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PRAISE FOR WEATHER: AN ILLUSTRATED HISTORY



“FINALLY, someone has done something about the weather. Andrew Revkin and Lisa Mechaley have given us a startlingly fascinating book about how weather got the way it is, and how we’ve reacted to it, used it, and even helped shape it. There are a hundred captivating stories in this book that are as enlightening as they are fun. Reading them is like seeing the clouds part and the sun come out.”


—Alan Alda, longtime host of Scientific American Frontiers and a founder of the Alan Alda Center for Communicating Science at Stony Brook University
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“Informative, addictively readable, and never preachy, Weather: An Illustrated History tells the fascinating story of humanity’s ever-evolving relationship with the earth’s climate. Highly recommended.”


—Nathaniel Philbrick, National Book Award winner for In the Heart of the Sea: The Tragedy of the Whaleship Essex
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“Weather: An Illustrated History is a gift of a book—at once fascinating, informative, and surprising.”


—Elizabeth Kolbert, Pulitzer Prize–winning author of The Sixth Extinction
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“A slim book about a weighty subject with a light touch, Weather: An Illustrated History has a wonderfully sprawling cast of characters, from Alexander von Humboldt and ‘Snowflake’ Bentley to Frankenstein’s monster and the editor of the Farmer’s Almanac. I won’t soon forget the image of Benjamin Franklin charging off after a huge dust devil, leaving the rest of his party to gape in astonishment as he repeatedly horsewhipped the whirlwind to see if he could interrupt its progress.”


—Charles C. Mann, best-selling author of 1491: New Revelations of the Americas Before Columbus and The Wizard and the Prophet
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INTRODUCTION



Here, in one hundred moments, is a chronicle of humanity’s evolving relationship with, and understanding of, Earth’s climate system and the extraordinary weather events that swirl chaotically, and sometimes destructively, within it. For nearly all of human history, the relationship worked in one direction. Climate patterns shifted. Ice sheets, deserts, and coastlines advanced or retreated; extremes of drought, precipitation, wind, or temperature struck and communities thrived, adapted, moved, or faded away. Now, a growing body of science has demonstrated that we are increasingly in a two-way relationship with climate. That momentous transition started as the worldwide spread of agriculture and other human activities changed landscapes sufficiently to alter weather patterns millennia ago. The pace and extent of climate changes in decades to come remains unclear. But the atmosphere and oceans have already measurably responded to the heating influence of accumulating greenhouse gas emissions accompanying what Earth scientists have called the “Great Acceleration” in human numbers and resource appetites since around 1950. These gases, most notably carbon dioxide, are transparent to sunlight but absorb some outgoing radiant heat energy.


A full climate chronology would fill volumes. This is more of an exploration, touching on sobering, surprising, even humorous moments in a long and continuing journey of discovery. The goal is to display the range and types of events, insights, and inventions that have punctuated the coevolution of climate and our lives. It is also implicitly a snapshot in time—our generation’s moment in this running story. Some of the knowledge gained so far will be upended or rebooted in years and decades to come—just as notions of weather as an expression of the gods’ wrath or glee long ago gave way to the understanding of a remarkable system that has both clear patterns (climate) and implicit randomness (the vagaries called weather). As J. Marshall Shepherd, a past president of the American Meteorological Society, likes to put it, “Climate is your personality; weather is your mood.”


You’ll learn about remarkable insights of brilliant figures with familiar names, like Galileo Galilei and Benjamin Franklin, and discoveries made by obscure but fascinating people, like Mary Anderson, the real estate developer who invented the first windshield wiper, and Wasaburo Ōishi, a Japanese meteorologist who discovered the high-altitude, high-speed jet stream in the 1920s—only to have Japan turn it into a weapon, lofting thousands of explosive fire balloons toward the United States during World War II.
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An aquatic rescue unit from the South Carolina Army National Guard was among an array of search teams rescuing people stranded by Texas flooding from Hurricane Harvey in 2017. Credit 1


In examining the full sweep of what’s been learned, and unlearned, about weather and climate through human history, there’s one constant: knowledge is forever evolving. It took more than a century of methodical research, measurement, and evolving technology for scientists to move from a basic understanding that some atmospheric gases trap heat to the realization that centuries of warming and sea-level rise could lie ahead should carbon dioxide (CO2) emissions from the burning of fuels and forests not be reduced.


