off balance. But
g quantitative analysis of the efficiency of such mechanisms is difficult, be-
cause the coupling of the known solar input to the magnetosphere-iono-
sphere system with effects in the troposphere proceeds by way of intermedi-
ate regions. Steps in these processes are still subject to such great uncertain-
ties that the hypotheses are hard to test. ) ;

With an assured flow of both solar-terrestrial and meteorological data, oo .
lowever. and with a growing understanding of the links in the solar-terrestrial
chuin that might reach into the troposphere, we shall certainly be able to
answer questions like the following: Does solar activity or variability affect
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¢ the weather or climate? It so, how? The Geophysics Research Board’s study
Soder Varability, Weather, and Climate similarly emphasizes the importance
* o1 treating the possible influence of solar variations on weather and climate as

part of the more general subject of solar-terrestrial and atmospheric physics
[ _ and stiesses the need for development and testing of models of the effects of
L solur perturbations on the atmosphere. If effects on the lower atmosphere
° exist und are understood. and if we could predict solar activity and variability,
i a¢ should be able to estimate their effects on weather and climate, and con-
) sequentiy evaluate the potential impact—possibly the single most important Lt
N tmpact -ol solar-terrestrial relations on our immediate environment, and thus -

. “wocrety and its technology.
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Appendix A: Principal -3
Recommendations of Recent
Reports of the National Academy ;
of Sciences Relevant to :
Solar-Terrestrial Research :
; !
We have assembled the conclusions of five recent reports that we regard as !
being the most generally relevant to solar-terrestrial research. ;

Space Plasma Physics: The Study of Solar-5ysiem Plasmas

In 1976, NASA requested the National Academy of Sciences to undertake a
review of space plasma physics to assess its scientific content and NASA's
role in this field. The resulting study led to the Space Science Board's report,
Space Plasma Physics: The Study of Solar-System Plasmas (National Acad-

emy of Sciences, Washington, D.C., 1978). We strongly support their recom- K
mendations. The following conclusions and recommendations from this re- 1
port (also referred to as the “Colgate report™) are reproduced in full: ', ~

1. (a) Space plasma physics is intrinsically an important branch .
of science. The intellectual significance of the study of solar-system
. plasmas is documented by its contributions to the development ot ]
. general plasma phyvsics and by its role in illuminating astrophysical \
phenomena both internal and external to our solar system.

(b) On the directly practical side, a better understanding ot
solar-system plasmas might have substantial importance tor terrestrial
communications and meteorology.

2. Now that the initial exploratory stage of space plasmu physies

has been completed successfully, the fruitfulness ot tuture projects
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132 SOLAR-TERRESTRIAL RESEARCH IN THE 1980's ),

will depend on addressing basic scientific problems. The solution to
these problems will call for a logical cycle of theoretical problems
definition, the planning of experniments and hence missions, data

DTN
O I

2

collection, data reduction. and theoretical analysis. leading to a pro- "i
gressive retfinement of the science. '
3. The theoretical component of the space-plasma-physics effort p

4

needs to be strengthened by increased support and. most particu- ;
larly, by encouraging theory to play a central role in the planned ‘
development of the field.

4. We agree with the unified recommendations of the advocacy

.

pancls. )
The unified recommendations of the Panels on Plasma Physics of the Sun,
Solar System Magnetohydrodynamics, and Solar-System Plasma Processes

“advocacy panels’) are as follows: '-1

B

6.2 RECOMMENDATIONS .

1. We recommend that solar-system plasma physics should have K

high priority in order to remain an integral part of the space-science :

research effort of the United States. '

2. We recognize and encourage the existing trend toward ‘
problem-oriented missions in solar-system plasma physics. We recom- ;_
mend that the specific scientific questions discussed in the overviews
serve as a focus of an active problem-oriented missions program de-
voted to observation and interpretations of the plasmas on the sun.

near the earth and other planets, and in the interplanetary medium.

In solar-system plasma physics, in particular, theory and data
analysis play a crucial role in generating the objectives of new mis-
sions. This fact motivates the following recommendations:

3. We recommend that future mission planning and implementa-
tion be guided by the following considerations:

(2) The rescarch program of solar-system plisma physics
including solar and solar-wind plasma physics and terrestrial and
planetary magnetospheric and ionospheric physics  should be plimned
together.

