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The solar system from the Sun out to Jupiter, showing gravitational fields, the solar wind, its interactions with planetary magnetic fields, a comet, and asteroids. Not to scale.






INTRODUCTION

Our Cosmic Environment
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A drawing depicting the Milky Way Galaxy.




“When there is any change in the wonted order, then all eyes are turned to the sky.”

—Lucius Annaeus Seneca, Natural Questions (64 CE)

“A change always seems to the inquisitive intellect of man like a breach in the defences of Nature’s secrets, through which it may hope to make its way to the citadel.”

—Agnes Clerke, A Popular History of Astronomy during the Nineteenth Century (1885)



Nothing else created on Earth had ever been as lonely as a particular car-sized robot was on February 14, 1990. Voyager 1 was then nearly six billion kilometers from Earth. It would take almost seven thousand years to drive that far at highway speeds. Across the unimaginable expanse, its caretakers on Earth sent Voyager 1 a simple command: Take a picture of us. Hurtling through space at over sixty thousand kilometers per hour, the robot complied.1

The command was the brainchild of the planetary scientist Carl Sagan, and it took over five hours for the photo to reach Earth. When it did, it revealed a startling new view of our planet: a “pale blue dot,” Sagan called it, less than a pixel across. A few years later Sagan reflected on what existed on that dot:


On it everyone you love, everyone you know, everyone you ever heard of, every human being who ever was, lived out their lives. The aggregate of our joy and suffering, thousands of confident religions, ideologies, and economic doctrines, every hunter and forager, every hero and coward, every creator and destroyer of civilization, every king and peasant, every young couple in love, every mother and father, hopeful child, inventor and explorer, every teacher of morals, every corrupt politician, every “superstar,” every “supreme leader,” every saint and sinner in the history of our species lived there—on a mote of dust suspended in a sunbeam.2



Most historians devote themselves to studying how people have influenced one another across scraps of that mote. Small wonder, since around it there seems to be nothing. It is easy to feel an echo of Voyager’s loneliness, for “in all this vastness there is no hint that help will come from elsewhere to save us from ourselves.” There is only us and the expanse. Our past is limited by the boundaries of our “tiny stage.” It is natural to believe that the study of our past should be, too.3

[image: A photo of a speck of a dot in a vast space of emptiness. Streaks of brightness are overlaid on the photo.]
1. A pale blue dot. Look carefully: Earth is just right of center. Photograph of Earth taken by the Voyager 1 spacecraft from a distance of six billion kilometers.


But look again at the picture. Is Earth truly alone? The sunbeam in which it is suspended gives it life. How could we consider this dot without recognizing the Sun that nourishes it? Solar light also touches other worlds, celestial bodies with complex geological, chemical, and in some cases atmospheric and even biological properties, each shaped by unique evolutionary histories. When sunlight reflects off the solar system’s worlds toward Earth, it confuses, intrigues, and occasionally frightens us. Waves of charged particles stream continuously from the Sun, enveloping Earth’s magnetic cocoon, with luminous tendrils reaching down from Earth’s poles and even extending toward the equator. Gravity bends the fabric of space, warping it around concentrations of mass in the solar system, including the planets and their moons, causing them to tug at one another as they whirl around the deep curvature in space-time created by the Sun. Drawn by the gravitational interplay of planets and the Sun, countless tiny worlds—comets and asteroids—tumble toward Earth along their own curved paths through the rippling tapestry of space. The solar system appears empty to us only because our distant ancestors had no reason to evolve sensory organs capable of perceiving its ceaseless flows of energy and matter. Our dot is merely one particularly comfortable corner of a vast environment created by these flows, all ultimately dependent on the Sun. The solar system is the immense arena surrounding Earth’s stage, and though it has too often escaped the notice of historians, it has sustained, inspired, and threatened “every human being who ever was.”4

Threatened, because the arena is far from stable. The Sun’s activity varies with time, and so does Earth’s atmosphere. The amount of solar heat retained by Earth waxes and wanes across decades, centuries, even millennia. Bubbles of charged plasma from the Sun hurl toward Earth’s magnetic defenses and can transform our skies and scramble our technology. Asteroids and comets zip by Earth and other worlds, occasionally colliding at unimaginable speeds, with catastrophic results. Relentless environmental changes on other planets have sometimes deceived us into believing we have alien company or alerted us to changes in our own world.

In this book I explore the history of these changes—these “ripples on the cosmic ocean”—and imagine them as reverberations in a vast environment that shapes and has shaped human affairs.

Environment is a word with many meanings. We use it broadly to denote our surroundings, which can be physical, social, or metaphorical. The expression the environment can also refer to Earth’s biosphere, the part of our planet composed of living organisms and their remains. I use the term in a way you might not have encountered before: environment as a network of physical systems that may or may not involve the added complexity of life. I imagine the solar system as a mosaic of environments, organized and entangled by the forces of electromagnetism and gravity. Owing above all to the overwhelming influence of the Sun, these environments change in ways that reverberate across the solar system, including across Earth, our little corner of the cosmic mosaic.5

I argue in this book that these ripples sparked new conversations about the emergence, significance, and ultimate fate of life, especially on Earth. Beginning in the seventeenth century, scholars came to closely associate environmental variability with habitability. When they noticed real or apparent changes in the color, brightness, or even shape of other worlds, they interpreted them as the movement of clouds, the flow of water, and the response of vegetation to autumnal cooling. These changes appeared to reveal  that the solar system abounded with analogues of Earth.

Many intellectuals began to imagine how the inhabitants of other worlds would be able to perceive, from afar, how human transformations of Earth differed from our planet’s natural variability. Some used new methods of distinguishing purposeful from natural change to search for evidence of alien infrastructure and farming on the other planets in our solar system, and even the Sun and Moon. Scholars repeatedly misinterpreted natural changes in solar system environments as clear signs of alien life, and their “discoveries” sparked widespread fear and excitement. As the nature of environments on the Moon, Mars, and Venus slowly came into sharper focus between the late eighteenth century and early twentieth century, changes in these environments took on a new, frightening meaning for many observers on Earth. Bright flashes and shifting dark patterns on Mars, for instance, appeared to reveal the machinery of a civilization clinging to life on a dying world. Habitability, it seemed, was an unstable condition that would inevitably deteriorate over time.

Because cosmic changes were widely believed to reveal that other planets were inhabited, or at least habitable, they had profound consequences on Earth. They inspired scholars and clerics, artisans and entrepreneurs, writers and artists to develop the principles and technologies for communicating between planets. They spurred the creation of novel machines and practices for observing the heavens, the emergence of innovative literary genres, the invention and reinvention of mass media, and even the basic ideas underpinning what we now call the Anthropocene.

Perhaps most importantly, by the nineteenth century, changes in environments beyond Earth began to hint at a new kind of risk, meaning exposure to danger, that threatened all humans, everywhere on Earth. Solar variability, asteroid and comet impacts, shifts in atmospheric chemistry, and the invasion of sapient or microbial aliens all seemed to pose existential risks to humanity, threatening to either exterminate our species or imperil our long-term flourishing. The ever-closer union of science with government and industry in the twentieth century eventually enabled governments to imitate the effects of these destructive forces on Earth, and the study of cosmic changes helped reveal precisely how dangerous that could be.

