

[image: Cover]




The 23rd Cycle




The 23rd Cycle

Learning to Live with a Stormy Star

Sten F. Odenwald

COLUMBIA UNIVERSITY PRESS      NEW YORK



Columbia University Press

Publishers Since 1893

New York, Chichester, West Sussex

cup.columbia.edu

Copyright © 2001 Sten F. Odenwald

All rights reserved

E-ISBN 978-0-231-50593-2

 

Library of Congress Cataloging-in-Publication Data

Odenwald, Sten F.

The 23rd cycle : learning to live with a stormy star / Sten F. Odenwald.

p. cm.

Includes bibliographical references and index.

ISBN 0–231–12078–8 (cloth)—ISBN 0–231–12079–6 (pbk.)

1. Solar activity—Environmental aspects. I. Title: Twenty-third cycle. II. Title.

QB524.O34 2000

538′.746–dc21 00-059647

A Columbia University Press E-book.

CUP would be pleased to hear about your reading experience with this e-book at cup-ebook@columbia.edu.




To my parents, Rosa and Sten, who never got to see their son’s handiwork




	
	Contents




Acknowledgments

Prologue

Part I, The Past

1. A Conflagration of Storms

2. Dancing in the Light

3. “Hello? Is Anyone There?”

Part II, The Present

4. Between a Rock and a Hard Place

5. “We’re Not in Kansas Anymore!”

6. They Call Them “Satellite Anomalies”

7. Business as Usual

8. Human Factors

9. Cycle 23

Part III, The Future

10. Through a Crystal Ball

Epilogue

Notes

Bibliography

Illustration Credits

Index



 
	
	Acknowledgments




The writing of a book such as this was an exciting process, made even more so by many people who helped me understand the dimensions of this subject and express it clearly. My wife, Sue, and my daughters, Emily Rosa and Stacia Elise, gave me a tremendous amount of support by just “being there” and understanding my peculiar early morning writing rituals. We are all going to look forward to having more breakfasts together again! I would like to thank my editor, Holly Hodder at Columbia University Press, for her enthusiasm for this project and the many excellent suggestions she made in helping me organize this material to make it readable. If you should find this book both thought provoking and captivating, it is largely to Holly’s credit. I would also like to thank Susan Pensak for her excellent job of copyediting this book.

A subject as large as this, with as many facets, has to be written with great care, and I am grateful for the help I received from many colleagues and experts in space weather issues, NASA policy, and the industrial community. I would like to thank Joe Allen at the National Geophysical Data Center for his careful reading of the manuscript and numerous excellent suggestions and comments. I also thank George Withbroe, director of NASA’s Office of Space Science, for explaining to me NASA’s Living with a Star program. Any errors or misunderstandings you may uncover in this book about current policy, budget, or program issues in space weather are entirely the fault of the author. I would like to thank James Burch, Shing Fung, Dennis Gallagher, Jim Green, Pat Reiff, and Bill Taylor of the IMAGE satellite project for many conversations about space weather issues and IMAGE science objectives. I am grateful to John Kappenman at Metatech for helping me to understand the electrical power industry and GICs. I would like to thank Art Poland, former project manager for the NASA SOHO program, Eric Christian, ACE deputy project scientist, and Tycho von Rosenvinge, ACE coinvestigator, for their insight into how these space science missions operate. Barbara Thompson, E. Stassinopoulos, and Michael Lauriente at the NASA Goddard Space Flight Center were most helpful in explaining to me how individual researchers in space science receive their funding and how radiation mitigation issues are being investigated. Mike Vinter, vice president of International Space Brokers, Inc., was very helpful in describing the way that satellite insurers operate, which for me dispelled several important misconceptions about this fascinating and highly volatile subject.

There was a great deal of material that had to be trimmed to keep the story focused. Please visit the Astronomy Cafe web site (http://www.theastronomycafe.net) and click on the link for Space Weather. This page contains notes for each chapter and more bibliographic information about space weather issues. Updates on the progress of the 23rd Cycle and its impacts can be found on-site as the information becomes available as well. I will also post any corrections to material in the printed version of this book. If you have questions or comments about this book, or on the subject, please visit the web site and send me an e-mail letter. I will post these in a public FAQ area on the web site along with my responses, as time permits.




	
	Prologue




The 23rd Cycle is certainly an odd-sounding title for a book. Chances are, without the subtitle, Learning to Live with a Stormy Star, you might think this is a book about a new washing machine setting or some New Age nonsense. Instead, what you are going to find is a story about how we have misjudged what a “garden variety” star can do to us when we aren’t paying attention. Consider this: solar storms have caused blackouts that affect millions of people; they have caused billions of dollars of commercial satellites to malfunction and die; they may also have had a hand in causing a gas pipeline rupture that killed five hundred people in 1989. Despite this level of calamity, the odds are very good that you have never heard about most of these impacts, because they are infrequent, the news media does not make the connection between solar storms and technological impacts, and there are powerful constituencies who would just as soon you not hear about these kinds of “anomalies.”

For over 150 years, telescopic views of the Sun’s surface have revealed a rhythmic rise and fall in the number of sunspots. Each cycle lasts about eleven years from “sunspot maximum” to “sunspot maximum,” and, in step with this, scientists have found many other things that keep a rough cadence with it. The Northern and Southern Lights (aurora) are more common during sunspot maximum than minimum. Titanic solar flares brighter than a million hydrogen bombs also come and go with this cycle. But there is a darker side to these events. Solar flares can kill, aurora can cause blackouts, and satellites can literally be forced out of the sky.

My own professional contact with solar activity came in the 1990s when a change in my working circumstances found me confronting the various hobgoblins of “space science” for the first time since graduate school. These kinds of changes are usually a wake-up call for most people, but for me it meant that a fifteen-year research program in infrared astronomy had come to an end. NASA’s COBE satellite program ended in 1996, and so, for a variety of complicated reasons, did much of my full-time research. For the first time, I found myself with only enough grant money to support my career as an astronomer for eight hours a week. In my case, the Sun’s talent for raising havoc became something of a professional life preserver.

Very luckily, NASA had just given the go-ahead to James Burch at Southwest Research Institute in San Antonio, Texas, to begin work on the Imager for Magenetopause-to-Auroral Global Exploration (IMAGE). It was a satellite that would orbit the Earth and keep watch on the movement of energetic particles as the Sun “threw its various tantrums.” Although they didn’t have much use for an astronomer, they did have funds to set up an education and public outreach program. This program would be handled by Raytheon’s Information and Technical Services, Maryland division—my employer. It didn’t take long before William Taylor, who was the director of the IMAGE education and outreach effort, hired me to help turn their proposed program, called POETRY (Public Outreach, Education, Teaching, and Reaching Youth), into a real flesh-and-blood education program for students, teachers, and the general public.