(b) Since theory and new technology are rapidly cvolving,
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Appendix A 133

planning and its implementation should be regularly updated by
Space Science Board review of ongoing missions, theory, experiment,
and new technology.

(¢) Planning for future missions in space plasma physics
should be based on assessments of priorities derived from considera-
tions of potential scientific return in relation to mission costs.

4. To realize the benefits from space missions in solar-system
plasma physics we recommend:

(a) Support for extended mission data analysis in cases of high
scientific interest;

(b) Specific support for ground-based observations that com-
plement the objectives of space missions;

(¢) That the institution of guest investigators for detailed
analyses and theoretical work on specific mission programs be con-
tinued and extended.

5. To realize the benefits from the nation’s program in solar-
system plasma physics, we recommend:

(a) Strengthening theoretical solar-system plasma physics and,
to aid in achieving this goal, support for computer modeling;

(b) Stable support for data analysis and interpretation outside
of missions;

(c) Support for ground-based observations and laboratory
experiments that can increase understanding of space plasmas.

6. Since advances in neighboring fields now are important to the
advance of solarsystem plasma physics, we recommend that com-
munication between the major plasma activities—laboratory, astro-
physical, and solar-system plasma physics and solar astronomy - be
strengthened by means such as interdisciplinary working groups and
conferences.

The Colgate report also states:

We have identified six general abstract problems, vital to turther
understanding of space plasmas, that have already received consider-
able theoretical attention and have important implications beyvond
the study of solar-system plasmas. These are: (1) magnetic-tield re-
connection, (2) the interaction of turbulence with magnetic fields,
(3) the behavior of large-scale flows of plasma and their interaction
with cach other and with magnetic and gravitational fields. (4) accel- ,
eration of energetic particles, (5) particle confinement and transport, 1
and (0} collisionless shocks.
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134 SOLAR-TERRESTRIAL RESEARCH IN THE 1980 '

Ot these problems perhaps the only one that has hitherto been
addressed by the space research program in a reasonably systemutic
way is the last, and it s precisely the collisionless shock problem on
which space science has had the greatest impact. The other topios. '
especially (1) and (S), are clearly of key importance to controlled ."'
tusion research, while all six are of considerable astrophysical *
interest.

Solur-System Space Physics in the 1980°s: A Research Strategy

Following the Colgate report recommendations, the NAS presented to NASA
the report by the Space Science Board’s Committee on Space and Solar Phys-
ics, Solar-System Space Physics in the 1980's: A Research Strategy (National
Academy of Sciences, Washington, D.C., 1980), which makes recommenda-
tions that implement those in the Colgate report. The present study is in
strong agreement with the recommendations of this report (also referred to as
the “Kennel report’), and we reproduce here the principal recommendations:

-
1
4
4

W g P

1. RESEARCH PROGRAMS

We recommend a balanced program of research devoted to interactive solar-
terrestrial processes. In particular:

. LI
P S L)

For Solar Physics

1. High-resolution observations are needed to advance understanding of
active regions and the small-scale velocity and magnetic fields important to
the chromospheric and coronal energy balance, as well as of solar tlares. These
require Shuttle instruments that achieve 0.1 arc sec resolution in the spectral g
range from below the HI Lyman-a line to the infrared. J

2. In situ measurements are needed to provide qualitatively new informa- !

tion critical to understanding coronal plasma processes and solar-wind genera- '
tion. These require a solar flyby or probe that penetrates as close to the sun
. as possible (4 solar radii seems technically feasible).
(] 3. Space observations lasting a significant portion of the next solar cycle
are needed to infer solar interior dynamics from large-scale motions and os-
cillations at the sun’s surface, to study transient events, to observe the large-
scale magnetic and plasma structures instrumental in coupling energy to the
solar wind, and to monitor solar luminosity. (It may ultimately become
¢ nccessary in the decades following the 1980's to monitor the effects of color
variability cn luminosity over several solar cycles.)
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Appendix A 135
For Terrestrial Magnetospheric Physics

To advance quantitative understanding of the time-dependent exchange of
energy and plasma between the solar wind and magnetosphere requires six
simultaneous studies of plasma processes: (1) deep in the earth’s magnetic
tail; (2) in the solar wind upstream of earth; (3) near the midmagnetosphere
equatorial plane; (4) well above one polar cap;and (5) from the ground.

_ 6. A low-altitude polar orbiter is needed to measure the dynamical and
- _ chemical response of the atmosphere to magnetospheric variability.

i This global research program should be supplemented by active experi-
ments that can increase our knowledge of magnetospheric and plasma
processes.