Yet in the twentieth century, changes in cosmic environments, combined with technological, social, and political developments on Earth, also encouraged unprecedented attempts to mitigate existential risks. Efforts to identify and minimize threats caused by deadly microorganisms, deteriorating atmospheric ozone, runaway climate change, solar storms, and asteroid or comet impacts all met with varying degrees of success. But together they created a new era in which powerful governments and large corporations monitored, and to some degree controlled, the relationship between Earth, our stage, and its surrounding arena, the solar system.6

This new era involved more than simply negotiating the risks posed by natural changes to cosmic environments. It also involved altering those environments artificially—by exporting terrestrial microorganisms to the surface of other worlds, for example, or by creating and moving swarms of radioactive particles in the space around Earth. Spurred in part by the distant echo of ideas originally inspired by cosmic forces, scientists, engineers, entrepreneurs, and military officers drafted plans for even more dramatic transformations. Some, such as a plan to entirely reshape the environment of Venus, might never leave the drawing board. Others, including the alteration of the Moon’s tenuous atmosphere, seem imminent. In this century, settlements with artificial, Earthlike environments could proliferate across the solar system. If they do, some of us could forever breach the narrow boundaries of our pale blue dot, moving from the stage into the arena.

Of course, cosmic changes did not, by themselves, upend human affairs. Many went entirely unnoticed. Some were seen but scarcely mattered. Yet when social, terrestrial, and cosmic sources of change aligned—when the context was just right—a conduit opened through which what happened in space, or seemed to happen in space, truly mattered on Earth. Often, it was only then that human collectives could make their own changes to environments beyond Earth.

Seeing Change in Cosmic Environments

From our perspective here on Earth, every environment in our solar system changes its appearance all the time. Many of these changes follow recurring patterns, as bundles of mass—including Earth—rush along winding paths laid out by gravity. You move with them. While reading this sentence, you have traveled nearly 5 kilometers around Earth’s center, 300 kilometers around the Sun, and 2,300 kilometers around the heart of the Milky Way. As a result of all this motion, the core of the Milky Way rises above the horizon after sunset during summers in the Northern Hemisphere (or winters in the Southern Hemisphere), while the outskirts of our galaxy appear in the evenings of Northern Hemisphere winters (or Southern Hemisphere summers). The Moon waxes and wanes through monthly phases—but also appears to grow, shrink, and wobble in the night sky as it revolves in an elliptical orbit around Earth.7

Because each successive planet is farther from the Sun and therefore takes longer to complete its orbit, the position of the planets also changes in the night sky. The “inferior” planets—Mercury and Venus—switch from evening to morning stars when they move behind or in front of the Sun, from our perspective, while the “superior” planets—Mars, Jupiter, Saturn, Uranus, and Neptune—appear to move backward, or retrograde, as Earth passes them in its orbit. The inferior planets brighten as they begin to catch up to Earth in their orbits, and the superior do the same as Earth starts to catch up to them. They all dim as we roll away from them, or they roll away from us.8

It would have been obvious to our distant ancestors that human lives unfold in a dynamic cosmos. For some three hundred thousand years, a kaleidoscope of brilliant stars and planets, glittering like gem-dust on velvet black, revolved above communities that could not pollute the heavens with artificial lighting. Everyday existence depended on patterns of plant and animal life that seemed to correspond to changes in the position of the stars, the appearance of the Moon, and the movement of the planets. Celestial cycles inspired mythology, guided navigation, influenced architecture, and organized how communities hunted, gathered, sowed, and harvested.9

Yet sometimes the heavens changed in unexpected ways. The occasional appearance of a comet or sunspot, for example, revealed another, more erratic kind of variability. In this book I trace how history has been influenced by cosmic changes, real or perceived, natural or artificial, that seemed to follow no cycle, and upended, rather than reaffirmed, age-old ways of organizing human culture. While astronomers in many cultures had, for millennia, observed the heavens, it was in the seventeenth century that scholars in cities scattered across western Europe began to identify or imagine more and more of these surprising changes. Many of this book’s chapters accordingly start at that time, and in those places. The chapters focus on Europe and North America not because changes in space environments only influenced people in those places, but because I only know so many languages, and I am keen not to sacrifice too much depth for breadth.

Why were arrhythmic changes in cosmic environments, unobserved for hundreds of thousands of years of human history, suddenly visible in the seventeenth century? The easy answer is that artisans had learned to melt sand into glass, shape the glass into convex and concave discs, and position those discs at just the right distance from one another. In such an arrangement, the first glass disc—the first lens—gathers more light from a distant object than the comparatively narrow human eye does. Its convex shape then directs—refracts—that light, that image of the object, toward the second lens. This lens intercepts the converging light and causes it to diverge just a little, which enlarges, or magnifies, the object’s image. Together, the lenses make visible what was otherwise too small or faint to see. When they were arranged in the first refracting telescope (Greek for far-seeing), they opened a portal to another reality: the infinite, evolving universe that had always surrounded and shaped our little world.10

Plans for a telescope surfaced in high medieval Europe, but in all likelihood no one tried to build one until the late sixteenth century, in the coastal cities of the Dutch Republic. These cities had become hotbeds of technical innovation, owing in part to incessant war with the powerful Spanish Empire. New ideas and new people, mostly refugees from the war-torn southern Low Countries, not only catalyzed remarkable economic and demographic growth but also nourished a dynamic intellectual culture. Unprecedented wealth, comparative religious tolerance, and relative freedom from foreign or noble rule allowed for widespread artistic, artisanal, and philosophical experimentation. It is easy to imagine how this intellectual context encouraged Dutch opticians to make the breakthroughs that enabled the creation of the telescope. A device that allowed users to see up close what was otherwise impossibly far away had obvious and immediate applications for the soldiers, sailors, and surveyors who sustained the Dutch Republic. Yet the most transformative uses of the telescope were less practical. In essence, a leading maritime power had launched a new kind of vessel: one that could transport the human gaze beyond the confines of Earth.11

The implications would take years to realize. Only gradually did scholars agree that the telescope provided close-up images of real cosmic environments. Even then, the debut of the telescope did not by itself inspire a new astronomy that sought evidence for change in these environments. Nor did the telescope ensure that environmental changes in the solar system would interest anyone beyond scholars of natural philosophy—interest that would have allowed those changes to shape social, cultural, or political history. Rather, the seventeenth-century breakthrough in the historical influence of cosmic changes depended as much on the telescope as a new relationship that was in the progress of forming between Europe and the rest of the world.