I began to realize that space science was a very long way from the kind of astronomical research I had been doing for the last fifteen years. I was unfamiliar with the field’s scientific issues, and I had hardly a clue about how to capture the public’s imagination in an area I regarded as rather far removed from the public’s mind. It had nothing to do with gravity, black holes, cosmology, or the topography of the Milky Way. It had everything to do with magnetism, the Sun, and invisible processes operating around the Earth.

And now I have a confession to make.

Hardly any astronomer I know really enjoys space physics of the kind involved in studying the Sun-Earth system. Before the Space Age, space science was an area of research not many young astronomers found much stimulation in. The excitement of exploring how stars evolve, and the structure and contents of the universe, was a much more potent draw of attention and enthusiasm. Solar and space research was often seen as too local, and it was intellectually very messy physics, to boot. In these areas of physical science, the simple relationships and mathematical formulations of Isaac Newton’s universal gravitation were almost irrelevant. The particles and winds that blow from the Sun are a charged plasma that drag with them magnetic fields. The geospace environment is another system of plasma and magnetic fields distinct from the Sun but nevertheless electrically connected to it by the solar wind. The relevant principles in physics that have to be mastered are not those of Newton’s gravity. Instead, it is James Clerk Maxwell’s electrodynamics that take center stage. Currents and fields coexist in complex equations sprouting curlicue letter ∂’s and inverted triangles ∇—the machinery of vector differential calculus. Because plasmas contain charged particles, they interact through electromagnetic forces trillions of times stronger than gravitational ones. Clumps of plasma in one part of the system can interact with other remote clumps and produce complex collective interactions and patterns of motion. The currents spawned by these motions generate their own magnetic fields, which can modify already existing ones in distant corners of the system. Very ugly stuff to the average astronomer! Because of this professional bias within the astronomical community, you probably know more about the subtleties of Big Bang cosmology, whose key event happened fifteen billion years ago, or Europa’s subsurface sea, than you do about what the Sun is doing right now. The irony is, however, that while you will never have to worry about quasars and supernovae ruining your day, you may have cause to worry about the next big solar flare or ejection of solar plasma!

In the middle of trying to master decades of research in unfamiliar corners of space physics, I made a remarkable personal discovery. Here and there, I found mixed in with the physics brief references to the impacts that these processes have on our technology and ourselves. Blackouts? Satellite malfunctions? Radio interference? What was all this stuff?

Astronomers have always worked in an arena in which virtually all of what we study has zero impact on individual human lives. The closest astronomers ever come to having a direct human impact is when we explain the lunar and solar tides, which are the blessing of surfboarders around the world, or the constancy of the Sun’s light and heat. When we discussed astronomical research with the general public, we wrote about black holes and the Big Bang, investing them with awe and wonderment. But we knew full well that this was about as far as we could go in touching upon the practical benefits of research. Fortunately, the general public also values these insights, and, like astronomers, they find the exploration of space an endlessly fascinating story. So all is well.

But now my perspective has changed. What I discovered (and what space scientists had never forgotten in the first place) was that the Sun gives us far more than just a lovely sunny afternoon. Something called “solar storms” can leap out from the Sun and unleash a cascade of events from one end of the solar system to the other. Reaching Earth, some of them even make intimate contact with everything from the light switch on your wall to that pager or cellular phone you carry in your pocket. They can paint the sky with dazzling color, plunge millions of people into darkness, or rob them of their freedom to communicate.

Here, amongst the complex calculus of plasma physics, I came into contact with a dramatic world of things moving in darkness, of human impacts, of calamity. For the first time in my professional life, sterile equations in astrophysics came alive with measurable human consequences. A flow of particles in one place could “toast” a satellite and silence over forty million pagers. A similar current elsewhere could cause an ephemeral aurora to dance in the sky and make you gasp in wonderment, and make you feel that something divine was taking place.

So where was the literature on all these impacts? Why had I never heard about this before in all my daily readings about frontier science? The reason is that it was tucked away among countless anecdotes, papers, books, and newspapers like filler, serving only to enliven long expositions on the underlying physics of aurora or solar physics. Much of it was also out-of-date and hackneyed as author after author rehashed the same three or four spectacular incidents. Yet I had never heard of any of these examples of astrophysics made personal, and each one was uncovered like a diamond sifted from the river silt. Very soon, though, I had accumulated a bucketful of these diamonds, and it was now time to make sense of what I had found. The human impacts were not scattered events in space and time; they were a legacy, written in our very technology, of work left undone, and problems endlessly repeated, that have dogged us for centuries. Hearing about these incidents was like hearing for the first time about tornadoes and then trying to collect reports of their various comings and goings.

Eventually, as I moved among researchers in space science, I also began to encounter a most curious undercurrent of hushed comments and anecdotes that seemed just a trifle too melodramatic. Could it really be true that satellite manufacturers didn’t want scientists to reveal just how vulnerable their satellites were to solar storms? Was NASA trying to downplay scientific studies of satellites being “killed” by space weather events? Could space-suited astronauts be in more danger for radiation poisoning than anyone wanted to publicly admit? The list seemed endless, and the implications seemed a bit more distressing than anything an astronomer might ever encounter in writing about dark matter or the cosmological constant. Physics and space science seemed to be in bed with the darker side of human foibles in any accounting that described how space physics affects the individual. Would it be possible—or even desirable—to present only the facts, shorn of their implications, both political and economic?

Space weather, as I soon learned it was called, touches on more than just sterile technology. This technology is built by humans for many different commercial and military purposes. With every report of an impact, a protest or denial would be registered, an accusation of ineptitude or intentional wrongdoing would be pronounced. At first, I could see no way out of it. It would not be possible to mention a problem spawned by adverse space weather without giving the impression that the owner of the technology had been asleep at the switch or profoundly naive. It would not be possible to mention human radiation exposure without sounding alarmist or implying between the lines that some governmental agency was negligent in assessing actual health risks.

There is, however, a way to present the human impact of space weather to tell the story and allow it to provide its own interpretation. Like the reactions in the core of a star, the individual components to the story are inert until they are fused together to shed a bit of light on the subject.

