Magnetosphere-lonosphere
Coupling in the Solar System

Charles R. Chappell, Robert W. Schunk,
Peter M. Banks, Richard M. Thorne, and James L. Burch,
Editors

CJAGU WILEY

American Geophysical Union



Geophysical Monograph 222

Magnetosphere-lonosphere
Coupling in the Solar System

Charles R. Chappell
Robert W. Schunk
Peter M. Banks
James L. Burch
Richard M. Thorne
Editors

This Work is a co-publication between the American Geophysical Union and John Wiley and Sons, Inc.

QAGU WILEY

American Geophysical Union



This Work is a co-publication between the American Geophysical Union and John Wiley & Sons, Inc.

Published under the aegis of the AGU Publications Committee

Brooks Hanson, Director of Publications
Robert van der Hilst, Chair, Publications Committee

© 2017 by the American Geophysical Union, 2000 Florida Avenue, N.W., Washington, D.C. 20009
For details about the American Geophysical Union, see www.agu.org.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording, scanning, or otherwise, except as permitted under Section 107 or 108 of the
1976 United States Copyright Act, without either the prior written permission of the Publisher, or authorization through
payment of the appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923,
(978) 750-8400, fax (978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should be
addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, (201) 748-6011,
fax (201) 748-6008, or online at http://www.wiley.com/go/permissions.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in preparing this book.
they make no representations or warranties with respect to the accuracy or completeness of the contents of this book and
specifically disclaim any implied warranties of merchantability or fitness for a particular purpose. No warranty may be created or
extended by sales representatives or written sales materials. The advice and strategies contained herein may not be suitable for
your situation. You should consult with a professional where appropriate. Neither the publisher nor author shall be liable for any
loss of profit or any other commercial damages, including but not limited to special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our Customer Care
Department within the United States at (800) 762-2974, outside the United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may not be available in
electronic formats. For more information about Wiley products, visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data is available.
ISBN: 978-1-119-06677-4
Cover Images:

—Photograph by Charles R. Chappell of Yosemite National Park California taken from Inspiration Point. Yosemite has been the
location of two important AGU conferences on Magnetosphere-lonosphere Coupling at Earth and the planets.

—A schematic drawing by Charles R. Chappell of the outflow of the Earth’s ionosphere as it moves outward to become a source
of plasma for the magnetosphere.

—A simulation model image of the magnetosphere of Saturn showing the effect of its ionosphere on the shape of the magnetic
field and the concentrations of different ions trapped in the magnetosphere (Jia et. al., this volume)

Printed in the United States of America

10 9 8 7 6 54 3 21



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

A Continental Plate Boundary: Tectonics at .
South Island, New Zealand David Okaya, Tim Stem,
and Fred Davey (Eds.)

Exploring Venus as a Terrestrial Planet Larry W.
Esposito, Ellen R. Stofan, and Thomas E. Cravens (Eds.)
Ocean Modeling in an Eddying Regime

Matthew Hecht and Hiroyasu Hasumi (Eds.)

Magma to Microbe: Modeling Hydrothermal Processes
at Oceanic Spreading Centers Robert P, Lowell, Jeffrey
S. Seewald, Anna Metaxas, and Michael R. Perfit (Edss.)
Active Tectonics and Seismic Potential of Alaska
Jeffrey T. Freymueller, Peter J. Haeussler, Robert L.
Wesson, and Géran Ekstrém (Eds.)

Arctic Sea Ice Decline: Observations, Projections,
Mechanisms, and Implications £ric T. DeWeaver,
Cecilia M. Bitz, and L.-Bruno Tremblay (Eds.)
Midlatitude lonospheric Dynamics and Disturbances
Paul M. Kintner, Jr., Anthea J. Coster, Tim Fuller-Rowell,
Anthony J. Mannucci, Michael Mendillo, and Roderick
Heelis (Eds.)

The Stromboli Volcano: An Integrated Study of

the 2002-2003 Eruption Sonia Calvari, Salvatore
Inguaggiato, Giuseppe Puglisi, Maurizio Ripepe, and
Mauro Rosi (Eds.)