It may have been the introduction of bubonic plague to Europe that encouraged the crucial first steps in this reshaping of the continent. The movement of people and ideas, provoked by the spread of plague, likely encouraged the mingling of shipbuilding traditions from southern and northern Europe, leading in time to the construction of more-seaworthy vessels. Spurred by religious fervor, greed, and simple curiosity, mariners used these vessels to string together continent-straddling networks of trade. They also ferried the organisms of Afro-Eurasia, everything from bacteria to livestock, across oceans that previously had barred their global circulation. In many places, Indigenous peoples, weakened by the introduction of pathogens, pests, and addictive commodities, were conquered, dispossessed, and murdered by European settlers on a staggering scale.12

Together, commerce and conquest funneled a torrent of new ideas, observations, organisms, and commodities through the commercial cities of western Europe. Meanwhile, the recovery of more and more diverse classical texts, many of which had been preserved in the dynamic intellectual culture of the Middle East, encouraged unprecedented efforts at intellectual experimentation that departed from the European canon of ancient wisdom. New ideas and new combinations of older ideas surged through Europe after Johannes Gutenberg mechanized and commercialized movable type printing, a technology originally invented in China. The circulation of ideas permitted by the new printing press helped inspire, among other things, the development of humanistic reforms in education and civic life. By the seventeenth century, intellectuals across the growing colonial world shared novel ideas, observations, and artifacts in a Republic of Letters that functioned like an early analogue to today’s internet, linking the learned across national boundaries.13

Printing helped create the precondition for more dramatic challenges to authority. Information could now be easily circulated in vernacular languages accessible to ordinary people instead of in Latin, which was exclusively the language of elites. Within sixty years of its advent in Europe, printing permitted the rapid spread of the seditious ideas that sparked the Reformation, a broad rejection of the legitimacy of the Catholic Church. The Reformation led to the formation of Protestant denominations, dividing Europe along religious lines and launching more than a century of warfare and persecution. It also encouraged a radical expansion in the power of many European states, partly because prolonged religious warfare required governments to extract ever more resources from their population and environments. Paradoxically, the Reformation simultaneously created havens for comparatively free intellectual inquiry by undermining prior sources of authority and elevating the value of individual learning through direct engagement with evidence. In Europe, knowledge gained through observation and experimentation began to supplement, and eventually replace, ideas grounded in theology and ancient philosophy.14

By the early seventeenth century, a series of cultural, economic, intellectual, and political upheavals had prepared scholars both to use the telescope to create knowledge, and to broadly disseminate the knowledge they developed. Further developments in astronomy and religion encouraged them to search for evidence of change in solar system environments. At the beginning of the sixteenth century, European philosophers accepted the Earth-centered, or geocentric, model of the solar system. The geocentric picture had been worked out by a succession of classical scholars, and seemingly perfected by the second-century polymath Claudius Ptolemaeus (Ptolemy). Most of these scholars also accepted Aristotle’s contention that the Moon, Sun, and stars were made of a fifth element, “aether.” Aether was supposed to be perfect and immutable, fundamentally different from what composed Earth. To early sixteenth-century Europeans, Earth was not just at the center of creation—it was the only world, the sole realm with environments capable of change, and so the only place with a history.15

The trouble was, in order to predict celestial movements with reasonable accuracy, geocentric cosmology required bizarre complications that did not quite place Earth at the heart of all things. The planets had to spin in little circles, called epicycles, as they revolved around a cosmic center that resided somewhere between Earth and a point called the equant. To simplify matters, a Catholic canon by the name of Nicolaus Copernicus proposed a heliocentric cosmology, in which the planets orbited the Sun in perfect circles. The heliocentric model of the solar system was indeed much simpler than the geocentric alternative, but it was less capable of accurately predicting planetary motion. The astronomer Tycho Brahe suggested a compromise system in which the planets orbited the Sun, and the Sun orbited Earth. Then in 1605 the mathematician Johannes Kepler proposed that the planets’ orbits around the Sun were not circles but ellipses. With that revision, the Copernican model finally rivaled the predictive accuracy of its Ptolemaic competitor.16

In a heliocentric system, the other planets were not unchanging, aethereal  bodies but dynamic worlds, like Earth. For many seventeenth-century astronomers who subscribed to the new Copernican model, finding similarities between Earth and other bodies in the solar system—by identifying changes in their appearance, for example—undermined aspects of received Aristotelian and Ptolemaic wisdom. This quest to find analogues for Earth in the solar system strengthened and was strengthened by the intellectual, cultural, economic, and political conditions that enabled it. It fortified the Protestant Reformation, since the Catholic Church at first condemned heliocentrism and then argued that it could not be proved. It shored up a system of experimentation, observation, and inductive reasoning that coalesced in the Scientific Revolution and inspired efforts to repurpose, refine, and create instruments, such as the telescope, that could enhance human senses. Descriptions and depictions of previously unimagined environments and peoples on Earth, including in regions that Aristotle had assumed were uninhabitable, shaped how astronomers interpreted planetary environments. Observations of those planetary environments also inspired new efforts to calculate longitude aboard the ships that launched Europe’s colonial era, and in time led to the creation of new outposts, dedicated to astronomy, along the frontiers of European empires.17

In short, by the early seventeenth century European scholars had the motivation to search for environmental changes in outer space, the technology that made the search possible, and the ability to interpret, and then communicate, what they saw. Cosmic environments that had thus far been hidden for the entire history of our species shimmered into view and began to influence affairs on Earth.

New Histories of Outer Space

Histories of human engagement with outer space have long focused on the contributions of influential scientists or engineers, the experiences of astronauts or cosmonauts, and the policies or technologies that enabled their achievements.18 Today, space historians draw on new forms of history to also consider the cultural, social, and economic contexts of the discoveries and voyages chronicled in earlier accounts.19 This book contributes to that revisionary effort primarily by emphasizing the role of cosmic environments in the history of space exploration.

In this book I also elevate histories of scientific failure. While searching for evidence of environmental changes beyond Earth, figures such as Percival Lowell, William Pickering, Johann Hieronymus Schröter, and Immanuel Velikovsky practiced what American chemist Irving Langmuir has called pathological science. According to Langmuir, when scientists gather data at the very limits of observation or measurability—evidence for a subtle and ephemeral change in a planet’s environment, for example—cognitive biases and professional pressures can lead them to conclusions unsupported by their evidence. Once scientists stake their reputations on these conclusions, they may double- and triple-down on them, even in the face of mounting contradictory evidence, employing increasingly tenuous justifications. The concept of pathological science is inherently normative, judging certain scientific practices as incorrect or misguided relative to an imagined ideal. Such judgments suggest that bad science inevitably results in failure—in careers that cannot advance human knowledge. Normative critiques of this kind frequently appear in popular histories of space science. Scholars who either insisted on the existence of cosmic environmental changes that did not really take place, or misinterpreted real environmental changes to propose sensational theories that turned out to be wrong, are accordingly ignored or ridiculed in influential accounts of astronomy’s history.20

Like other studies in the history of science, this book demonstrates that it is not so easy to distinguish between the practice of good and bad science. Moreover, the book shows that grand failures, including those brought on by pathological tendencies, can more powerfully and productively shape the course of scholarship than modest successes. Real or imagined changes in the heavens repeatedly encouraged sweeping ideas that were false, or at least incomplete and unprovable. But often these ideas anticipated or inspired new, interdisciplinary forms of research. Some mistaken ideas prompted discoveries about the nature of planetary environments and profound insights into the course of human transformations of Earth. Many spurred widespread public interest, and thereby broadly influenced cultural, economic, and political developments. Often scholars who, as we can see in hindsight, were wrong on the specifics turned out to have grasped some fundamental truth that their more careful colleagues had not perceived.