We are going to see that the long arm of the Sun can reach deep into many unsuspected niches of our technological civilization, causing blackouts, satellite problems, or pipeline corrosion. Navigation systems that rely on compass bearings can become temporarily confused by “magnetic storms.” Short wave signals have been routinely disrupted for hours, rendering long distance communication and LORAN navigation beacons useless or unreliable. Even the atmosphere itself can become our own worst enemy, dragging satellites to a fiery doom.

Each time a major solar flare erupts, the energetic particles that reach the Earth collide with atoms in the atmosphere. The collision liberates high-speed neutrons that can penetrate jet planes, homes, our bodies, and our most advanced technologies. Even the breakneck pace of computer technology development may be restrained by neutron showers as integrated circuit chips become smaller and faster.

So why should we care that we are now once again living under sunspot maximum conditions during Cycle 23? After all, we have already weathered at least five of these solar activity cycles since the end of World War II—nearly a dozen in the twentieth century alone. What is different about the world today is that we are substantially more reliant upon computers and telecommunications to run our commerce and even our forms of entertainment and recreation. The 15 communications satellites we had in 1981 have been joined by 350 in 2000. Cellular phones, PCs, and the Internet have become an overnight $100 billion industry. To support all this, not only will we need more satellites, we will need more electricity flowing in our power grid, which will have to work under loads unheard of in the past. As voters continue to elect not to build more power plants, even the North American Electric Reliability Council forecasts that blackouts and brownouts will become more common as power companies run out of temporary sources of power to buy during peak-load conditions in summer and winter.

Although no one can say for sure how current trends are going to play themselves out in the next five to ten years, the evidence that demonstrates the ways we have already been affected is well documented. It all comes down to the simple fact that the Sun is not the well-behaved neighbor we would like to imagine it to be. It pummels us every few days or weeks with dramatic storms launched from the surface at millions of miles per hour. Between the solar surface and the Earth’s surface, all our technology and human activity plays itself out as if between the proverbial rock and hard place. In most cases, we can not even tell when the next blow is likely to fall. But there is no great mystery about what is going on. We have had a long history—spanning a century or more—of calamities spawned by solar disturbances. It is from this record that we can begin to see what problems may be lurking just around the corner. As the Sun continues to cycle up and down—some twenty-two times since the mid-1700s—the confluence of technological innovation and human commercial necessity now finds us at greater risk for trouble during this, the 23rd Solar Cycle, than in many previous ones. What has changed is the level of our reliance upon sophisticated technology and its widespread infiltration into every niche of modern society. What has not changed is our possibly misplaced sense of confidence that this too will pass with no real and lasting hardship. The issue is not who is responsible for today’s suite of vulnerabilities, but what they are preparing to do about them from this moment onward.
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	A Conflagration of Storms





All those motorists sitting at traffic lights cursing, should realize that it is not Hydro-Quebec’s fault.

—Hydro-Quebec, 1989



On Thursday, March 9, 1989, astronomers at the Kitt Peak Solar Observatory spotted a major solar flare in progress. Eight minutes later, the Earth’s outer atmosphere was struck by a blast of powerful ultraviolet and X-ray radiation. The next day, an even more powerful eruption launched a cloud of gas thirty-six times the size of the Earth from Active Region 5395 nearly dead center on the Sun. The storm cloud rushed out from the Sun at over one million miles an hour, and on the evening of Monday, March 13, it struck the Earth. Alaskan and Scandinavian observers were treated to a spectacular auroral display that night. Intense colors from the rare Great Aurora painted the skies around the world in vivid shapes that moved like legendary dragons. Ghostly celestial armies once again battled from sunset to sunrise. Newspapers that reported this event considered the aurora itself to be the most newsworthy aspect of the storm. Viewed as far south as Florida, Cuba, and Mexico, the vast majority of people in the Northern Hemisphere had never seen such a spectacle. Some even worried that a nuclear first strike might be in progress.

Luke Pontin, a charter boat operator in the Florida Keys, described the colors as iridescent reddish hues when they reflected from the warm Caribbean waters. In Salt Lake City, Raymond Niesporek nearly lost his fish while staring transfixed at the northern display. He had no idea what it was until he returned home and heard about the rare aurora over Utah from the evening news. Although most of the Midwest was clouded over, in Austin, Texas, meteorologist Rich Knight at KXAN had to deal with hundreds of callers asking about what they were seeing. The first thing on many people’s minds was the Space Shuttle Discovery (STS-29), which had been launched on March 13 at 9:57:00 A.M. Had it exploded? Was it coming apart and raining down over the Earth? Millions marveled at the beautiful celestial spectacle, and solar physicists delighted in the new data it brought to them, but many more were not so happy.

Silently, the storm had impacted the magnetic field of the Earth and caused a powerful jet stream of current to flow sixty miles above the ground. Like a drunken serpent, its coils gyrated and swooped downward in latitude, deep into North America. As midnight came and went, invisible electromagnetic forces were staging their own pitched battle in a vast arena bounded by the sky above and the rocky subterranean reaches of the Earth. A river of charged particles and electrons in the ionosphere flowed from west to east, inducing powerful electrical currents in the ground that surged into many natural nooks and crannies. There, beneath the surface, natural rock resistance murdered them quietly in the night. Nature has its own effective defenses for these currents, but human technology was not so fortunate on this particular night. The currents eventually found harbor in the electrical systems of Great Britain, Scandinavia, the United States, and Canada.

At 2:44:16 A.M. on March 13, all was well, and power engineers at Hydro-Quebec resigned themselves to yet another night of watching loads come and go during the off-peak hours. The rest of the world had finished enjoying the dance of the aurora borealis and were slumbering peacefully, preparing for another day’s work. The engineers didn’t know, however, that for the last half-hour their entire system had been under attack by powerful subterranean Earth currents. One second later, at 2:44:17 A.M., these currents found a weak spot in the power grid of the Hydro-Quebec Power Authority. Static Volt-Ampere Reactive (VAR) capacitor Number 12 at the Chibougamau substation tripped and went offline as harmonic currents induced by the electrojet flowing overhead caused protective relays for this 100-ton behemoth to sense overload conditions. In its wake, the loss of voltage regulation at Chibougamau created power swings and a reduction of power generation in the 735,000-volt La Grande transmission network. At 2:44:19 A.M., at the same station, a second capacitor followed suit. Then, 150 kilometers away, at the Albanel and Nemiskau stations, four more capacitors went off-line at 2:44:46. The last to fall, at 2:45:16 A.M., was a capacitor at the Laverendrye complex to the south of Chibougamau. The fate of the network had been sealed in barely fifty-nine seconds as the entire 9,460-megawatt output from Hydro-Quebec’s La Grande Hydroelectric Complex found itself without proper regulation.