Carbon Sequestration and Its Role in the

Global Carbon Cycle Brian /. McPherson

and Eric T. Sundquist (Eds.)

Carbon Cycling in Northern Peatlands Andrew /. Baird,
Lisa R. Belyea, Xavier Comas, A. S. Reeve, and

Lee D. Slater (Eds.)

Indian Ocean Biogeochemical Processes and
Ecological Variability Jerry D. Wiggert, Raleigh R. Hood,
S. Wajih A. Naqvi, Kenneth H. Brink, and Sharon L.
Smith (Eds.)

Amazonia and Global Change Michael Keller, Mercedes
Bustamante, John Gash, and Pedro Silva Dias (Eds.)
Surface Ocean-Lower Atmosphere Processes

Corinne Le Quére and Eric S. Saltzman (Eds.)

Diversity of Hydrothermal Systems on Slow
Spreading Ocean Ridges Peter A. Rona, Colin W. Devey,
Jérébme Dyment, and Bramley J. Murton (Eds.)

Climate Dynamics: Why Does Climate Vary?
De-Zheng Sun and Frank Bryan (Eds.)

The Stratosphere: Dynamics, Transport, and Chemistry
L. M. Polvani, A. H. Sobel, and D. W. Waugh (Eds.)
Rainfall: State of the Science Firat Y. Testik and
Mekonnen Gebremichael (Eds.)

Antarctic Subglacial Aquatic Environments

Martin J. Siegert, Mahlon C. Kennicut Il, and

Robert A. Bindschadler

Abrupt Climate Change: Mechanisms, Patterns,

and Impacts Harunur Rashid, Leonid Polyak, and
Ellen Mosley-Thompson (Eds.)

Stream Restoration in Dynamic Fluvial Systems:
Scientific Approaches, Analyses, and Tools Andrew
Simon, Sean J. Bennett, and Janine M. Castro (Eds.)
Monitoring and Modeling the Deepwater Horizon
Oil Spill: A Record-Breaking Enterprise Yonggang Liu,
Amy MacfFadyen, Zhen-Gang /i, and Robert H.
Weisberg (Eds.)

Extreme Events and Natural Hazards: The Complexity
Perspective A. Surjalal Sharma, Armin Bunde,

Vijay P. Dimri, and Daniel N. Baker (Eds.)

Auroral Phenomenology and Magnetospheric
Processes: Earth and Other Planets Andreas

Gep_physical Monograph Series

198.

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

Keiling, Eric Donovan, Fran Bagenal, and Tomas
Karlsson (Eds.)

Climates, Landscapes, and Civilizations Liviu Giosan,
Dorian Q. Fuller, Kathleen Nicoll, Rowan K. Flad, and
Peter D. Clift (Eds.)

Dynamics of the Earth’s Radiation Belts and Inner
Magnetosphere Danny Summers, lan R. Mann,
Daniel N. Baker, and Michael Schulz (Eds.)
Lagrangian Modeling of the Atmosphere John Lin (Ed.)
Modeling the lonosphere-Thermosphere Jospeh D. Huba,
Robert W. Schunk, and George V Khazanov (Eds.)

The Mediterranean Sea: Temporal Variability and Spatial
Patterns Cian Luca Eusebi Borzelli, Miroslav Gacic,
Piero Lionello, and Paola Malanotte-Rizzoli (Eds.)
Future Earth - Advancing Civic Understanding of

the Anthropocene Diana Dalbotten, Gillian Roehrig,
and Patrick Hamilton (Eds.)

The Galdpagos: A Natural Laboratory for the

Earth Sciences Karen S. Harpp, Eric Mittelstaedt,
Noémi d’Ozouville, and David W. Graham (Eds.)
Modeling Atmospheric and Oceanic Flows:
Insightsfrom Laboratory Experiments and

Numerical Simulations Thomas von Larcher and

Paul D. Williams (Eds.)

Remote Sensing of the Terrestrial Water Cycle Venkat
Lakshmi (Eds.)

Magpnetotails in the Solar System Andreas Keiling,
Caitriona Jackman, and Peter Delamere (Eds.)
Hawaiian Volcanoes: From Source to Surface Rebecca
Carey, Valerie Cayol, Michael Poland, and Dominique
Weis (Eds.)