This book is a history of science in that what I identify as proximate causes of historical change are frequently scientists, or else entrepreneurs and government officials moved by science. Yet the causes I identify as ultimate causes are not human—indeed, not even alive—so this book is first and foremost an environmental history. The small but diverse and growing subfield of environmental history that considers outer space can be split between four distinct approaches. First, some environmental historians write about outer space by tracing how efforts to create livable habitats for astronauts in the Space Age—the period beginning with the 1957 launch of Sputnik—reflected and provoked new ideas about humanity’s relationship with nature.21 Second, others consider how space travel encouraged new, politically powerful ways of observing and understanding Earth’s environments.22 Third, a growing number investigate how scholars and journalists imagined heavenly bodies as worlds with environments akin to Earth’s.23 Fourth, a few point out that outer space can itself be considered an extreme environment that has both shaped and been shaped by human action.24

In this book I draw on many of these approaches to the environmental history of space, but I also offer something new. The scale here is unusually vast, stretching out across the solar system, and the focus is on environmental changes far beyond Earth. We will begin in the solar system’s fiery core—the Sun—then move out past Venus, the Moon, and Mars, before ending amid the swarms of asteroids and icy comets that take their marching orders from the giant planet Jupiter. These case studies highlight, to steal a phrase from physics, the many strange actions at a distance that created causal connections between environmental and human changes almost unimaginably far removed in space, and occasionally by time.25




Part I



SUN
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A coronal mass ejection.



“The apparent vulnerability of worlds like our own to relatively small perturbations is an important and sobering discovery of modern planetary research.”

—Carl Sagan, “Planetary Ecotechnology” (1985)

“Round about the accredited and orderly facts of every science there ever floats a sort of dust-cloud of exceptional observations, of occurrences minute and irregular and seldom met with, which it always proves more easy to ignore than attend to.”

—William James, The Will to Believe and Other Essays in Popular Philosophy (1897)



On most clear nights in Washington, DC, I slip outside with a telescope in one hand, a tripod in the other, and a backpack full of heavy eyepieces. After the Sun sets or before it rises, I sneak into a nearby park, bleary-eyed from lack of sleep. Crouching amid the fireflies, I admire the ring shadows of Saturn, the swirling storms of Jupiter, the ice caps of Mars, the desolate peaks of the Moon, the delicate tendrils of star-forming nebulae, the ghostly glow of unimaginably distant galaxies. Early in the morning, only birdsong breaks the silence. Then the Sun rises, the city wakes, and I stagger home.

In the shadow of a nearby church, below a burned-out streetlight, in a knot of bushes in the darkest corner of a local park, I experience an echo of the wonder shared by the protagonists of this book, as they too peered into the night sky. I have learned how difficult it is to see anything at all, and more importantly how much the heavens can seem to change from night to night. The knowledge is hard-won. There was the lack of sleep, of course, but also the occasional moments of terror. Once, with a shriek and a snarl, a fox chased a rabbit into my lap. Another time, near the Russian Embassy, three glowing cigarettes appeared out of the gloom, accompanied by an increasingly animated conversation in Russian. As the smokers drew closer, I called out to avoid being trampled. They shouted and ran off, leaving me alone—but more than ready to go home.

After one especially tiring night several years ago, I imagined how much more I might sleep if I observed during the day. I asked myself: What if I turned my focus to the star nearest Earth? I bought a solar telescope, an instrument that blocks all light save for that which escapes from a narrow layer of hydrogen just above the Sun’s incandescent surface.

One sunny afternoon I climbed onto the roof of my apartment building, solar telescope in hand. When I peered through the eyepiece, I immediately noticed a sunspot: a cooler patch on the blazing solar surface, hollowed out by magnetic fields powerful enough to inhibit convection. Eventually I saw how those same magnetic fields had warped plasma—gas suffused with so much energy that its electrons peel free from its atoms—into wispy filaments around the edge of the solar disc. Yet, as I began to sweat in the baking midday heat, something started to gnaw at me. I felt like I was watching the irregular beating of my own heart, on an unimaginably vast scale. It was one thing to know, but another thing entirely to experience, that the foundation of all human existence was on some level unstable, and unpredictable. Unnerved, I sold that telescope.1

Just about everything on Earth depends on the Sun. Nearly all of the solar system’s mass is bound up in its star, a conglomeration so immense that it distorts the fabric of space and time. The Sun’s core can hold the combined volume of the solar system’s planets nearly seven times over. Its temperatures can reach 16 million degrees Celsius, and its pressures approach two hundred billion times that of Earth’s atmosphere at sea level. This crushing inferno squeezes hydrogen atoms together, igniting nuclear fusion on such a scale that the Sun’s core releases a million times more energy, every second, than would be unleashed by every nuclear weapon on Earth detonating at the same time.2

Over thousands and even millions of years, the solar inferno changes only gradually. The cause is a feedback loop in which the output of a process influences the input. Negative feedbacks reduce fluctuations in output and thereby promote stability. Positive feedbacks, as we will see, increase those fluctuations and can create runaway changes. The Sun’s core provides a classic example of negative feedback. If the core’s rate of fusion increases, the core heats up, expands, and becomes less dense, which reduces the rate of fusion. If that rate drops lower still, the core cools down, shrinks, and grows denser, increasing the rate of fusion. In fact, for reasons that remain mysterious, the Sun’s brightness seems to vary less than that of otherwise similar stars, and Earth therefore enjoys an unusually dependable supply of warmth and light. Maybe that is a prerequisite for life.3

Yet as I saw on my rooftop, the solar environment also fluctuates across shorter timescales: decades, years, even minutes. Even though these changes may be modest by cosmic standards, the Sun so fundamentally shapes life on Earth that even its slightest fluctuations can have profound consequences for humanity. The subtlest tremor of a sleeping elephant may dislodge the mouse on its trunk.

The chapters in Part I reveal how tremors in the Sun’s environment have influenced life on Earth—by altering Earth’s climate and our understandings of it, by stimulating scientific discovery and disrupting technological infrastructure, and by exposing existential risks and provoking responses to them. The legacy of prehistoric changes in the Sun’s capacity to warm Earth sparked efforts to confirm biblical mythology, and in turn inspired the creation of interdisciplinary tools for identifying climate change. Meanwhile, changes in the environments of Earth and the Sun led to waves of cooling across the Northern Hemisphere, and eventually much of the world, that persisted until the nineteenth century. The complex manifestations of this Little Ice Age (LIA) in diverse environments led some to believe that regional weather patterns, which previously had been thought to be stable, could in fact vary across decades. When the LIA worsened shortages of vital commodities, increasingly capable states encouraged intellectual programs that eventually revealed how climate change could threaten civilization.

The discovery of solar variability in the eighteenth century ultimately suggested a mechanism by which the world’s entire climate could change. In the nineteenth century, scholars in ever more specialized and professionalized disciplines sought to identify solar causes for climate anomalies on Earth, and thereby worked out many of the principles of modern climate scholarship. Meanwhile, the spread of industrialization and electrification rendered populations increasingly vulnerable to another form of solar variability. Geomagnetic storms created by bubbles of supersonic solar plasma disrupted telegraph communications and prompted new debates about the link between environmental variability on the Sun and on Earth. Owing to the dramatic expansion of electrical infrastructure and ultimately satellite networks, solar plasma bubbles caused increasing devastation in the twentieth century, nearly provoking nuclear war.