In less than a minute, Quebec had lost half its electrical power generation. Automatic load-reduction systems tried to restore a balance between the loads connected to the power grid and the massive loss of capacity now available. One by one, load-reduction systems disconnected towns and regions across Quebec, but to no avail. Domestic heating and lighting systems began to flicker and go out as the emergency load-shedding operation continued its desperate cascade. Eight seconds later, at 2:45:24 A.M., power swings tripped the supply lines from the 2,200 megawatt Churchill Falls generation complex. By 2:45:32 A.M., the entire Quebec power grid collapsed, and most of the province found itself without power. The domino fall of events was much too fast for human operators to react, but it was more than enough time for 21,500 megawatts of badly needed electrical power to suddenly disappear from service.

The nighttime temperature in Toronto was 19 degrees F (−6.8 C), with a high temperature that day of only 34 F (1.6 C), so the loss of electrical power was felt dramatically when most people woke up to cold homes for breakfast. Over three million people live near Montreal, the second largest metropolitan area in Canada, where nearly half of the population of Quebec resides. It is famous for its 30 kilometers of underground walkways linking sixty buildings, two universities, and thousands of shops and businesses. Over five hundred thousand people use this system each day to avoid the bracing cold winter air. Pedestrians using this electrically lit system suddenly found themselves plunged into complete darkness, with only the feeble battery-powered safety lights to guide them to the surface.

The presses at the Montreal Gazette had been rolling at breakneck speed that night to print the Monday newspaper for its 195,000 subscribers, but the power failure shut the production down for a day. One can imagine huge rolls of paper, weighing several tons each, coming to a sudden halt, shredding in a storm of debris and jamming the presses. The Montreal Gazette apologized to its customers for the undelivered morning paper and blamed what they had assumed was a local power failure in Montreal. Their sister newspaper, La Presse, meanwhile, seemed unaffected by the outage and was more than happy to help the Gazette press their papers. The only casualty was the color comics section, which came out a day later. Dealing with their own emergency, they had little time to investigate just what had happened. A cursory call to Hydro-Quebec identified the cause of the outage as a defective 12,000-volt cable that provided the Gazette with power. There was no mention of any aurora sighted in Montreal, because this display was now gracing the skies of cities hundreds of miles to their south. The five thousand subscribers who called the newspaper that day didn’t want to hear about the blackout. They just wanted their morning paper delivered. On March 14, the tone of reportage changed rather abruptly, when the details of what had actually happened were finally put together. It turned out to be quite a story.

The blackout closed schools and businesses, kept the Montreal Metro shut down during the morning rush hour, and paralyzed Dorval Airport, delaying flights. Without their navigation radar, no flight could land or take off until power had been restored. People ate their cold breakfasts in the dark and left for work. They soon found themselves stuck in traffic that attempted to navigate darkened intersections without any streetlights or traffic control systems operating. Like most modern cities, people work round the clock, and in the early morning hours of March 13, the swing shift staffed many office buildings in the caverns of downtown Montreal. All these buildings were now pitch dark, stranding workers in offices, stairwells, and elevators. By some accounts, the blackout cost businesses tens of millions of dollars as it stalled production, idled workers, and spoiled products.

Hydro-Quebec officials insisted that the vast power system was, itself, innocent of blame. The fault, they said, was in the geography of Quebec, which had power lines extending much farther north than other electrical systems. Many people soon pointed out that this was the second major blackout in less than a year, and that, when you added up the numbers, Hydro-Quebec’s outages totaled about nine hours per year compared to neighboring Manitoba Power and Electric’s two-hours-per-year average. Hydro-Quebec promised to invest another $2 billion to cut in half the number of yearly blackouts, but this didn’t derail the investigations that were called for by the government to see if Hydro-Quebec had been negligent. Energy Minister John Ciaccia echoed the sentiments of many people as they sat in snarled traffic facing blackened signals, “It’s frustrating because, despite all our efforts to upgrade the system, we still wake up at 5 A.M. with a total blackout.”

By 10:00 A.M., power had been restored to most of the customers in Quebec. An hour later, all but 3,500 of the 842,000 customers were back in business. Picking up the pieces was not going to be easy in a system as large as Hydro-Quebec, with its thousands of miles of power lines and hundreds of transformers and other electrical components. It all had to work perfectly or another blackout would result. Isolated power failures were promised over the next twenty-four hours as Hydro-Quebec wrestled with carefully restarting their vast interconnection of power lines and transformers. Residential customers, they announced, would be at the bottom of the priority list for reconnection.

New York Power authorities lost 150 megawatts the moment Hydro-Quebec went down, and the New England Power Pool lost 1,410 megawatts at about the same time. Service to ninety-six utilities in six New England states was interrupted while other reserves of electrical power were bought and brought on-line. In a show of solidarity with their sister utility in the North, by 9:00 A.M., New York Power and NEPool were sending over 1,100 megawatts of power to Quebec to tide them over while the system was being brought back up again. Luckily, these states had the power to spare at the time. But just barely. Some of them had their own cliff-hanger problems to deal with. Electrical power pools serving the northeastern United States had come very close to going down as well.

The intense electrojet currents that had flowed in the upper atmosphere had, in a matter of seconds, spread their impact far and wide, causing electrical disturbances throughout North America and Great Britain. A thousand miles away from Hydro-Quebec, Allegheny Power, which serves Maryland, Virginia, and Pennsylvania, lost ten of its twenty-four VAR capacitors as they were automatically taken off-line to avoid damage. A $12 million, 22,000-volt generator step-up transformer, owned by the Public Service Electric and Gas Company of New Jersey, experienced overheating and permanent insulation damage. This transformer was the linchpin in taking electricity from the Salem Nuclear Plant and boosting it to 500,000 volts for long distance transmission. Replacement power had to be bought for $400,000 per day to keep East Coast residents from sharing the same fate as their neighbors in Quebec. Luckily, the owners had a spare replacement transformer available, but it still took six months to install. Without the replacement, it would have taken a year to order a new one. Across the United States, from coast to coast, over two hundred transformer and relay problems erupted within minutes of the start of the storm. Fifty million people in the United States went about their business or slept, never suspecting their electrical systems had been driven to the edge of disaster. Not since the Great Blackout of 1965 had U.S. citizens been involved in a similar outage. There would have been no place they could drive to escape the enfolding darkness had it come at night.