Sea Ice: Physics, Mechanics, and Remote Sensing
Mohammed Shokr and Nirmal Sinha (Eds.)

Fluid Dynamics in Complex Fractured-Porous
Systems Boris Faybishenko, Sally M. Benson, and
John E. Gale (Eds.)

Subduction Dynamics: From Mantle Flow to Mega
Disasters Cabriele Morra, David A. Yuen, Scott King,
Sang Mook Lee, and Seth Stein (Eds.)

The Early Earth: Accretion and Differentiation James
Badro and Michael Walter (Eds.)

Global Vegetation Dynamics: Concepts and
Applications in the MC1 Model Dominique Bachelet
and David Turner (Eds.)

Extreme Events: Observations, Modeling and
Economics Mario Chavez, Michael Ghil, and Jaime
Urrutia-Fucugauchi (Eds.)

Auroral Dynamics and Space Weather Yongliang Zhang
and Larry Paxton (Eds.)

Low-Frequency Waves in Space Plasmas Andreas
Keiling, Dong-Hun Lee, and Valery Nakariakov (Eds.)
Deep Earth: Physics and Chemistry of the Lower Mantle
and Core Hidenori Terasaki and Rebecca A. Fischer (Eds.)
Integrated Imaging of the Earth: Theory and
Applications Max Moorkamp, Peter C. Lelievre, Niklas
Linde, and Amir Khan (Eds.)

Plate Boundaries and Natural Hazards Joao Duarte
and Wouter Schellart (Eds.)

lonospheric Space Weather: Longitude and
Hemispheric Dependences and Lower Atmosphere
Forcing Timothy Fuller-Rowell, Endawoke Yizengaw,
Patricia H. Doherty, and Sunanda Basu (Eds.)
Terrestrial Water Cycle and Climate Change: Natural
gnd Human-Induced Impacts Qiuhong Tang and

aikan Oki (Eds.)



CONTRIBUTORS

Takumi Abe

Associate Professor

Institute of Space and Astronautical Science
Japan Aerospace Exploration Agency
Sagamihara, Kanagawa, Japan

M. André
Swedish Institute of Space Physics
Uppsala, Sweden

T. F. Averkamp

Engineering Specialist

Department of Physics and Astronomy
University of lowa, lowa City, IA, USA

L. Baddeley

Birkeland Centre for Space Science
The University Centre in Svalbard
Longyearbyen, Norway

Peter M. Banks
Professor University of Michigan (Retired)
Santa Rosa, CA, USA

Abdallah R. Barakat

Research Associate Professor

Center for Atmospheric and Space Sciences
Utah State University

Logan, UT, USA

J. W. Bonnell

Project Physicist

Space Sciences Laboratory
University of California, Berkeley
Berkeley, CA, USA

Jacob Bortnik

Professor

Department of Atmospheric and

Oceanic Sciences

University of California Los Angeles (UCLA)
Los Angeles, CA, USA

X

S. R. Bounds

Associate Research Scientist
Department of Physics and Astronomy
University of lowa

lowa City, A, USA

Kevin S. Brenneman
NASA Goddard Space Flight Center
Greenbelt, MD, USA

James L. Burch

Vice President

Space Science and Engineering Division
Southwest Research Institute

San Antonio, TX, USA

Charles R. Chappell

Research Professor

Department of Physics and Astronomy
Vanderbilt University

Nashville, TN, USA

Lunjin Chen

Professor

Department of Physics

W. B. Hanson Center for Space Sciences
University of Texas, Dallas

Richardson, TX, USA

James H. Clemmons

Principal Director

Space Science Applications Laboratory
Aerospace Corporation

El Segundo, CA, USA

Andrew ]. Coates

Professor of Physics and Deputy Director
(Solar System) MSSL

University College London

Mullard Space Science Laboratory
Dorking, Surrey, UK

Glyn A. Collinson
NASA Goddard Space Flight Center
Greenbelt, MD, USA



x CONTRIBUTORS

Thomas E. Cravens

Professor

Department of Physics and Astronomy
University of Kansas

Lawrence, KS, USA

Geoff Crowley

CEO and Chief Scientist

Atmospheric & Space Technology Research Associates
(ASTRA) LLC

Boulder, CO, USA

Christopher Cully

Department of Physics and Astronomy
University of Calgary

Calgary, AB, Canada

Richard E. Denton
Research Professor
Department of Physics and Astronomy
Dartmouth College
Hanover, NH, USA