For Terrestrial Upper-Atmospheric Physics

A series of space observations is needed to advance understanding of the inter-
acting dynamical, chemical, and radiative processes in the mesosphere.
stratosphere, and thermosphere. One low- and one high-inclination spacecraft
are first needed to establish basic atmospheric properties and their geographi-
cal, diurnal, and seasonal dependences. Thereafter, magnetospheric coupling
processes should again be addressed. Continuing upper-atmospheric observa-
‘ tions throughout the 1980’s are needed to provide good solar<ycle coverage.
Complementary high-resolution studies should be made using Shuttle facilities.

iI. EVOLUTION OF SHUTTLE SCIENCE

It is essential that Shuttle-class instruments be kept in space longer than one
week at a time. Solar, atmospheric, and magnetospheric Shuttle instruments
. currently being developed could be combined with a power source 1o create
';. a free-flying Solar Terrestrial Observatory. This would combine the best
[

present advantages of Shuttle and smaller spacecraft —namely, high resolution
o and long duration. We recommend that Shuttle solar-terrestrial programs
= evolve toward such an observatory.

II. THEORY AND INFORMATION HANDLING

Theory has to play an increasingly central role in the planned development ot
! solar-system space physics. Moreover, theory and quantitative modehng
® should guide its entire information chain--data acquisition, reduction, dis-
semination, correlation, storage, and retrieval - to a higher level of sophistica-

P. = e~ . . .

o tion, to provide prompt availability of coordinated data of diverse origins.
..
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136 SOLAR-TERRESTRIAL RESEARCH IN THE 19507

IV. COORDINATED RESEARCH

Coordinated research is an important general objective of solar-terrestral
physics, which is concerned with time-variable phenomena spanning severai
regions of space and scientific disciplines.

The research programs proposed above are justifiable on their individual
merits. Coordinating them with the approved Solar Polar Mission in particular
can greatly increase coverage of the solar-terrestrial interaction.

(a) Detailed examination of the three-dimensional structure of the sun’s
large-scale magnetic field is made possible by in-ecliptic coronal observations
that are simuitancous with those from the solar-polar spacecraft.

(b) Simultaneous in-ecliptic and solar-polar measurements ot the solar
wind can provide important information about the large-scale structure of
solar-wind disturbances. These in-ecliptic measurements can be provided by
the interplanetary element of the global magnetospheric study proposed in 1.

(¢c) As we recommended in II, simultaneous measurements in the polar
upper atmosphere and the magnetosphere can provide new insight into how
solar-wind perturbations couple to upper-atmospheric winds and chemistry.

(d) We believe that such coordination is feasible and. it achieved. would
permit the heliospheric and terrestrial response to solar activity to be studied
on a solar-system scale.

The NASA research proposed here provides a foundation, and the Solar
Polar Mission an optimum time—1986-1987 —for coordination of research
sponsored by other agencies of the U.S. Government and possibly ftoreign ru-
tions. For example, coordination is critical to provide the ground-based ob-
servations recommended in 11. We urge that NASA play a prominent role 1n
developing and coordinating a joint program as rapidly as possible.

V. PLANETARY RESEARCH

Measurements of plasmas, fields, and energetic particles must remain integral
parts of each planetary mission.

The Upper Atmosphere and Magnetosphere

The third NAS report that we cite, strongly approving its reccommendations.
is The Upper Atmosphere and Magnetosphere (National Academy ot Sciences,
Washington, D.C., 1977). This study was produced by a Panel ot the Geo-
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Appendix A 137

physics Study Committee under the chairmanship of F. S. Johnson. The fol-
lowing are excerpts trom its principal conclusions.

... Increasing interest can be expected in the macrophysics of the thermo-
sphere. The Electrodynamic Explorer Program represents a tirst step in this
direction, but in situ spacecraft measurements are not ideal for gathering
synoptic information on conditions in the upper atmosphere. Simultancous
measurements are needed, and to get these a global network of ground-based
upper atmospheric observatories and remote-sensing satellites will be needed.
... The influence of the ionosphere on radio communications therefore re-
mains important. It is even of importance to satellite communications, where
small-scale ionospheric irregularities sometimes make communications unreli-
able even at the high frequencies that are used in such systems.