According to Joe Allen, solar and terrestrial physics chief at the National Geophysical Data Center (NGDC), but now retired, the solar flare and accompanying storm conditions did much more than cause a blackout and upset communications systems. Automatic garage doors in California suburbs began to open and close without apparent reason as offshore navy vessels switched to low frequency backup transmitters. Microchip production in the northeastern United States came to a halt several times because of the ionosphere’s magnetic activity. In space, geostationary communications satellites that sensed the Earth’s magnetic field in order to point themselves had to be manually repointed from the ground as the local field polarity reversed direction, causing satellites to try and flip upside down. Some satellites in polar orbits actually tumbled out of control for several hours. GOES weather satellite communications were interrupted, causing weather images, used by the National Weather Service for their daily forecasts, to be lost. NASA’s TDRSS-1 communication satellite recorded over 250 electrical and communications incidents caused by the increased particles as they flowed deep into the satellite’s sensitive electronics.

The Chicago Tribune and the Washington Post said nothing about the storm—or even the blackout for that matter. Only a brief mention was made about it in European papers such as the London Times, and then only to comment on the spectacular aurora. The Fairbanks Daily News and the Anchorage Daily News ran several articles describing the auroral display but also failed to mention the power outage. The Toronto Star in Ontario, at least on page 3, considered the blackout in its own province to be a significant news event, and on March 13, 1989, announced, “Huge Storms on Sun Linked to Blackout That Crippled Quebec”:


Fiery storms on the Sun may have caused yesterday’s huge power blackout that left almost 6 million people without heat or electricity for almost 9 hours. . . . Premier Robert Bourassa did not believe the blackout will dissuade U.S. utilities from signing lucrative contracts to buy Quebec electricity, the cornerstone of the premier’s economic policies. . . . An official from the New York Power Authority from which Hydro-Quebec bought 700 megawatts, said in an interview he would prefer that Quebec didn’t have so many power blackouts.



Meanwhile, the Space Shuttle Discovery was having its own mysterious problems. A sensor on one of the tanks supplying hydrogen to a fuel cell was showing unusually high pressure readings on March 13. “The hydrogen is exhibiting a pressure signature that we haven’t ever seen before,” said the flight director, Granville Pennington, at the Johnson Space Center. Engineers tried, apparently unsuccessfully, to understand the odd readings in order to advise whether to end the flight a day early on Friday. No public connection was ever made between this instrument reading “glitch” and the solar storm that crippled Quebec, but it is fair to say that the conjunction of these two events was not completely by chance.

[image: ]

FIGURE 1.1 Nighttime view of North America showing aurora and city lights.

source: Defense Meteorological Satellite Program

In many ways, the Quebec blackout was a sanitized calamity. It was wrapped in a diversion of beautiful colors and affected a distant population mostly while they slept. There were no houses torn asunder or streets flooded in the manner of a hurricane or tornado. There was no dramatic footage of waves crashing against the beach. There were no cyclonic whirlwinds cutting a swath of destruction through Kansas trailer parks. The calamity passed without mention in the major metropolitan newspapers, yet six million people were affected as they woke to find no electricity to see them through a cold Quebec wintry morning. Engineers from the major North American power companies were not so blasé about what some would later conclude could easily have escalated into a $6 billion catastrophe affecting most U.S. East Coast cities. All that prevented fifty million more people in the U.S. from joining their Canadian friends in the dark were a dozen or so heroic capacitors on the Allegheny Power Network.

Today the March 1989 Quebec Blackout has reached legendary stature, at least among electrical engineers and space scientists, as an example of how solar storms can adversely affect us. It has even begun to appear in science textbooks. Fortunately, storms as powerful as this are rare. It takes quite a solar wallop to cause anything like the conditions leading up to a Quebec-style blackout. When might we expect the next one to happen? About once every ten years or so, but the exact time is largely a game of chance.

Why should we care that we are now once again living under sunspot maximum conditions? After all, we have already weathered at least five of these solar activity cycles since the end of World War II. What is different about the world today is that we are substantially more reliant upon computers and telecommunications to run our commerce, and even our forms of entertainment and recreation. In 1981, at the peak of Solar Cycle 21, there were 15 communication satellites in orbit. Cellular phones were rare, and there were 800,000 PCs sold in the U.S., with 300 hosts on the Internet. By the time the peak of Solar Cycle 22 came around in 1989, there were 102 communication satellites and 3 million cellular phone users in the United States. With the new Intel 80486-based PCs, you could send e-mail to your choice of 300,000 host machines on the Internet.

As we arrive at the peak of the 23rd Sunspot Cycle in 2000–2001, however, we enter a very different world, far more reliant on what used to be the luxuries of the Space Age. By 2000, 349 communication satellites orbit the Earth, supporting over $60 billion of commerce. Over 100 million people have cellular phones, and Global Positioning System (GPS) handsets are a commonplace for people working, or camping, “off road.” By 2003, 400 million people will routinely use wireless data transmission via satellite channels. There will be over 10 million Internet hosts, with 38 percent of U.S. households Internet-connected. To support all this, not only will we need more satellites, but we will need more electricity flowing in our power grid, which will have to work under loads unheard of in the past. As voters continue to elect not to build more power plants, blackouts and brownouts will become more common as power companies run out of temporary sources of power to buy during peak-load conditions in the summer and winter.

As if to emphasize today’s exuberance and expectations, Individual Investor magazine announced, on its cover, “The Sky’s the Limit: In the 21st Century Satellites Will Connect the Globe.” The International Telecommunications Union in Geneva has predicted that by 2005 the demand for voice and data transmission services will increase to $1.2 trillion. The fraction carried by satellite services will reach a staggering $80 billion.

To meet this demand, many commercial companies are launching not just individual satellites but entire networks of them, with names like Iridium, Teledesic, Skybridge, and Spaceway. The total cost of these systems alone represents a hardware investment of $35 billion between 1998 and 2004. The actual degree of vulnerability of these systems to solar storms is largely unknown and will probably vary in a complex way, depending on the kind of technology they use and their deployment in space. They do, however, share some disturbing characteristics: they are all light weight, sophisticated, built at the lowest cost, and following only a handful of design types replicated dozens and even hundreds of times, often with off-the-shelf electronics.