Eric Donovan

Department of Physics and Astronomy
University of Calgary

Calgary, AB, Canada

Douglas P. Drob

Research Physicist

Space Science Division
Naval Research Laboratory
Washington, DC, USA

Gregory D. Earle
Department of Physics
Virginia Technical University
Blacksburg, VA, USA

J. Vincent Eccles

Professor of Physics

Center for Atmospheric and Space Sciences
Utah State University

Logan, UT, USA

A. Eriksson
Swedish Institute of Space Physics
Uppsala, Sweden

Keiichiro Fukazawa

Professor

Academic Center for Computing and Media Studies
Kyoto University

Yoshidahonmachi, Sankyo-ku

Kyoto, Japan

Andrew J. Gerrard

Professor

Center for Solar-Terrestrial Research, New Jersey
Institute of Technology

Newark, NJ, USA

Alex Glocer

Research Astrophysicist

Geospace Physics Laboratory
NASA Goddard Space Flight Center
Greenbelt, MD, USA

Tamas . Gombosi

Professor

Department of Climate and Space Sciences and
Engineering

University of Michigan

Ann Arbor, MI, USA

Daniel ]. Gershman
NASA Goddard Space Flight Center
Greenbelt, MD, USA

D. A. Gurnett

James A. Van Allen/Roy J. Carver Professor of Physics
Department of Physics and Astronomy

University of lowa

lowa City, IA, USA

S. Haaland

Birkeland Centre for Space Science

University of Bergen

Norway; and

Max-Planck Institute for Solar Systems Research
Gottingen

Germany

R. A. Heelis

Director, William B. Hanson Center for Space Sciences
University of Texas at Dallas

Richardson, TX, USA

Thomas W. Hill

Professor Emeritus

Physics and Astronomy Department
Rice University

Houston, TX, USA

George B. Hospodarsky

Associate Research Scientist
Department of Physics and Astronomy
University of lowa

lowa City, IA, USA



Joseph D. Huba

Section Head, Space Physics
Plasma Physics Division

Naval Research Laboratory (NRL)
Washington, DC, USA

Xianzhe Jia

Associate Professor

Department of Climate and Space Sciences and
Engineering

University of Michigan

Ann Arbor, MI, USA

Ying-Dong Jia

Assistant Research Geophysicist
Department of Earth, Planetary and
Space Sciences

University of California at Los Angeles
Los Angeles, CA, USA

C. Johnsen
Department of Physics
University of Oslo
Norway

Robert E. Johnson

Professor

University of Virginia
Charlottesville, VA, USA: and
Professor

New York University

New York City, NY, USA

Vania K. Jordanova

Senior Research Scientist

Space Science and Applications Group
Los Alamos National Laboratory

Los Alamos, NM, USA

Larry Kepko
NASA Goddard Space Flight Center
Greenbelt, MD, USA

George Khazanov
NASA Goddard Space Flight Center
Greenbelt, MD, USA

Lynn M. Kistler

Professor

Department of Physics and Space Science Center
University of New Hampshire

Durham, NH, USA

CONTRIBUTORS  xi

Naritoshi Kitamura

Aerospace Project Research Associate
Institute of Space and Astronautical Science
Japan Aerospace Exploration Agency
Sagamihara, Kanagawa, Japan

Margaret G. Kivelson

Professor Emerita

Research Professor

Department of Climate and Space Sciences and
Engineering

University of Michigan

Ann Arbor, Ml, USA; and

Department of Earth, Planetary, and Space Sciences
University of California at Los Angeles

Los Angeles, CA, USA

C. A. Kletzing

F. Wendell Miller Professor
Department of Physics and Astronomy
University of lowa

lowa City, IA, USA

David J. Knudsen

Department of Physics and Astronomy
University of Calgary

Calgary, AB, Canada

Jonathan Krall

Research Physicist

Plasma Physics Division

Naval Research Laboratory (NRL)
Washington, DC, USA

Atsushi Kumamoto
Associate Professor
Department of Geophysics
Graduate School of Science
Tohoku University