By the end of the twentieth century the effects of solar changes on Earth were increasingly perceived as existential threats. Scientists, and eventually public officials, realized that these grave risks could be profoundly exacerbated, or mitigated, by human action. It has even been found that some technological developments that make human life most vulnerable might also be sources of potential resilience. Some of the world’s deadliest weapons, for instance, eventually helped strengthen Earth’s magnetic lines of defense. By the dawn of the twenty-first century, humanity’s fate increasingly seemed to depend on how skillfully governments and corporations mediate the relationship between Earth and its star. The chapters in Part I show how solar variability has helped shape the course of modern science—and has threatened the technological civilization that science made possible.
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Ice Ages Great and Small

In the early eighteenth century the Swiss naturalist Johann Jakob Scheuchzer ventured into his country’s alpine wilderness. It was an alien world, even for his well-traveled contemporaries. At the time, European aesthetic tastes favored cultivated landscapes, and potential visitors to the Alps were daunted by rumors of demons, dragons, ghosts, and witches. Scheuchzer, a correspondent within the intellectual community known as the Republic of Letters, wrote that reputable locals had indeed glimpsed a dragon or two. Yet he reported that the mountains harbored other wonders that were only superficially less spectacular. Scattered across their slopes and valleys were immense boulders that appeared detached from their surroundings. Scheuchzer mused that the waters of Noah’s ancient Flood must have pushed those boulders down from the mountains. In their own way, they were no less frightening than dragons. They were reminders that the world had once been radically different, and could be so again.1

We now know that expanding glaciers, not floodwaters, carried Scheuchzer’s boulders out of the mountains thousands of years ago when the Sun’s capacity to warm Earth temporarily waned. But if Scheuchzer had erred on the details, he was right about the big picture. The world had changed, and it was changing again. Scheuchzer did not know it, but he lived in a time of slumping solar activity, and the signs were all around him. “Horrible” glaciers, he wrote, stretched into mountain valleys like the legs of a sprawling monster.2

Fluctuations in solar radiation had spurred the environmental changes, ancient and contemporary, that Scheuchzer observed in the Alps. The cultural impact of these changes, separated by some twenty millennia, informed a growing belief in Scheuchzer’s time that Earth’s climate had once been very different, that regional climates were unstable, and that climate change could threaten the very survival of societies. These ideas created a foundation for the later development of climate science, even though a natural explanation for global climate change remained stubbornly out of reach.3

Memories of the Pleistocene

Earth preserves a durable account of changes in the balance between the amount of solar energy that reaches Earth and the amount that escapes from Earth back into space. Sediments on the ocean floor, for example, reveal that we live (yes, even now) in a remarkably cold period in Earth’s history. Such sediments serve as archives of nature because they abound with microscopic shells created by single-celled marine organisms. The oxygen atoms in these shells come in different variants, or isotopes. The heavy isotopes have more neutrons, and the light isotopes have fewer. Light oxygen isotopes evaporate from the oceans more readily than heavy ones, and eventually fall to Earth in rain or snow. When Earth was cold, more of these light isotopes wound up in ice sheets, so that ocean oxygen grew heavier. Because marine organisms build their shells using chemicals in ocean water, the ratio of heavy to light oxygen isotopes in microscopic fossils provides a proxy—an indirect indicator—of how the world’s climate changed in the distant past.4

Ocean sediments show that ice sheets appeared on Earth’s surface about thirty-five million years ago. Temperatures continued to decline, owing to the diverse effects of tectonic forces that drained carbon dioxide from the atmosphere, lowered the salinity of ocean water, reshaped atmospheric circulation, and, perhaps most importantly, isolated Antarctica from warm oceanic currents. Finally, by about two and half million years ago, the multimillion-year cooling trend had begun to destabilize Earth’s climate by rendering it sensitive to recurring fluctuations in the Sun’s capacity to warm the planet.5

The shape of the Sun and the gravitational pull of other planets had long created regular variations in the characteristics of Earth’s rotation and orbit, which in turn altered how much solar radiation reached different parts of Earth at different times of the year. When Earth was sufficiently cold, these Milankovitch cycles could overlap to trigger self-reinforcing processes, or feedbacks, that were together responsible for periods of extreme glaciation. As the tilt of Earth’s rotation on its axis gradually declined, for example, summers cooled and ice sheets began to grow. More incoming solar radiation is reflected by ice than by water or land, and so the expansion of ice unlocked a positive feedback in which more cooling led to more ice, further cooling, and so on. Sea levels slumped as water evaporating from the oceans ended up trapped in ice. The exposed land was gradually colonized by vegetation. Rocks crushed by glaciers nourished plankton by releasing dust into the ocean. Proliferating plants pulled carbon dioxide out of the atmosphere, as cooling waters dissolved the gas with growing efficiency and sea ice covered regions where carbon dioxide had bubbled to the ocean surface. On land and at sea, expanding ice therefore created another positive feedback by pulling greenhouse gases out of the atmosphere.6

When Milankovitch cycles converged in just the right way, atmospheric carbon dioxide fell by about a third, and Earth’s average temperature collapsed by about 6 degrees Celsius. Ice sheets grew to such an extent that the largest one in North America, the Laurentide Ice Sheet, covered more territory than Antarctica does today. With so much water trapped in ice, sea levels dropped by more than 120 meters. Exposed land expanded and connected the continents. Cold air can hold less water than warmer air, and the ice sheets created new patterns of atmospheric circulation, resulting in sharply reduced precipitation across much of Earth. Our planet was not only far colder than it is now; it was also much drier, and dustier.7

From about two and a half million years ago to the present, Earth oscillated no fewer than fifty times between long, frigid, arid glacials (glacial periods) and short, warm, wet interglacials. The most recent glacial—known to climatologists as the Last Glacial Maximum (LGM)—reached its chilliest point around 21,000 years ago. Thereafter, Earth warmed in fits and starts. About 12,900 years ago, torrents of glacial meltwater cascaded into the Atlantic Ocean, interrupting the flow of salty water that pushed heat from the equator—and ultimately from the Sun—into the Arctic. In a matter of years, renewed cooling set in across the Northern Hemisphere, and this extreme cold spell endured for more than a millennium. This Younger Dryas, named after a cold-tolerant flower that bloomed at low latitudes, abruptly gave way to renewed warming around 11,700 years ago. In the view of geologists, the epoch distinguished by recurring glaciations, known as the Pleistocene, had at last faded into the warmer, more stable, and in many places wetter Holocene. Sea levels rose by as much as two meters per century, until the oceans reached their present extent.8
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2. Global mean surface temperature changes over the 300,000-year history of our species.


[image: ]
3. Over the past two thousand years, reconstructed from proxies in distinct natural archives. The first graph is broken into three parts, each covering a different timescale with progressively greater precision. Temperatures are shown relative to the estimated mean of the “preindustrial period” (the late nineteenth century). The top graph reveals that large temperature changes unfolded across thousands of years during the Pleistocene geological epoch, before 11,700 years ago. However, the bottom graph demonstrates that distinct statistical methods for interpreting proxies yield meaningfully different climate reconstructions even over the past two millennia, when increasingly precise proxies can be extracted from natural archives. This graph nevertheless reveals that different statistical methods and proxies tell the same broad story, which is that the Little Ice Age moderately cooled much of the globe between the thirteenth and nineteenth centuries. The top and bottom graphs both indicate that global temperature changes in the Holocene geological epoch were, until recently, far smaller in magnitude than they could be in the Pleistocene.