In generations to come, human lives may be so insulated from the weather by technology that it will be considered odd to think people once routinely checked forecasts before venturing out. But, for now, the elements are the one aspect of our environment that nearly every person considers, or is affected by, every single day.


We decided early on to build the chronology around the full sweep of human understanding of the history and workings of the climate system. In going back billions of years, through eras for which evidence is indirect or smeared over millennia by geological wear and tear, we sometimes had to abandon the precision of a conventional chronology—as is most evident in the “moment” between 2.4 billion and 423 million years ago. Those early milestones, while set in a year marked BCE, for before the Common Era, are of course about stretches of time vastly longer than can be comprehended by the human mind—and not marked with the precision of carbon isotopes or other direct evidence. And of course the final entry, about the end of ice ages, is a speculation on history yet to be written. In most of the chosen milestones, we tried to convey some of the broader significance of discrete events. For instance, the segment about the investigations that undid a longstanding high-temperature record set in Libya in 1922 is as much about the limits of precision in meteorological history as it is about heat.


The narrative thread in the one hundred entries centers on critical scientific insights or disruptive meteorological events, but we included a few more whimsical items—as with the role of weather in music and the lore surrounding a certain groundhog—to capture the full richness of humanity’s relationship with the elements.


The historical nuggets that have been left out vastly outnumber our selections. But our hope is that this narrative serves as an appetizer, leading readers to an array of masterful and more comprehensive histories of weather and climate science and lore by writers including Christopher Burt, Brian M. Fagan, James Rodger Fleming, Elizabeth Kolbert, and Spencer R. Weart. And of course there’s an enormous range of invaluable online content now, from institutional sources such as the American Meteorological Society, the National Weather Service, and NASA, to weather and climate blogs, including Weather Underground and Realclimate.org.


In producing this book, we’ve drawn, at points, on the wisdom and words of some friends and colleagues with deep expertise on particular moments in climate history. Those contributions are indicated by initials at the end of the entries, with details in the endnotes. We invited Howard Lee, a geologist and writer focused on the early Earth, to kick things off. So read on, as we start with the origin of the atmosphere itself—the essential medium in which the dynamics called weather unfold.
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4.567 Billion BCE



EARTH GETS AN ATMOSPHERE



To have weather, a planet must have an atmosphere, so it makes sense to begin this chronology with the origin of ours. The little we know about it is woven from the few strands of evidence science can tie to the earliest years of the solar system: chemical differences between Earth and its presumed building blocks in the form of meteorites, observations of faraway solar systems, and computer simulations that re-create a plausible history of our solar system based on the laws of physics.


These tell us that Earth began forming some 4.567 billion years ago in a slowly spinning cloud of radioactive dust and gas nearly a light year (some 6 trillion miles, or 10 trillion kilometers) across. When the cloud collapsed under its own weight, it formed the sun and, surrounding it, a rotating disk called the solar nebula. Over a few tens of millions of years, dust particles in the disk clumped together, and gravity accreted those clumps into planets, asteroids, comets, and the sun. It was long thought that Earth’s first atmosphere formed from gases pulled in by gravity from the surrounding solar nebula. But lately scientists have concluded that most planets’ primordial atmospheres are emitted from within—produced in the crucible of pressure and heat generated by incoming colliding material.


Over the first 140 million years or so, bombardment by asteroids would often blow portions of the forming atmosphere away. But the energy from those collisions caused outgassing from molten rock, adding carbon dioxide and carbon monoxide, steam, and sulfur dioxide.