Sendai, Japan

W. S. Kurth

Research Scientist

Department of Physics and Astronomy
University of lowa

lowa City, IA, USA

Louis J. Lanzerotti

Professor

Center for Solar-Terrestrial Research, New Jersey
Institute of Technology

Newark, NJ, USA



xii CONTRIBUTORS

Stephen A. Ledvina

Space Sciences Laboratory
University of California Berkeley
Berkeley, CA, USA

J. S. Leisner

Senior Scientist

Department of Physics and Astronomy
University of lowa,

lowa City, IA, USA;

Current affiliation:

Arctic Slope Technical Services
Beltsville, MD, USA

Marc Lessard

Space Science Center
University of New Hampshire
Durham, NH, USA

K. Li

Max-Planck Institute for Solar Systems Research

Gattingen, Germany

Wen Li

Research Scientist

Department of Atmospheric and Oceanic
Sciences

University of California Los Angeles (UCLA)
Los Angeles, CA, USA

Michael W. Liemohn
Professor

Department of Climate and Space Sciences and

Engineering
University of Michigan
Ann Arbor, Ml, USA

William Longley

Graduate Student

Department of Physics and Astronomy
Rice University

Houston, TX, USA

Gang Lu

Senior Scientist

High Altitude Observatory

National Center for Atmospheric Research
Boulder, CO, USA

Janet G. Luhmann

Senior Fellow

Space Sciences Laboratory
University of California Berkeley
Berkeley, CA, USA

B. Lybekk

Department of Physics
University of Oslo
Norway

Qianli Ma

Postdoctoral Fellow

Department of Atmospheric and Oceanic
Sciences

University of California Los Angeles (UCLA)
Los Angeles, CA, USA ¢

Elizabeth A. MacDonald
NASA Goddard Space Flight Center
Greenbelt, MD, USA

L. Maes
Royal Belgian Institute for Space Aeronomy
Brussels, Belgium

Donald G. Mitchell

Principal Professional Staff Physicist
Applied Physics Laboratory

Johns Hopkins University

Laurel, MD, USA

J. D. Menietti

Research Scientist

Department of Physics and Astronomy
University of lowa

lowa City, IA, USA

Thomas E. Moore

Senior Project Scientist for MMS
Heliophysics Science Division
NASA Goddard Space Flight Center
Greenbelt, MD, USA

Binbin Ni

Professor

Department of Space Physics
Wuhan University

Wuhan, Hubei, China

Michael ). Nicolls

Center for Geospace Studies
SRI International

Menlo Park, CA, USA

H. Nilsson
Swedish Institute of Space Physics
Kiruna, Sweden



Yukitoshi Nishimura

Assistant Researcher

Department of Atmospheric and Oceanic Sciences
University of California, Los Angeles

Los Angeles, CA, USA

Nikolai @stgaard

Professor

Department of Physics and Technology
University of Bergen

Bergen, Norway

A. Pedersen
Department of Physics
University of Oslo
Norway

A. M. Persoon

Research Specialist

Department of Physics and Astronomy
University of lowa,

lowa City, IA, USA

William K. Peterson

Research Scientist

Laboratory of Atmospheric and
Space Physics

University of Colorado
Boulder, CO, USA

Robert Pfaff

Space Weather Laboratory

NASA Goddard Space Flight Center
Greenbelt, MD, USA

D. PiSa

Postdoctoral Research Scientist

Department of Physics and Astronomy

University of lowa, lowa City, IA, USA;

Current affiliation:

Department of Space Physics Institute of Atmospheric
Physics, Czech Academy of Science Prague,