Scheuchzer and his contemporaries had little inkling that matter is made of atoms, much less that differences between the nuclei in atoms could reveal the deep history of climate change. Yet the emergence of complex, recordkeeping civilizations in the mid-Holocene may have meant that the archives of nature no longer kept the only account of the Pleistocene’s aftermath. Long after the onset of the Holocene, diverse populations across much of the world passed along similar legends that traced human origins to a catastrophic flood. Whether by dredging channels, building a giant ship, or migrating to new lands, the protagonists in these ancient origin stories survived and established civilizations that thrived. It is possible that occasional floods of the Nile, Tigris, Euphrates, Indus, and Yellow Rivers provided sufficient inspiration for most of these stories. Yet it is equally plausible that these tales preserved historical memories of a staggering rise in sea levels at the end of the Pleistocene.9 The archives of societies—the evidence of climate change recorded in human culture—could register a common trauma stemming from the loss of vast, previously inhabited regions to relentless and at times sudden flooding.10

Or were legends focused on water actually inspired by drought? Although the Holocene was generally warmer and wetter than the Pleistocene, globally modest but regionally severe variations in temperature and precipitation continued unabated. Across much of Earth, transregional megadroughts posed the gravest risks for ecosystems and the human populations that depended on them. The drying of the Sahara, for example, spurred migration from what was once a vast grassland, and likely played a role in congregating populations around the Nile Delta. Egyptian civilization would subsequently develop a water-centered mythology that included descriptions of both apocalyptic flooding and rebirth. The most influential of all ancient flood stories was arguably the Sumerian Epic of Gilgamesh. This epic took shape around the time of the so-called 4.2K BP event, a period of profound and perhaps centuries-long drought that stretched across swaths of North America, Africa, Asia, and the Middle East. The art historian Sugata Ray has argued that historical droughts inspired cultural expressions that focused on increasingly precious water; perhaps the same held true in the first states.11

The Hebrew account of Noah’s Flood copied almost every detail originally found in the Gilgamesh epic. As a result, the spread and durability of Abrahamic religions preserved one of the earliest accounts of ancient, perhaps prehistoric, environmental change. This example from the archives of societies did not inspire a reappraisal of the archives of nature, however, until the sixteenth century. Lydia Barnett, a historian of science, has traced how that era’s natural historians sought physical evidence for Noah’s Flood as a way unifying the increasingly frayed culture and politics of contemporary Europe. Barnett and other scholars show that the bewildering diversity of the world revealed by journeys of exploration, along with the upheavals spurred by the Reformation and the Scientific Revolution, led to a widespread sense of unraveling among Europe’s literate elites. One answer was to search for the origins of contemporary disunity, and that search naturally led scholars to the biblical story in which humanity was reduced to a single family.12

By the eighteenth century, Barnett argues, naturalists in Britain and Switzerland sought to forge a world-straddling network of fossil hunters whose evidence might confirm that the biblical deluge had truly inundated the whole Earth. Erratic boulders like those sighted by Scheuchzer were reimagined as signs that Noah’s Flood had profoundly altered Earth and its climate. Fossilized fish found on dry land and apparent elephant tusks exhumed in Britain, France, and Siberia were interpreted in the same way. Barnett identifies a sinister element in the enterprise. By confirming that the Flood covered the entire world, scholars also hoped to establish that all peoples were descended from Noah. This would mean that Christ’s offer of salvation applied to everyone, providing ideological justification for military and missionary expeditions that subjected a growing portion of the world’s population to colonial, Christian governments.13

As Scheuchzer rambled through the Alps, however, the Flood confirmation effort was losing momentum. At the dawn of the Catholic Enlightenment, correspondence in the Alpine Republic of Letters—the network of scholars centered in northern Italy and Switzerland—fostered a growing rejection of what was now perceived as a British Protestant effort to read the Deluge into the archives of nature. Patriotic Catholic scholars increasingly emphasized that local inundations, rather than a universal Flood, had long ago given special qualities to their nations.14

Even though the Flood lost its unifying power in European scholarship, the effort to find its traces in nature had transformed contemporary science. By integrating local evidence into a model of global change, and interpreting the past to forecast the future, the effort pioneered the kind of multi-scalar thinking that would later reveal the existence of global warming. The Flood confirmation enterprise began to demonstrate the potential of natural archives to tell the story of the deep history of climate change, and it hinted at the power of combining these archives with those made by societies. Not all of its concepts proved durable, though. By the turn of the nineteenth century, for example, the emerging scientific discipline of geology coalesced around a reversion to the uniformitarian assumptions of Aristotelian and Stoic philosophy, according to which the forces shaping today’s Earth are identical to those that operated in the distant past. That ruled out a world-altering Deluge. Still, proponents of the Flood narrative had worked out a set of tools that would later reveal the spectacular history, and frightening future, of climate change—and in turn, of the Sun’s variable influence on Earth.15

Experiencing the Little Ice Age

In the sixteenth to eighteenth centuries, the archives of nature and societies were not the only evidence of climate change. Owing to the LIA, ordinary people could feel a change in climate through their everyday experience of weather. Yet if the term Little Ice Age suggests something akin to a Pleistocene period of glaciation, it is a misnomer. Global temperatures varied only modestly during the Holocene, and the forces responsible for the LIA paled in comparison to those that triggered the LGM. Still, they also involved changes in the quantity of radiation that reached Earth’s surface from the Sun.16

Fluctuations in solar environments were likely responsible for some of the cooling associated with the LIA. For reasons still not fully understood, the Sun’s radiant output waxes and wanes ever so slightly in a regular, approximately eleven-year cycle. Occasionally the Sun’s output slumps for decades at a time, during grand solar minima in which the telltale signs of an active Sun—sunspots and solar flares—largely disappear. During these minima, lows in total solar irradiance likely had a modest cooling effect across much of the globe. Reductions in the Sun’s ultraviolet radiation, in particular, seem to have lowered temperatures in the stratosphere, especially in the tropics. Systems of atmospheric, then oceanic, circulation changed in response. It now seems that the impact of these circulation changes on the extent of Arctic sea ice partly accounts for the onset of the LIA.17
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4. Ice Ages great and small. Top left: Temperature anomalies for the years 1690–1700, an especially cold decade of the Little Ice Age. Bottom left: Temperature anomalies 18,000 years ago, during the Last Glacial Maximum. The temperature baseline used for the top left map (the 1960–1990 global mean temperature) is similar to the baseline used for the bottom left map (the 1800–2000 global mean temperature). The maps were created using different proxies with different levels of precision, and the proxies were interpreted using distinct statistical methods. The maps therefore cannot provide a perfect comparison between different climatic periods, but they do reveal that cooling in the Little Ice Age was far less severe than it was in the Last Glacial Maximum.