The upper atmosphere provides a natural plasma laboratory, one with
parameters that are often difficult to reproduce in the laboratory. A great
variety of plasma instabilities and physical processes have been discovered or
demonstrited in the upper atmosphere, thus providing an interchange be-
tween the fields of geophysics (including the upper atmosphere, ionosphere,
and magnetosphere) and plasma physics. Many of the plasma-physics effects
in the upper atmosphere are important to the overall behavior of the iono-
sphere and magnetosphere. An understanding of these etfects is essential in
the prediction of many ionospheric effects, including some that are of im-
portance in the field of radio communications.

... how does solar-wind plasma penetrate the magnetic field of the earth,
and how is energy transferred from the solar wind so as to drive a global pat-
tern of magnetospheric convection? These questions are about as basic as any
that can be asked. Answers to such questions about the physics of the upp-r
atmosphere and magnetosphere will be forthcoming soon if appropriate cf-

forts are expended.

Because of the immense size of the magnetosphere-atmosphere svstem
(relative to the size of the earth) and the extent to which processes in one
part of the system influence distant parts of the system (mainly by electrical
transfer of energy), coordinated simultaneous measurements are of great imn-
portance.

... the interactions between the magnetosphere and that part of the atmo-
sphere known as the thermosphere, and the overall behavior of the thermo-
sphere as it is pushed one way by solar ultraviolet heating and another by
energy input through the magnetosphere (both variable), are subpeais on
which important progress is to be expected. It has become increasingly clear
that weather responds to solar events through physical mechanisms that have
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138 SOLAR-TERRESTRIAL RESEARCH IN THE 1980

not yet been visualized; they probably involve the magnetosphere and the
thermosphere. The expectation of progress in the area of sun-weather relation-
ships is speculative because physical links have not been identitied, but it is an )
important area to pursue.

The appropriate means of attack on problems of the thermosphere is with
satellites of the Atmosphere Explorer type, two of which are in operation at
this time. The Committee concludes in agreement with the Space Scicnce
Board in its report, Opportunities and Choices in Space Science, 1974, rhar
additional satellites of the Atmosphere Explorer type will be needed in the
early 1980s. . . .

ST TR

i N

... Balloons provide an important means of making in situ observations in
the stratosphere, and their continued use is important.

... Satellites such as those required for thermospheric investigations and the
AMPS Shuttle pavload are appropriate for attack on F-region problems, and
incoherent-scatter radar observations provide a powerful technique on the
ground. The Committee recommends that steps be taken to reassert LS.
leadership in the latter area.

‘-L -
Lok bhd ok b Mactwta s ‘e s

! SR ... rocket programs must be preserved and remote-sensing techniques de- ,'
- veloped for use in satellites.

c e
Y

... Investigation of the earth’s upper atmosphere and magnetosphere should
7 be considered a part of the foundation upon which planetary and astrophys-
F ical investigations are based. ’

INTERNATIONAL COOPERATION

In many geophysical problems, there is a greater need for international co-
operation than in most other fields of science because coordination is required
in the making of observations in different parts of the geophysical system
that are interrelated by physical processes. Programs are usually arranged
b through the relevant International Scientific Unions, their parent body. the
r. International Council of Scientific Unions (ICSU), or special committees ot
ICSU.
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The Middle Atmosphere Program: Prospects for U.S. Participation, 1980

ﬂ._‘_v'.i 2. A.h, 2

The fourth report that we cite is one by the CSTR Panel on the Middle Atmo-
sphere Program, The Middle Atmosphere Program: Prospects for U.S. Partic-
ipation (National Academy of Sciences, Washington, D.C., 1980).

That report recommends, and we strongly endorse (sections cited refer to
that report):

1. That a national MAP coordination office be estab-
lished within an appropriate lead U.S. agency to act as
a focal point for planning, implementing, and coordinat iy .
a U.S. program for MAP both among the agencivs concernct
and between those agencies and the scientific communit-
at large. (See Scction 2.4 for details.) N
2. That the U.S. support the efforts of the intern-
tional MAP Steering Committee to establish mechanisrms
for the collection and exchange of information and dat
on all appropriate time scales. (See Section 2.5 and
tor details.)
3. That the U.S. scientific community in cooperas i
with the U.S. agencies concerned review the tollowios
areas (sve Section 3.1 for details) in deciding wiat
investigations to pursue, as these appear to be the dre.
in which the U.S. can make the most fruitrtul contribuoti
Uzone climatolopy; stratosplieric composition; mesospie o,
composition; basic climatoloey of the middle atoostror
planetdry waves in the middic atmosphere; cquatoria.