Czech Republic

Craig J. Pollock
NASA Goddard Space Flight Center
Greenbelt, MD, USA

Patricia Reiff

Professor

Department of Physics and Astronomy
Rice University

Houston, TX, USA

CONTRIBUTORS  xiii

Jone Peter Reistad

Graduate Student

Department of Physics and Technology
University of Bergen

Bergen, Norway

Matthew S. Richard

Assistant Professor

Department of Physics and Astronomy
Benedictine College

Atchison, KS, USA

Aaron J. Ridley

Professor

Department of Climate and Space Sciences and
Engineering

University of Michigan

Ann Arbor, MI, USA

Douglas E. Rowland
NASA Goddard Space Flight Center
Greenbelt, MD, USA

Christopher T. Russell

Professor

Department of Earth, Planetary and Space
Sciences

University of California at Los Angeles
Los Angeles, CA, USA

Ennio Sanchez

Center for Geospace Studies
SRI International

Menlo Park, CA, USA

O. Santolik

Professor

Department of Space Physics
Institute of Atmospheric Physics
The Czech Academy of Sciences
Prague, Czech Republic; and
Faculty of Mathematics and Physics
Charles University

Prague, Czech Republic

S. Sazykin

Senior Faculty Fellow

Department of Physics and Astronomy
Rice University

Houston, TX, USA



xiv. CONTRIBUTORS

R. W. Schunk

Director, Center for Atmospheric and Space
Sciences

Professor of Physics

Center for Atmospheric and Space Sciences
Utah State University

Logan, UT, USA

Atsuki Shinbori
Researcher

Research Institute for Sustainable Humanosphere

Kyoto University
Uji, Japan

Kanako Seki

Professor

Department of Earth and Planetary Science
Graduate School of Science

The University of Tokyo

Tokyo, Japan

Joshua Semeter

Physics and Astronomy Department
Boston University

Boston, MA, USA

llkka Sillanpaa

Research Scientist

Finnish Meteorological Institute
Helsinki, Finland

Sven Simon

Assistant Professor

Earth and Atmospheric Sciences
Georgia Institute of Technology
Atlanta, GA, USA

R. W. Spiro

Adjunct Professor

Department of Physics and Astronomy
Rice University, Houston, TX, USA

Darci Snowden

Assistant Professor

Central Washington University
Ellensburg, WA, USA

Robert ). Strangeway

Institute for Geophysics and Planetary Physics
University of California at Los Angeles

Los Angeles, CA, USA

Jeffrey Thayer
Aerospace Engineering
University of Colorado
Boulder, CO, USA

Richard M. Thorne

Distinguished Research Professor,

Department of Atmospheric and Oceanic Sciences
University of California Los Angeles (UCLA)

Los Angeles, CA, USA

F. R. Toffoletto

Professor

Department of Physics and Astronomy
Rice University

Houston, TX, USA

J. Hunter Waite, Jr.

Program Director

Space Science and Engineering
Southwest Research Institute
San Antonio, TX, USA

Raymond J. Walker

Professor Emeritus

Department of Earth Planetary and Space Sciences
University of California at Los Angeles

Los Angeles, CA, USA

Shigeto Watanabe

Professor

Space Information Center
Hokkaido Information University
Ebetsu, Japan

Daniel T. Welling

Assistant Research Scientist

Department of Climate and Space Sciences and
Engineering

University of Michigan

Ann Arbor, MI, USA

Hanying Wei

Assistant Research Geophysicist
Department of Atmospheric Science
University of California at Los Angeles
Los Angeles, CA, USA

Joseph H. Westlake

Senior Staff Scientist
Applied Physics Laboratory
Johns Hopkins University
Laurel, MD, USA



Adam K. Woodson

Postdoctoral Researcher

Laboratory for Atmospheric and Space Physics
University of Colorado

Boulder, CO, USA

R. A. Wolf

Research Professor

Department of Physics and Astronomy
Rice University, Houston, TX, USA

J. R. Wygant

Professor

School of Physics and Astronomy
University of Minnesota
Minneapolis, MN, USA

Manabu Yamada

Associate Staff Scientist

Planetary Exploration Research Center
Chiba Institute of Technology
Narashino, Japan