It is common to base future expectations on recent past experiences: “Past is prologue,” some say. Increasingly, these past experiences with, for example, commercial space technology do not extend back much beyond the last solar maximum in 1989–1990. So, when we wonder why infrequent events such as solar storms aren’t more noticeable, we have to remind ourselves that most of our experience comes from times when the Sun was simply not very active, and when we were a lot less technologically vulnerable.

Now more than ever, we depend on uninterrupted sources of power. Blackouts are amusing for about the first sixty seconds, then become intolerable. Along with our expensive personal computers, we routinely purchase surge protectors to handle the many intermittent rises and falls of an increasingly complex power delivery system. In the end, no surge protectors can save us from Quebec-style blackouts. We have become dependent on our cell phones and pagers in a way that will tie critical moments in our private lives to the shotgun physics of satellite and power grid survival during invisible solar storms. When a single failed satellite like the Galaxy IV in May 1998 can catch over forty million pagers off guard, do we find ourselves more secure? Sometimes it can be dangerous and costly to gamble, although most of the time we seem to get by hardly realizing that a calamity has passed over us. We actually seem to enjoy living on the technological “edge” as we use our cellular phones while driving our cars at 65 mph. But when a corroded natural gas pipeline in the Urals sprung a leak and detonated in June 1989, five hundred people died. Pipelines corrode, and solar storms can hasten this process, with tragic consequences.

Beyond the reality of our unfamiliarity with the connection between solar events and terrestrial difficulties, there is also a disturbing tendency among some communities to deny that there is a serious problem. In both the electrical power industry and in the satellite business, there seems to be a desire not to recognize that certain ventures are inherently risky and intrinsically susceptible to solar and geophysical influences. At the same time that the emplacement of vital communications systems, and human activities in space, has escalated, our scientific understanding of how the Sun affects us has not kept up because of a lack of consistent research funding and badly needed data.

Although no one can say for sure how current trends in thinking are going to play themselves out in the next five to ten years, the evidence for how we have already been affected in the past is well documented. It all comes down to the simple fact that the Sun is not the polite and well-behaved neighbor we would like to imagine it to be. Not only do we find ourselves between a rock and a hard place, but we can’t even tell when the next blow is likely to fall. Although the timing of the next outage is unpredictable, there is no great mystery about what is going on. We have had a long history—spanning over a century—of calamities spawned by solar disturbances, and in this legacy we can see many forewarnings.

In the chapters to follow, we are going to see why most experts feel we will be at greater risk for trouble during this, the 23rd Solar Cycle, than in many previous ones. What has changed during the last ten years is the level of our reliance upon sophisticated technology and its widespread infiltration into every niche of modern society.
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	Dancing in the Light





He knew, by streamers that shot so bright,

That spirits were riding the northern light.

—Sir Walter Scott, “The Lay of the Last Minstrel,” 1802



January 7, 1997, seemed to be an ordinary day on the Sun. Photographs taken at the Mauna Kea Solar Observatory showed nothing unusual. In fact, to the eye and other visible wavelength instruments, the images showed not so much as a single sunspot. But X-ray photographs taken by the Yohkoh satellite revealed some serious trouble brewing. High above the solar surface, in the tenuous atmosphere of the Sun, invisible lines of magnetic force, like taut rubber bands, were coming undone within a cloud of heated gas. Balanced like a pencil on its point, it neither rose nor fell as magnetic forces levitated the billion-ton cloud high above the surface. Then, without much warning, powerful magnetic fields lost their anchoring and snapped into new shapes; the precarious balance between gravity and gas pressure lost.

The massive cloud launched from the Sun crossed the orbit of Mercury in less than a day. By Wednesday it had passed Venus: an expanding cloud over thirty million miles deep, spanning the space within much of the inner solar system between the Earth and Sun. At a distance of one million miles from the Earth, the leading edge of the invisible cloud finally made contact with NASA’s WIND satellite at 8:00 P.M. EST on January 9. By 11:30 P.M. the particle and field monitors onboard NASA’s earth-orbiting POLAR and GEOTAIL satellites told their own stories about the blast of energetic particles now sweeping through this corner of the solar system. Interplanetary voyagers would never have suspected the conflagration that had just swept over them. The cloud had a density hardly more than the best laboratory vacuums.

The tangle of fields and plasma slammed into the Earth’s own magnetic domain like some enormous sledgehammer as a small part of the fifty-million-mile-wide cloud brushed by the Earth. Nearly a trillion cubic miles of space were now involved in a pitched battle between particles and fields, shaking the Earth’s magnetic field for over twenty-four hours. The storminess in space rode the tendrils of the Earth’s field all the way down to the ground in a barrage of activity. Major aurora blazed forth in Siberia, Alaska, and across much of Canada during this long winter’s night.

The initial blast from the cloud (astronomers call it a “coronal mass ejection” or CME) compressed the magnetosphere and drove it inside the orbits of geosynchronous communications satellites suspended above the daytime hemisphere, amplifying trapped particles to high energies. Dozens of satellites, positioned at fixed longitudes along the Earth’s equator like beads on a necklace, alternately entered and exited the full bore of the solar wind every twenty-four hours as they passed outside the Earth’s magnetic shield. Plasma analyzers developed by Los Alamos Laboratories, and piggybacked on several geosynchronous satellites, recorded voltages as high as 1,000 volts, as static electric charges danced on their outer surfaces. It was turning out to be not a very pleasant environment for these high-tech islands of silicon and aluminum.

High-speed particles from the cloud seeped down into the northern and southern polar regions, steadily losing their energy as they collided with the thickening blanket of atmosphere. On January 9, at 8:00 P.M. EST, the darkened but cloudy northern hemisphere skies over Alaska and Canada were awash in a diffuse auroral glow of crimson and green that subtly flowed across the sky as the solar storm crashed against the Earth’s magnetic shield. This quiescent phase of activity was soon replaced by a far more dramatic one whose cause is a completely separate set of conditions and events that play themselves out in the distant “magnetotail” of the Earth.