The coldest stretches of the LIA also coincided with clusters of explosive volcanic eruptions that may have had an even more substantial influence on Earth’s climate. Violent eruptions hurl sulfuric gases into the stratosphere, the atmospheric layer some fifteen to fifty kilometers above Earth’s surface. There the gases mix with water vapor, creating droplets of sulfuric acid that scatter incoming solar radiation and cool Earth’s surface. In the LIA, stratospheric winds repeatedly blew these aerosols across much of Earth. Yet because each eruption released distinct plumes of sulfur dioxide at different latitudes, and because stratospheric winds did not evenly distribute volcanic sulfuric “veils” across the whole Earth, the cooling effect differed from region to region. Moreover, volcanic cooling quickly faded as aerosols fell from the sky, unless a truly massive eruption or a cluster of smaller eruptions set off positive feedbacks in Earth’s climate system. The expansion of sea ice in the wake of these eruptions, for example, may have helped trigger the LIA by reflecting more solar radiation back into space than darker water would have.18

These and other forces were at work in the thirteenth and fourteenth centuries, when temperatures across the Arctic and eventually much of the Northern Hemisphere started to decline. Waves of cooling subsequently spread across much of the Northern Hemisphere, and eventually most of Earth, in the early 1400s, the late 1500s to the early 1600s, the late 1600s to the early 1700s, and the late 1700s to the early 1800s. Global temperatures during these waves changed only modestly, no more than several tenths of a degree Celsius, relative to average temperatures midway through the twentieth century. Nevertheless, explosive eruptions repeatedly lowered regional and seasonal temperatures to such an extent that Europeans described “years without summer.”19

Due in part to their influence on hemispheric temperatures, modest fluctuations in the quantity of solar radiation that reached Earth’s surface altered atmospheric and oceanic circulation during the LIA and thereby disrupted regional patterns of precipitation. Extreme rain battered much of early thirteenth-century Europe and eighteenth-century Mexico. Severe or prolonged droughts afflicted fourteenth-century Cambodia, fifteenth-century Central America, nineteenth-century India, and other places. Moreover, changes in patterns of atmospheric circulation played a role in reducing the predictability of weather in Northern Europe, eastern North America, and other areas, in part by increasing the frequency of severe storms.20

Around the world, the telltale weather of the LIA was hard to ignore. A substantial share of the world’s roughly five hundred million people lived within the contested borders of agrarian empires. There, millions depended on a few common grains, but agricultural yields were incomparably poorer and less dependable, and supply chains were unimaginably less efficient and more fragile, than they are today. Governments were far weaker and less stable, information was much harder to come by, and social safety nets were inadequate and largely beyond the purview of the state. Few enjoyed access to safe drinking water or diets with adequate calories and nutrients. The absence of effective medication and sterilization, let alone vaccination, transformed into ruthless killers what today are only common illnesses and injuries. Owing to overcrowding, open sewage, air pollution, inadequate housing, nonexistent or deficient emergency services, and widespread infestation by insects and vermin, more people died in cities than were born in them. Even in the wealthiest and healthiest corners of Earth, about half of all children did not survive to adulthood.21

Empires were continuously at war, and agricultural laborers were forced to join armies that, when accompanied by merchants and prostitutes, outnumbered all but the largest cities. Owing to the inadequacies of military logistics, these roving communities despoiled and depopulated vast territories by living off the land. Soldiers or bandits also formed gangs that killed, tortured, or robbed in areas where the authority of the state was weak or contested. The common wartime practice of destroying environmental infrastructure, such as tilled fields and irrigation canals, erased lives and lifeways on a grand scale, and settlers destroyed infrastructure with particular sadism on the periphery of expanding empires. Dehumanizing servitude was widespread, and nowhere crueler or more destructive than in the plantations that devastated Caribbean ecosystems, exploited African slaves, and introduced mosquito-borne diseases into the Americas.22

Above all, most people who experienced the LIA lived in a state of scarcity—of food, information, mobility, and security. Even in the richest empires, scarcity created compounding, synergistic vulnerabilities to even modest climatic fluctuations. For example, the sixteenth-century Ottoman Empire ruled some twenty-five million subjects across five million square kilometers, yet its stability was precariously dependent on harvests of barley and wheat from marginal farmland. Reports by Ottoman administrators, and a stretch of thin growth rings in trees that revealed climatic conditions unsuitable for plant growth, both suggest that frost damaged these crops in the late sixteenth century. Worse, changes in atmospheric circulation soon brought ruinous drought to Ottoman lands. As harvests failed, food prices soared. Instead of taking action to ameliorate suffering, the Sultanate pursued a ruinous war with the Austrian Habsburgs that demanded transfers of grain from the Ottoman countryside to the army. When famine and starvation left many vulnerable to outbreaks of epidemic disease, desperate farmers gathered in bandit gangs that metastasized into rebel armies. By the early seventeenth century, millions had died.23

A similar story seems to have unfolded across China in the Ming Dynasty. A stretch of narrow tree rings indicates that droughts and cold snaps intensified across much of northern and central China in the early seventeenth century. By then the dynasty had become too dysfunctional and corrupt to muster an effective response. Once again, food prices soared and starvation may have encouraged sedition, which soon broadened into civil war. Especially severe droughts in the grasslands that bordered northern China spurred local Jurchen chieftains to seize Chinese grain supplies. As drought and civil war intensified in China, however, abundant rain began to fall in Jurchen territories across Manchuria. With plenty of grass to feed their horses, the Manchu—as the Jurchens had come to be known—exploited the chaos in China to overthrow the Ming Dynasty. Millions had died during decades of starvation, civil war, and foreign invasion.24

Contemporary observers did not guess that the Sun’s capacity to warm Earth had waned, or that local disasters were part of a global trend. Still, some did connect famines, epidemics, and political disasters to a regional shift in the frequency or severity of extreme weather. Nowhere did such connections seem clearer than in China. While monarchs around the world claimed that they possessed a divine right to rule, in China and Korea that right, ostensibly granted by heaven, was widely seen as provisional. According to an idea first articulated by the Confucian philosopher Dong Zhongshu in the second century BCE, heaven would rescind the right to rule if the emperor governed unjustly. In these circumstances, ordinary people could legitimately rise up against the emperor. Because destructive droughts, cold spells, and floods were considered signs of divine displeasure, climate change posed a mortal threat to Chinese dynasties. That was especially true in decades when preexisting political or military crises increased the vulnerability of agriculture and the likelihood that people would seek signs of divine anger. “Now we are endowed by heaven with a special opportunity,” the leader of one rebellion proclaimed as Ming rule unraveled, “for our masters are all weak and feeble.” With rebels closing in, the Chongzhen Emperor, the last ruler of the Ming Dynasty, accepted responsibility for the natural disasters that had undermined his regime and committed suicide.25

Meanwhile, across Europe, widespread perceptions that climate was deteriorating as a result of divine displeasure or demonic malevolence may have joined complex legal, cultural, and political changes—not to mention personal grudges—to fuel explosions of violence against marginalized groups. In the central European countryside, sixteenth-century peasants murdered so-called witches for the “sudden and violent raising” of “storms and tempests,” which had indeed grown more common. Townspeople ostracized Jews for allegedly profiteering off soaring food prices. Across Eurasia the fact that groups blamed for extreme weather were scapegoated suggests that ordinary people were aware of regional changes in climate, even if they did not imagine that these were caused by the Sun’s waning capacity to warm Earth.26

In the seventeenth and eighteenth centuries, literate observers described popular beliefs that seem to have reflected widespread awareness of climatic trends in Europe. Around 1793, for example, the Reverend John Grant of Karmichael reported an apparently “universal” concern across the Scottish Highlands that the climate had grown chillier and rainier in recent decades. Some locals not only remembered that the region had been warmer earlier in the century; they also recalled that their parents had described frigid, wet conditions toward the end of the previous century. They had in effect reconstructed the LIA across two periods of waning solar activity and two waves of subsequent cooling across the Highlands.27