A major reboot occurred around 4.5 billion years ago. An enormous impact with a smaller planet (or perhaps several, according to some studies) transformed Earth’s atmosphere into searing-hot rock vapor, which formed a disk of vapor around Earth. By the time the vapor cooled, and either rained as molten rock or coalesced in space as our moon, most or perhaps all of Earth’s first atmosphere appears to have been blown into space.


—H. L.


SEE ALSO: Pink Skies and Ice (2.9 Billion BCE), An End to Ice Ages? (102,018 CE)
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Earth’s earliest atmosphere was formed and reformed amid collisions like the one shown in this artist’s conception depicting a giant impact similar to the one that may have created the Earth’s moon some 4.5 billion years ago. Credit 2



















4.3 Billion BCE



WATER WORLD



The price of gaining the moon was the loss not only of Earth’s first atmosphere, but also much of its water and even elements we don’t normally consider easily vaporized, such as lead and zinc. Dry, sterile, and enveloped in boiling magma, Earth went through a hellish time worthy of the name geologists gave to its oldest time period: Hadean eon, for Hades, the ancient Greek god of hell.


And yet, by 4.3 billion years ago, there appears to have been abundant liquid water on Earth’s surface. This is known from precise dating and measurements of oxygen isotopes in the oldest minerals on Earth: tiny, purplish, and incredibly durable zircon crystals collected at Jack Hills in Australia.


Geologists remind us that there’s a lot of time in deep time, and that span from the great moon-forming collision until oceans formed is a very long time. Here’s what scientists think transpired: It took just a handful of years for the rock vapor atmosphere to cool, and about 150,000 years for the global magma ocean to solidify. As it did, vast amounts of carbon dioxide, steam, nitrogen, and sulfur outgassed—sufficient to generate a steam atmosphere. And once the magma ocean crusted over, the steam cooled enough for it to rain, incessantly, for about a million years.


Volcanoes all over the globe spewed lava, which reacted with carbon dioxide in the steamy air. As lava covered lava, flow on flow, more and more carbon was buried in the crust so that, over time, the heat-trapping greenhouse effect diminished. The end result, by around 4.3 billion years ago, was a water world—with a climate conducive to life and a vast global ocean holding up to 26 percent more water than today’s oceans, studded with volcanic islands (there were no continents yet) and mountainous impact crater rims. This new, cooler world had weather not radically different from today.


—H. L.


SEE ALSO: A Southern Ocean Chills Things (34 Million BCE), Tracking the Oceans’ Climate Role (2007)
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This illustration by Howard Lee shows the vast oceans and scattered volcanic islands that characterized the Earth of 4.3 billion years ago. Credit 3



















2.9 Billion BCE



PINK SKIES AND ICE



Life appeared remarkably early in Earth’s development, possibly as long ago as 4.1 billion years, and definitely by 3.7 billion years ago. However, it took almost a billion years for life to change the climate.


The first life forms were all microscopic. Once some microbes began to extract energy from hydrogen and carbon dioxide to make methane and water, they depleted those gases from the atmosphere—reducing greenhouse gas levels enough to trigger Earth’s first-known ice age 2.9 billion years ago.


But as levels of methane rose, the sky turned hazy—and on occasion pink. In the upper atmosphere, ultraviolet rays from the sun split methane molecules, freeing hydrogen, which was light enough to leak into space. Since water is composed of hydrogen and oxygen (H2O), losing hydrogen is like losing water. The amount of water in the ocean slowly diminished.


Fortunately, Earth’s water loss didn’t last. New microbes called cyanobacteria evolved the trick of photosynthesizing sugar from carbon dioxide and water, about 2.7 billion years ago. Oxygen was a byproduct of this new version of photosynthesis (earlier forms of this reaction did not involve this element). Oxygen is an extremely reactive gas, so it slowly oxidized rocks and chemicals in seawater. As the concentration in the air built, oxygen reacted with methane, producing carbon dioxide and water, preventing hydrogen’s escape, and saving Earth’s oceans from slowly leaking into space.