CONTRIBUTORS  xv

J. Yang

Research Scientist

Department of Physics and Astronomy
Rice University

Houston, TX, USA

Andrew W. Yau

Professor

Department of Physics and Astronomy
University of Calgary

Calgary, Alberta, Canada

Shasha Zou

Associate Professor

Department of Climate and Space Sciences and
Engineering

University of Michigan

Ann Arbor, MI, USA



PROLOGUE

The Earth and other planets in the solar system have
atmospheres that vary in chemical composition and
density depending on the processes that have taken
place during the origin and evolution of the planet. As
the different wavelengths of sunlight shine on the
atmosphere, the atoms and molecules can be ionized,
becoming electrically charged particles that can be
energized further and moved upward away from the
planet. This ionized layer, the ionosphere, is guided
dynamically by electric and magnetic fields that are pre-
sent at the planet. The strength and shape of the plan-
etary magnetic field are influenced by the internal
structure of the planet itself, and these factors can vary
from the weakest intrinsic magnetic field at Mercury to
the strongest at Jupiter.

As the outer atmosphere of the Sun is accelerated
away as an ionized gas, it becomes the solar wind that
streams outward through the solar system and affects
the different planets. This highly variable solar wind
interacts with the magnetic fields of the planets and cre-
ates electric fields that influence the motion of the
charged ionospheric particles and that can accelerate
them to much higher energies, thrusting them upward
into the magnetic envelope that surrounds the planet.
This process establishes the ionosphere as a very impor-
tant source of the energetic charged particles that can be
found around the different planets. At Earth, this mag-
netic envelope containing charged particles is called the
magnetosphere.

Early studies of the Earth’s magnetosphere measured
these energetic particles and found that they were of simi-
lar energies to the protons, alpha particles, and electrons
of the solar wind. This led to an initial conclusion that
the energetic particles of planetary magnetospheres came
from the solar wind and not from the planet itself. With
the subsequent development of particle instrumentation
that could determine the mass of these energetic particles,
it was found, surprisingly, that there were significant
amounts of particles with masses typical of the atmos-
phere and ionosphere of the planet and not of the solar
wind, e.g., oxygen, nitrogen, and even molecular ions.
This discovery in the 1970s established a new way of
thinking about the processes by which the magneto-
spheres of the Earth and the planets were filled. These
magnetic “buckets” can be filled from the inside out as
well as the outside in.

Our early ideas about how things work, however,
often form paradigms that are hard to change. This has
been the case with the Earth’s magnetosphere, where a
large segment of the research community has not yet
adjusted to the idea that the ionosphere may be a signifi-
cant and oftentimes dominant source of the energetic
plasma that is found in the Earth’s space environment.
The same is true for the planetary environments. Over
the 40-year period of study of the Earth and planetary
space environments, the confluence of new measure-
ment techniques, extraordinary planetary missions, and
coupled dynamic models has opened the door for a dra-
matic new paradigm-changing understanding. This his-
tory set the stage for the 2014 Yosemite Chapman
Conference on Magnetosphere-lonosphere Coupling in
the Solar System. This resulting monograph is at the
center of this exciting discovery and new scientific
knowledge.

The first step needed was to bring together the space
scientists who study the ionosphere with those who study
the magnetosphere, and let them learn from each other.
This had been the goal of the first Yosemite conference,
four decades earlier. That conference started a movement
toward a different awareness of the coupled nature of the
system, but there was at that early time, no inclination
that the ionosphere could actually be supplying charged
particles, or plasma, to form the energetic regions of the
magnetosphere where particles had energies up to a mil-
lion times that of the ionospheric particles.

The second step needed was to bring together scien-
tists who study the Earth’s space environment with sci-
entists who study the other planetary environments.
This had begun in a limited way, but the 2014 Yosemite
conference was intentionally designed to create this
cross-discipline interaction, teaching, and learning. It
was very successful in doing this, and this monograph
captures this knowledge and makes it available to the
broader international heliophysics and planetary science
communities.

In addition to the cross-discipline merger of the scien-
tists, the conference was designed to feature the history of
this research. This was captured through the unique use
of video that was made at the first Yosemite conference in
1974. This video was digitized for use at the 2014 meeting.
Excerpts of the 1974 video were used to introduce each
session, showing “the way we were” in 1974 and its
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xviii PROLOGUE

implied comparison with “the way we now are” in terms
of our understanding of the coupling of the ionosphere
with the magnetosphere, not just at Earth but also at
other planets. Many of the video excerpts were of
renowned scientists in our field who are no longer alive.