40 l‘l'

waves; tides, cravity waves, and turtulence; trope-ooor
stratesdiere coupling; the intluence of nmiddlo-ato )
sheric condition- on lewer-level climates coros f
tion and properties; solar radiation, especially in tin
g ultraviolet; the effocts of vnergetic partitles and x-ravs
[ on the middle atmoshere; ion composition; and the electyoe-
& dyvnamics of the middle atnosphiere. These fourteen reos
@ have been tagpced Cbacrvational or experinental MR '
2 initiatives" (M=) and nunbered tor ready reterence.
g 4. That theoretical studics and modeling he sopo
- (See Section 3.2, Mi-15.)
E‘ 5. That a prograr or hall ons and rockets thor are
(] Still requited tor colt i rinds of T 0T ehsory el Lo '
E and the launch rtacrbic e o v with them be suppor
j It is clear that these tour previous studies will continue to have a sier e
{ impact on many aspects ot solar-terrestnial research. Many ot the spociiis _
' o recommendations in these studies match those of the present €STR wrady. .'
i Taken together these collected studies point the way toward maxumnizing scr- )
. entific progress in STR tor the 1980,
b .
I
e )
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140 SOLAR-TERRESTRIAL RESEARCH IN THE 1980

Upper Atmosphere Research in the 1980°s: Ground-Based, Airborne, an.d
Rocketr Techniques

few .

This fifth report (National Academy of Sciences, Washington, D.C.. 1979) s
the outcome of a summer study conducted by the CSTR in 1978 under the
leadership of F. S. Johnson. That study was the forerunner of the present
study, and many of its principal conclusions have been integrated into the
present report. We reproduce its principal conclusions below. The order in

which they are given does not necessarily reflect their relative priority. Vi
We recommend that an Incoherent- tter radar facil-
Ity be established [in the subaur« .al zone] for the

observation of a variety of Importa. * oper-atmesphoric B
rhenomena such as thermospheric winds and Ion £lows {
over a range of subauroral latitudes. [The puriosoe of 1
this recommendation was to study disturpances cmanat’:;
2quatorward from the auroral zone or polar cas.]

We recommend that various options be explored fou <
making incoherent-scatter radar observations at waeo- R
maynetic latitude A = 76-78" and that an appropr’ i ]
observatory be established at the earliest oppcrtuni-
ty. [The purpose of this recommendation is to measur
the 1lmportant energy and momentum sources cf tho ur:or )
atmocsphere at the throat of the auroral zone convectio:n
nattern, where there is major heat input.]

We recommend that efforts be made to explolit mesc-
sphere-stratosphere-troposphere (MST) radar capahi I~u
at midlatitudes [where it would be of special value
1n studyilng stratosphere-troposphere exchange and
transport properties in the stratosphere and meso-
spiiere by sampling as feasible in a few places.]

We recommend that the newly demonstrated capabilic.. =
of the [stratosphere-troposphere] ST-radar technigue
be exploited using existing instrumentation in order
to galn a fuller understanding of the Importance or
small-scale motions to the overall dynamics of the
upper troposphere and lower stratosphere. Studies
should be undertaken to examine the potentia! s.i-
entific return of a more extensive network of ST
radars. Preliminary design studies of a transportab
ST radar should be undertaken in order to <ot ibl s
the specifications and cost of an ST radar network.

We rocommend that advances in optical te~hnuloury
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recently developed for use on spacecraft be expl~ it
by further development and upgrading of Instrument.-

tion for ground-based studies of the energy sources,

chemistry, and dynamics of the upper atmosphere.

We recommend that the balloon and sounding-rocket
program be preserved durlng the Space Shuttle er: to
make Important atmospheric measurements that cannor
be made from satellites. We further recommend the
maintenance and, where required, the expansion or
rocket and balloon launch facilities to accommodate
the need for data acquisition at various geograph-
ical locations.

We recommend that the momentum now established i
stratospheric investigations be vigorously maintained.
To do this we need to exploit present methods o: both
in situ and remote sensing of chemically active minor
constituents and to develop new methods. We also
strongly encourage study and development of methods,
particularly those using tracers, for examining the
global-scale horizontal mhvement of air masses within
the stratosphere.