Even where written sources shed little light on popular perceptions of climate change, art and architecture provide telling clues. In northern India, the positioning of sixteenth-century buildings, and the riparian views available from those buildings, suggest that architects shared a preoccupation with water. Artists, meanwhile, crafted vivid waterscapes, some of which spilled beyond the borders of their paintings. These developments in both art and architecture date to a period of drought and famine that appears connected to the LIA’s influence on atmospheric circulation. Water is always fodder for the imagination, yet the strengthening of a “hydroaesthetic” culture does hint at broad awareness of climatic patterns in sixteenth-century India.28

Other adaptations to the LIA provided more tangible benefits for populations that faced unfamiliar and often threatening weather. In North America, sixteenth- and seventeenth-century Iroquoian communities, for instance, either migrated south and relied on trade to share dwindling agricultural surpluses, or else abandoned agriculture altogether in favor of hunting. Mojave settlements responded to climatic variability by developing new storage technologies that permitted trade for beans, maize, and squash grown by nearby Kwatsáan farmers. Wabanaki hunters used snowshoes, an ancient technology perfected across Indigenous North America, to pursue game in long LIA winters and to wage effective warfare against English settlers and soldiers who initially lacked snowshoes and in deep snow could not stray far from agricultural settlements. Such ingenious responses to LIA weather within the First Nations of North America seem to reveal a broad capacity to identify and confront regional trends in climate.29

To an extent that may now be difficult to imagine, the vast majority of those who experienced the LIA were vulnerable to the vagaries of weather. At sea or in the field, on the battlefield or in the kitchen, extreme weather was a matter of life and death. In that context, it should not surprise us that ordinary people perceived trends in the frequency of severe winters or dry summers, and that they understood the threats and opportunities that such weather could bring. Yet because they did not quantify weather trends, they could not easily sense changes in average, day-to-day weather. Nor could they imagine that the Sun’s waning capacity to warm Earth bound the local changes they perceived to broader patterns that unfolded across much of the globe.30

Controlling Climate, Building Civilization

During some of the chilliest decades of the LIA, European intellectuals sought to determine whether, as the Parisian correspondent Marie de Rabutin-Chantal put it, “the behavior of the sun and of the seasons has completely changed.”31 They interviewed the elderly, studied commemorative landmarks, inspected signs of cultivation in abandoned landscapes, and scoured written records. In the seventeenth century, artisan-scholars invented meteorological instruments in order to illuminate through precise measurement the inanimate forces they suspected were responsible for weather. Some proposed that observatories equipped with these instruments be linked in order to form monitoring networks that could shed further light on the mechanisms powering weather. To Francis Bacon, the English pioneer of empirical, inductive reasoning, ways would soon “be found to predict the risings, fallings, and times of winds,” which among other things would be useful for planning naval battles in the age of sail. Attempts at long-term weather prediction and reconstruction (identifying historical weather patterns) suggested that regional climates cycled through periods marked by meteorological extremes, an idea that roughly fits modern understandings of the LIA.32

For much of the LIA, however, widespread belief in regional climate change clashed with the Aristotelian idea that latitude determined climate. Many European scholars adhered to this view even in the seventeenth century, when it was increasingly obvious that climates in Europe and North America were profoundly different at the same latitude. Some scholars adopted the neo-Hippocratic idea that climate reflected not only latitude but also such factors as vegetation and human occupation. Such was the way of contemporary scholarship. The Scientific Revolution had elevated observation and experimentation as pathways to knowledge, yet most scholars used experience not to refute classical wisdom but instead to refine or choose between combinations of ancient world systems.33

Neo-Hippocratic climatology suggested that the character of human settlement could shape the climate of a region, and the implications were profound. In Europe, increasingly powerful states had sought to expand the area of cultivated land, partly to avoid harvest failures during extreme weather. By the eighteenth century, elite “improvers” used burgeoning networks of scholarly exchange to promote an empirical approach to agriculture that discarded traditional best practices. Now it seemed that the very act of cultivating land could improve the prospects for cultivation—a positive feedback that worked through the mechanism of climate change. The historian of science Frederik Albritton Johnsson has shown that newly motivated improvers recommended a raft of diverse and contradictory strategies to bring the Scottish Highlands under cultivation.34

Prominent improvers decided that the spread of civilized settlement had already altered climate across much of Europe. Therein, it seemed, lay the explanation for the otherwise mysteriously cold climate of the Western Hemisphere, relative to that of Europe at the same latitude. Settlers argued that because the Indigenous occupants of the Americas had not brought the hemisphere under cultivation, they had not tamed its climate. Colonists in New France, in North America, now embarked on a vast logging campaign to bring about a regional warming that would aid European agriculture. Doctors suggested an even more comprehensive deforestation program in tropical colonies to “improve ventilation and dispel harmful miasmas.” By the early eighteenth century, some settlers believed their efforts were bearing fruit. The climate of New France appeared to be warming, and indeed it was. The cause, though, was not deforestation but instead the ebbing of volcanic eruptions and the resumption of normal levels of solar activity. Nevertheless, the warming trend provided justification for the brutal conquest of Indigenous land.35

Colonialism might well have altered Earth’s climate, but in a manner opposite to that imagined by eighteenth-century settlers. Beginning in the sixteenth century, some sixty million people succumbed to a genocide unleashed by Spanish conquest, forced migration, slave labor, and pathogens that caused epidemics of bubonic plague, measles, mumps, smallpox, and other diseases. Death on such a scale led to the abandonment of vast tracts of previously cultivated farmland and woodland. This permitted the expansion of rainforests, which absorbed more carbon dioxide than the carefully managed landscapes they replaced. Bubbles of captured atmosphere, trapped in cores exhumed from ice sheets, suggest that the concentration of carbon dioxide in Earth’s atmosphere may have dipped ever so slightly as a result, reducing the quantity of solar heat that Earth’s atmosphere could retain. Reforestation across South and Central America may have contributed to cooling during an especially cold stretch of the LIA, which means that, in turn, reforestation brought harvest failures and catastrophe to Spanish territories in Europe.36

In an era of incessant warfare that may have been partly sparked by climate change, European governments developed new systems of forestry administration to secure stable supplies of wood for naval construction. By the eighteenth century, “scientific” foresters joined improvers in using empirical methods, notably quantification, to more efficiently manage landscapes that supplied the state with vital resources. According to the environmental historian Paul Warde, improvers and foresters realized that resources and energy circulated through both societies and environments. By finding links between these circulations, scholars began to clarify the interconnectedness of environment and society. Meanwhile, imperial expansion introduced Europeans to the ruins of collapsed civilizations in deserts across North Africa and the Middle East. By the early nineteenth century, scholars began to suggest that these civilizations had degraded a once-temperate climate by interfering with the circulatory systems that sustained soils and forests. Climate change, it seemed, could bring about the collapse of civilizations that were foolish enough to cause it.37

By the turn of the nineteenth century, in short, three different but connected strands of evidence, each inspired partly by changes in the Sun’s capacity to warm Earth, had together created a foundation for the later development of climate science. European scholars had developed and combined different academic disciplines to identify evidence for climate change in the archives of nature and the archives of societies. Many now agreed that the climate had once changed, and that ordinary people were right about trends in precipitation or temperature that can today be associated with the LIA. Diverse thinkers suspected that these changes could imperil civilizations by transforming the environments on which states depended. Yet these intellectual currents could not coalesce into a
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