As oxygen levels increased, the atmosphere flip-flopped between pink, methane-dominated skies and blue, carbon dioxide–dominated skies. At the same time, erosion and chemical weathering of mountains on Earth’s first great single land mass, or supercontinent, known as Kenorland, reduced atmospheric carbon dioxide levels. (In chemical weathering, atmospheric carbon forms a weak carbonic acid in rain, slowly dissolving rocks and resulting in the eventual formation of limestone in seas downstream.) The collapse in levels of Earth’s two main greenhouse gases precipitated four distinct “Snowball Earth” moments—periods when the planet’s surface nearly or entirely froze and a more temperate climate—between 2.5 and 2.2 billion years ago, until volcanoes restored carbon dioxide levels.


—H. L.


SEE ALSO: Earth Gets an Atmosphere (4.567 Billion BCE), The Icy Path to Fire (2.4 Billion–423 Million BCE), Tracking the Oceans’ Climate Role (2007)
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The oceans of the prehistoric Kenorland landscape sustained basic life forms, including simple single-celled organisms and mat-like biofilms of microorganisms such as cyanobacteria. Credit 4



















2.7 Billion BCE



FIRST FOSSIL TRACES OF RAINDROPS



Fat dimples dotting ancient South African rocks are unmistakably raindrop impressions, formed in fresh volcanic ash by a passing shower 2.7 billion years ago. Similar raindrop impressions, identical to modern ones, show up in 2.3 billion-year-old Australian tidal flats and in numerous other examples across geological time. Comparisons to contemporary sediments imply water was flowing in rivers, lakes, and seas, as it does now.


But that should have been impossible.


Back then the sun was only about 80 percent as bright as it is today, so it should have been incapable of warming Earth above freezing. The planet should have been permanently frozen solid from pole to pole. To be warm enough for rain, scientists reasoned, Earth must have had a much thicker atmosphere of heat-holding greenhouse gases than today. But experiments re-creating those same raindrop indentations, and measurements of bubbles in ancient lava, both hint that early atmospheric pressure was probably lower than it is today.


This unexpected early warmth, despite a moderate atmospheric pressure, is known as the Faint Young Sun Paradox. It helps that a thin atmosphere and a global ocean allowed Earth to absorb more sunlight, but the air must also have been rich in greenhouse gases to have retained that warmth. More volcanic carbon dioxide probably erupted from a younger, hotter mantle, while small continents captured far less CO2 through weathering than today. Massive solar flares, eruptions of intense radiation from the surface of the young sun, may have made the greenhouse gas nitrous oxide, or maybe there were novel greenhouse gases produced as nitrogen and hydrogen collided. There may also have been some extra warming from fewer clouds and stronger tides.


Some scientists have even suggested that the faint young sun’s power may have been boosted by its being about 5 percent bigger. (Solar wind, coronal mass ejections, and nuclear fusion have made it shrink since then.) That would help explain the coincidence of having liquid water simultaneously on both Earth and more-distant Mars. The trouble is, if all those possibilities were true, the Earth would probably have overheated. Some big questions endure.


—H. L.


SEE ALSO: The Rise of Tibet and the Asian Monsoon (10 Million BCE), Shen Kuo Writes of Climate Change (1088 CE)
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A meerkat sits atop a rock pocked with 2.7-billion-year-old raindrop impressions in South Africa. Credit 5



















2.4 Billion–423 Million BCE



THE ICY PATH TO FIRE



Despite the faint young sun, Earth‘s climate stayed above freezing for most of the “boring billion” years after oxygen’s rise in the atmosphere. Yet oxygen remained at a fraction of modern levels in air, and was largely absent from ocean water. Levels eventually rose to half of modern concentrations around 800 million years ago, tracking the evolution of photosynthetic algae and organisms feeding on it, like amoebae and filter feeders.