Like some great comet with the Earth at its head, magnetic tendrils trail millions of miles behind it above the nighttime hemisphere. At nearly the distance of the Moon, the Earth’s field contorts into a new shape in an attempt to relieve some of the stresses built up from the storm cloud’s passage. The fields silently rearrange themselves across millions of cubic miles of space. Currents of particles trapped in the shape-shifting field accelerate as magnetic energies are exchanged for pure speed in a headlong kinetic onrush. Some of the particles form an equatorial ring of current, while others flow along polar field lines. Within minutes, beams of particles enter the Earth’s polar regions around local midnight, triggering a brilliant aurora witnessed by residents of northern latitudes in Canada and Europe. The quiet diffuse aurora that Alaskan and Canadian observers had seen during the first part of the evening on January 9 were abruptly replaced by a major auroral storm that lasted through the rest of this long winter’s night.

As the solar cloud thundered invisibly by, a trace of the frigid atmosphere was imperceptibly sucked high into space in a plume of oxygen and nitrogen atoms. The changing pressure in the bubble wall pumped this fountain as though it were water being siphoned from a well. Atoms once firmly a part of the stratosphere now found themselves propelled upward and accelerated, only to be dumped minutes later into the vast circumterrestrial zone girdling the Earth like a doughnut. Still other currents began to amplify and flow in this equatorial zone. A river of charged particles five thousand miles wide asserted itself as the bubble wall continued to pass. Millions of amperes of current swirled around the Earth in search of some elusive resting place just beyond the next horizon. Like electricity in a wire, this invisible current created its own powerful magnetic field in its moment-by-moment changes as current begets field and field begets more current.

[image: ]

FIGURE 2.1 The major regions of the Earth’s space environment showing its magnetic field, plasma clouds, and currents.

The Earth didn’t tolerate the new interloper very well. The current grew stronger, and the Earth’s own field was forced to readjust. On the ground, this silent battle was marked by a lessening of the Earth’s own field. Compass needles bowed downward in silent assent to magnetic forces waging a pitched battle hundreds of miles above the surface. The same magnetic disturbance that made compasses lose their bearings also infiltrated any long wires splayed out on telegraph poles, in submarine cables, or even in electrical power lines. As the field swept across hundreds of miles of wire and pipe, currents of electrons began to flow, corroding pipelines over time and making messages unintelligible. During the January 1997 storm, the British Antarctic Survey at its South Pole Halley Research Station reported that the storm disrupted high-frequency radio communications and shut down its life-critical aircraft operations.

The storm conditions continued to rage throughout all of January 10, but, just as the conditions began to subside on January 11, the Earth was hit by a huge pressure pulse as the trailing edge of the cloud finally passed by. The arrival and departure of this cloud would not have been of more than scientific interest had it not also incapacitated the $200 million Telstar 401 communications satellite in its wake at 06:15 EST. The storm had now exited the sphere of scientific interest and landed firmly inside the wider arena of human day-to-day life among millions of TV viewers.

AT&T tried to restore satellite operations for several more days, but on January 17 they finally admitted defeat and decommissioned the satellite. All TV programs such as Oprah Winfrey, Baywatch, The Simpsons, and feeds for ABC News had to be switched to a spare satellite: Telstar 402R. The Orlando Sentinal on January 12 was the first newspaper to mention the outage in a short seventy-four-line note on page 22. Three days later, the Los Angeles Times described how this outage had affected a $712 million sale of AT&T’s Skynet telecommunications resources to Loral Space and Communications Ltd. No papers actually mentioned a connection to solar storms until several weeks later, on January 23, when the focus of news reports in the major newspapers was the thrilling scientific studies of this “magnetic cloud.” The New York Times closed their short article on the cloud by mentioning that “scientists said they do not know if this month’s event caused the failure, early on January 11, of AT&T’s Telstar 401 communications satellite, but it occurred during magnetic storms above the earth.”

Whether stories get covered in the news media or not is often a matter of luck when it comes to science, and this time there was much that urgently demanded attention. A devastating earthquake had struck Mexico City at 2:30 P.M. on January 10 and cost thousands of lives. This had come close behind the three million people in eastern Canada who had lost power a few days before the satellite outage. In Montreal, over one million people were still waiting for the lights to go back on under cloudy skies and subfreezing temperatures. These were very potent human-interest stories, leaving little room at the time for stories of technological problems caused by distant solar storms. Although the news media barely mentioned the satellite outage, the outfall from this satellite loss reverberated in trade journals for several years afterward, extending far beyond the inconveniences experienced by millions of TV viewers. It was one of the most heavily studied events in space science history, with no fewer than twenty research satellites and dozens of ground observatories measuring its every twist and turn. Still, despite the massive scientific scrutiny of the conditions surrounding the loss of the Telstar 401 satellite, the five-month-long investigation by the satellite owner begged to differ with the growing impression of solar storm damage rapidly being taken as gospel by just about everyone else.

Although they had no “body” to autopsy, AT&T felt very confident that the cause of the outage involved one of three possibilities: an outright manufacturing error involving an overtightened meter shunt, a frayed bus bar made of tin, or bad Teflon insulation in the satellite’s wiring. Case closed. Firmly ruled out was the solar disturbance that everyone seemed to have pointed to as the probable contributing factor. In fact, AT&T would not so much as acknowledge there were any adverse space weather conditions present at all. So far as they were concerned, publicly, the space environment was irrelevant to their satellite’s health. In some sense, the environment was, in terrestrial terms, equivalent to a nice sunny day and not the immediate aftermath of a major lightning storm or tornado.

The reluctance of AT&T to make the solar storm–satellite connection did not stop others from drawing in the lines between the dots and forming their own opinions. In some quarters of the news media, the solar storm connection was trumpeted as the obvious cause of the satellite’s malfunction in reports such as Cable Network News’s “Sun Ejection Killed TV Satellite.” Aviation Week and Space Technology magazine, a much read and respected space news resource, announced that Telstar 401


suffered a massive power failure on Jan. 11, rendering it completely inoperative. Scientists and investigators believe the anomaly might have been triggered by an isolated but intense magnetic sub-storm, which in turn was caused by a coronal mass ejection . . . spewed from the Sun’s atmosphere on Jan. 6.



Even the United States Geological Survey and the United States Department of the Interior released an official fact sheet, titled “Reducing the Risk from Geomagnetic Hazards: On the Watch for Geomagnetic Storms,” in which they noted, in their litany of human impacts, “In January 1997, a geomagnetic storm severely damaged the U.S. Telstar 401 communication satellite, which was valued at $200 million, and left it inoperable.”