We recommend that a program be undertaken to deter-
mine the distribution of mesospheric constituents.
Relevant photolysis rates should also be measured.

We recomm<nd that more observational and theore-
tica studizs be devoted to the stratosphere-tropo-
sphere interchange process and that fast-response
instrumentation be developed for measurements of
chemical constitutents such as 03, H,0, and CO in
support of these studies.

We recommend investigation of atmospheric elec-
tric fields of magnetospheric, ionospheric dynamo,
and thunderstorm origin to determine their role In
middle atmospheric transport and chemical processes.

b The report coantains some 20 additional recommenda-
[ tions that were accorded somewhat lower prioritv.
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Solar Variability, Weather, and Climate, 1980
weather and climate has been commissioned by the Geophysics Study Con.

mittee of NRC’s Geophysics Research Board. This study on Solar Variability,
E Weather, and Climate is being prepared by a panel under the chairmuanship o

;‘ A comprehensive study of the evidence on influences of solar variability on
s
L

J. A. Eddy. It provides an important complement to this present study . and
to the reports cited above, by pursuing the specific question ot solar variability
influences on the troposphere. We paraphrase below the main conclusion of
this study now in preparation.

A central focus of this study is the great interest of improving our physical
}e understanding of the influences of solar variability on the complex scheme
of factors that determine weather and climate. The scientific interest an iso-
lating subtle effects of variable solar inputs on the troposphere will remuin,
even if future research were to demonstrate that the etfects ot solar variability
itselt are too small to be of practical use in understanding past climate changes
T. or in predicting changes in the future.

The study notes that important advances have been made in our under-
standing of both the variability of solar outputs and also the sources ot weather
and climate change since early atiempts to correlate the sunspot cycle with
local weather. This evolution in our knowledge suggests certain basic changes
in our approach to the problem.

On the one hand. it now appears likely that predictable changes in the
carth’s motion around even an unchanging sun could produce variations of
climate with the power spectrum and phase of the major ice ages. Advances
in climate dynamics also lead us to a better appreciation of the many complex
internal feedbacks within the atmosphere-ocean-continent system itself that
could produce quasi-periodic oscillations on time scales that overlap those
observed in solar magnetic activity.

At the same time, the many aspects of variable solar outputs in electro-
magnetic waves, charged particles, and magnetic fieids have been much hetter
- understood. We now see clearly that the sunspot number is only loosely con-
: nected to changes in some important solar cutputs, such as ultravioiet radia-
tion. It is a poor estimator of other important outputs such as particle tfluxe:

The complexity of the sun-earth system. revealed to us through gradaal
accumulation of careful observations and theoretical explanition. stroni
suggests that a continuing quest for simple correlations between run Jomiy
chosen weather variables and solar indices is unlikely to be fruittui.

The study recommends that the newly acquired understanding o weil-
defined variable solar influences on the magnetosphere and upper atmospher
be used to reformulate the classical sun-weather question as 2 mrop-hv de.
fined physical problem within the context of modern solar-terrestrial mhvsies,
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The process of measurement and theoretical evaluation promises to be

intellectually stimulating, since the mechanisms in question will surely stretch
our knowledge of the many elements of the solar-terrestrial system and of
their interfaces. This broadly based cooperative endeavor between the in- 1
dividual disciplines of solar-terrestrial physics cannot fail to yield new in-
sights into the operation of the individual elements themselves. It is possibie
that the results will also reveal a sun-climate link (or several) that would
prove to be of immense practical utility to mankind.
Particular attention needs to be directed toward the formulation of consistent
physical mechanisms to explain the better established existing connections
between solar or interplanetary variables and tropospheric parameters. More-
over, future empirical studies must be guided first by careful choice of phys-
ical variables whose changes can be related to climate and weather through
realistic dynamical models.

.-L

-

e,

b

(]

r’

[ .

¢

[

-~

t .

;’.

L

. 3

. 3
]

3 \

¢ - 3

1 ISN3dad INIWNHIA0D LV d32100Hd3Y ]




T ETTe TR T e T T e

K]

————r— V. v , SEEReus A0 Ste An S gl — Ll AR

) o ® . L J
N .

- ‘ . ] PR S I

vy

® e

7

: -

¢Q.i.1‘l< v \ Ml

’

.........

 _gn ane SE B ol A L aarast ol

2-85

N.P

o

. .
A A WU T Vi

2 e AN a LA D

PV ST S . O

LA aian.