Because these complex life forms were much bigger than their microbial rivals, their remains sank deeper in the ocean before bacteria could consume them, carrying carbon and nutrients like phosphorus into deeper waters. This pushed the biological demand for oxygen into deep water, which made oxygen more available on the shallow seabed for the first time, allowing organisms like sponges to take up residence.


Sponges filtered the cyanobacteria-dominated water, allowing sunlight to penetrate, which promoted the rise of oxygen-generating algae. Later, the arrival of jellyfish and zooplankton pushed the chemical cycles involving carbon and oxygen even deeper. Each evolutionary step promoted deeper sinking of carbon-rich remains, more efficiently removing carbon dioxide from the atmosphere and locking it away in the deep ocean and sediments—a process known as the biological carbon pump.


Life’s drawdown of greenhouse gases, plus accelerated erosion and rock weathering of equatorial islands and maybe even the colonization of land by lichens, triggered two catastrophic Snowball Earth cycles, beginning 717 million years ago, and a subsequent brief ice age. Most of the planet was icebound for tens of millions of years, leaving only areas near the equator relatively free of ice. Reflecting just how different this world was from today, Siberia and Antarctica were near the equator at the time, and so were among the warmest places on the planet.


Atmospheric oxygen levels remained well below modern levels until plants colonized the land around 470 million years ago. By 423 million years ago, oxygen levels had risen enough to support the first fires, leaving charcoal traces in British rocks.


—H. L.


SEE ALSO: Agriculture Warms the Climate (5,000 BCE), Orbits and Ice Ages (1912)
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Computer artwork shows the Earth frozen in snow and ice some 590 million years ago, when the continents were in different positions due to tectonic plate movements. Credit 6



















252 Million BCE



LETHAL HEAT AND THE “GREAT DYING”



With the rise of oxygen, life forms grew bigger and more energetic. There were leaps of evolution and several mass extinctions, which mostly occurred during unusually active volcanic eruptions known as Large Igneous Provinces. These emitted gigantic quantities of greenhouse gases, warming the climate, acidifying oceans, and often creating widespread oxygen-starved ocean dead zones.


The Permian Mass Extinction, otherwise known as the “Great Dying,” was the closest this planet has come to losing complex life altogether.


Before that catastrophe, a menagerie of reptiles roamed the supercontinent of Pangea, which straddled the globe from the South Pole to the Arctic. Ice covered large areas of southern land, fringed by conifer forests. Moisture barely reached the vast continental interior, so desert dunes drifted across parts of Europe and America. That cool climate reversed sharply, however. The first instance occurred 262 million years ago, triggered by eruptions where China is today. But the real lethal heat marking the Great Dying struck 252 million years ago, when Siberia hemorrhaged lava for millennia, burying an area the size of Europe in basalt and ash over two miles (three kilometers) thick.


Acid fog circled the planet and sulfur billowed into the stratosphere, triggering a transient volcanic winter before raining out as highly corrosive acid rain. Greenhouse gas flooded the atmosphere enough to raise global temperatures by 18 degrees Fahrenheit (10 degrees Celsius), making the tropics lethally hot. Carbon dioxide dissolved in the oceans, acidifying them, and they became so starved of oxygen that even seabed-burrowing worms disappeared.


In a preview of the present, fossil-fuel combustion exacerbated the climate change. Magma feeding the eruptions ignited coal and oil deposits, releasing methane and carbon dioxide and spreading fly ash thousands of miles downwind. A staggering 90 percent of marine life, and some 75 percent of land life, went extinct in less than 60,000 years (a geological eye blink). Biodiversity didn’t recover until several million years later.


—H. L.


SEE ALSO: Dinosaurs’ Demise, Mammals Rise (66 Million BCE), Reefs Feel the Heat (2017)
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Today’s level of volcanic activity, as seen in Hawaii’s Kilauea Volcano in 2016, is a pale shadow of past periods when sustained and widespread eruptions shaped climate. Credit 7
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