For many of the young researchers who were at the 2014
meeting, it was the first time that they had ever seen and
heard some of these amazing pioneers in their field. These
excerpts are made available to the reader through URL
links given throughout this monograph. The full video of
the 1974 meeting, which was digitized by the Television
Archive at Vanderbilt University, is available online in
the digital library at Utah State University in connection
with their Center for Space Science and can be found at
http://digitalcommons.usu.edu/yosemite_chapman/1974/.

In addition to the original video, arrangements were
made to have the 2014 Yosemite conference recorded in
HD color video. This video includes all of the talks
from the 2014 conference and is also available at the
Utah State University online digital library. It is found at
http://digitalcommons.usu.edu/yosemite_chapman/2014/.
This monograph contains URL links to videos of the
original talks related to each of the chapters. The
uniqueness of this video cannot be overemphasized.
The viewer can watch a space scientist at the 2014 meet-
ing in his eighties watching and commenting on a video
of himself in his forties or the video of a very special
PhD advisor of 40 years ago being watched and remem-
bered by his previous PhD student! These are amazing
scenes, not only for the comments related to what we
have learned over this career-long four decades, but also
the way we looked and talked in the early 1970s, near
post-Woodstock era, as contrasted to today. This video
element of the monograph adds unique supplemental
value to this entire endeavor. These two online videos
bring tremendous personal depth to the monograph.
I am certain that nothing like this exists in our field of
research, and I would be surprised if it exists in any
other fields of space science. It is a most significant time
capsule of ambience that has brought much more
significance to the Yosemite conference and to this
monograph.

The flow of the monograph chapters has been set up in
the same way that the Yosemite Chapman Conference
was arranged. The rationale for the flow had two themes.
In the larger sense, more measurement and modeling of
magnetosphere-ionosphere coupling has been done at
Earth than at the planets. Because of this, the monograph
begins with a look at the research that has been done at
the Earth. Since the Earth-centered research forms the
foundation for both measurements and modeling at the
other planets, the relative number of papers has been

weighted toward research that has been done in the
Earth’s space environment.

Within this larger theme, the chapters have been
arranged in order to build up our understanding of each
environment based on a progression of processes that
follow the dynamics of the ionospheric source and its
movement upward into the magnetosphere with its result-
ing effects. Hence, the monograph chapters begin with
the ionospheric source, followed by the upward move-
ment of the particles, then the influence of the low energy
ionospheric particles in creating/affecting the higher
energy particle populations of the magnetosphere and
finally the modeling that has been has been carried out to
predict the ionospheric outflow and its merger into the
overall magnetospheric models.

Following the foundation established by the research in
the terrestrial environment, the chapters turn to the
planets and begin with the relevant measurements that
have been made followed by the modeling of ionosphere-
magnetosphere coupling that is now being done at the
planets, much of it based on earlier modeling at the
Earth. The monograph is completed with an assessment
of where we stand in our understanding and a look at a
future mission that would address the very important
areas where more measurement and study are needed.

In conclusion, the reader/viewer is in for a treat
with this monograph. It chronicles the advancement
of knowledge in this interdisciplinary field and brings
together the work of space scientists from around the
world. It is an intellectual and visual journey though
our exploration and discovery of the role that the iono-
sphere plays in determining the filling and dynamics
of the space environments of the Earth and the planets.
It covers a career-long experience that begins with the
earliest ideas about this topic that came on the scene in
the early 1970s and ends with an explanation of the new
paradigm for the role of the ionosphere at the Earth and
other planets of our solar system.

So sit back, enter the first URL given in the Table of
Contents into your laptop, and watch an excerpt of the
talk given by Jim Burch in 1974. Then read his introduc-
tory chapter from the 2014 conference and, if you desire,
enter the URL given in his chapter and watch Jim give
the 2014 talk himself. Then proceed through the video/
chapter parade and enjoy seeing special people from our
past in combination with the new discoveries and knowl-
edge of the present—all done in the magnificence of
Yosemite National Park, one of the most beautiful places
on spaceship Earth!

Rick Chappell, Vanderbilt University
February 2016
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