By January 12, the bubble wall had finally passed. The electric connection between the Sun and the Earth waned, and the Earth once again found itself at peace with its interplanetary environment. Its field resumed its equilibrium, expanding back out to shield its retinue of artificial satellites. The currents that temporarily flowed and painted the night skies with their color were soon stilled. Meanwhile, man-made lights on another part of the Earth flickered and went out for eleven minutes. In Foxboro, Massachusetts, the New England Patriots and the Jacksonville Jaguars were in the midst of the AFC championship game when at 5:04 P.M. the lights went out at the stadium. A blown fuse had cut power to a transformer in the Foxboro Stadium just as Adam Vinatieri was lining up to try for a twenty-nine-yard field goal. It may have been mere coincidence, but the cause of the “mysterious” fuse malfunction was never identified in terms of more mundane explanations. The story did make for rather awful puns among sports writers in thirty newspapers from as far away as Los Angeles.

A gentle wind from the Sun incessantly wafts across the Earth, and from time to time causes lesser storms to flare up unexpectedly like inclement weather on a humid summer afternoon. This wind of stripped atoms drags with it into space long fingers of magnetism and pulls them into a great pinwheel pattern spanning the entire solar system. The arms are rooted to the solar surface in great coronal holes, which pour plasma out into space like a dozen faucets. Just as magnets have a polarity, so too do these pinwheel-like arms of solar magnetism. North-type and south-type sectors form an endless and changing procession around the path of the Earth’s orbit as old coronal holes vanish and new ones open up to take their place. As the Earth travels through these regions, its own polarity can trigger conflicts, spawning minor storms as opposing polarities search for an elusive balance. The cometlike magnetotail region that extends millions of miles behind the Earth trembles with the subtle disturbances brought on by these magnetic imbalances. Minor waves of particles are again launched into the polar regions as the magnetotail waves like a flag in the wind. Lasting only a few hours, magnetic substorms are nothing like the grand daylong spectacles unleashed by million-mile-wide bubble clouds, but they can be the source of high-energy electrons capable of affecting satellites.

The solar surface can also create storms that traverse interplanetary space with the swiftness of light. Near sunspots where the fields are most intense, explosive rearrangements cause spectacular currents to flow. Crisscrossing currents short-circuit themselves in a burst of heat and light called a “solar flare.” Within minutes, the conflagration creates streams of radiation that arrive at the Earth in less time than it takes to cook a hamburger. Within a few hours, a blast of energetic particles traveling at one-third the speed of light begins to arrive, and provides unprotected astronauts and satellites with a potentially lethal rain of disruption. In the ionosphere, the stream of X rays strips terrestrial atoms of their electrons. For hours the ionosphere ceases to act like a mirror to shortwave radio signals across the daytime face of the Earth. The ebb and flow of the atomic pyrotechnics on the distant Sun are reflected in the changing clarity of terrestrial radio transmissions. Soon, the conditions that brought about the solar flare-up mysteriously vanish. The terrestrial atmospheric layers slough off their excess charges through chemical recombination, and once again radio signals are free to skip across the globe unhindered.

As dramatic as these events can be as they play themselves out, they do so under the cloak of almost total invisibility. Unlike the clouds that fill our skies on a summer’s day, the motions of the solar plasma and the currents flowing near the Earth have much the same substance as a willo’-the-wisp. All you can see are the endpoints of their travels in the exhalations from the solar surface or in the delicate traceries of an auroral curtain. Only by placing sensitive instruments in space, and waiting for these buoys to record the passing waves of energy, have we begun to see just how one set of events leads to another, like the fall of dominoes. It is easy to understand why thousands of years had to pass before the essential details could be appreciated.

Over most of Europe and North America, let alone the rest of the world, fewer than two nights each year have any traces of aurora, and if you live in an urban setting, with its light pollution, aurora become literally a once-in-a-lifetime experience. In bygone years, even the urban sky was dark enough that the Milky Way could be seen from such odd places as downtown New York City. Every week or so, in some localities, the delicate colors of the aurora would dance in the sky somewhere. Lacking our modern entertainments of TV, radio, and the Internet, previous generations paid far more attention to whatever spectacles nature could conjure up. For the modern urbanite, this level of appreciation for a natural phenomenon has now become as foreign as the backside of the Moon. Most of the residual legacies of fear and dread that aurora may still command have been substantially muted, especially as our scientific comprehension of the natural world has emerged to utterly demystify them. More important, they do no physical harm, and it is by virtue of this specific fact that they have been rendered irrelevant.

We understand very well the calamities that volcanoes, earthquakes, hurricanes, and tornadoes can cause. For much of human history, volcanic eruptions and earthquakes have been civilization’s constant companion, with such legendary episodes as Santorini, Etna, and Krakatoa indelibly etched into the history of the Western world. In the Far East, seasonal typhoons and tsunamis produce flooding the likes of which are rarely seen in the West. It wasn’t until settlers expanded throughout the Bahamas, the Gulf of Mexico, and the interior of North America that two new phenomena had to be reckoned with: tornadoes and hurricanes. As human populations established themselves in the New World, our vulnerability to the devastating effects of tornadoes and hurricanes increased year after year.

TABLE 2.1 A Partial List of Major Aurora Reported Since A.D.1

[image: ]
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NOTE: The AA* and Ap* indices are related to the geomagnetic disturbance Kp index and was introduced in the 1930s to characterize the magnitude of geomagnetic storms. A number of apparently major aurora as indicated by large AA* and Ap* values seem not to have been reported (i.e., photographed) or considered otherwise noteworthy, especially since 1980.

Indices courtesy Joe Allen NOAA/NGDC. Aurora reports since 1940 obtained from archival editions of Sky and Telescope and Astronomy.



Like the settlers of Kansas who discovered tornadoes for the first time, we have quietly but steadily entered an age in which aurora and solar storms have become more than just a lovely but rare nighttime spectacle. During the last century, new technologies have emerged such as telegraphy, radio, and satellite communication—and all these modern wonders of engineering have shown consistent patterns of vulnerability to these otherwise rare and distant phenomena. The most serious disruptions have followed relentlessly the rise and fall of the sunspot cycle and the appearance of Great Aurora, which, as table 2.1 shows, arrive every ten years or so and are often seen worldwide. Like tornadoes, we have had to reach a certain stage in our colonizing the right niches in order to place ourselves in harm’s way.

Aurora are only the most obvious sign that more complex and invisible phenomena are steadily ratcheting up their activity on the distant solar surface and in the outskirts of the atmosphere high above our heads. When great auroral storms are brewing, they inevitably lead to impacts on our technology that can be every bit as troublesome and potentially deadly as an unexpected lightning storm or a tornado.
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