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    For Lucinda

    who introduced me to real snow





A Note on Units

I have switched between metric and imperial units throughout, not for scientific reasons but based on what seems appropriate. It may snow in centimeters in France, but in Colorado it just seems to snow in feet and inches. My apologies to purists from either system.




Introduction

In 1867 a sister was born to a little girl who lived on a homestead in Wisconsin. They were pioneers: home was a log cabin their father had built in woods on the north bank of the Mississippi. In the summer the woods gave shade. From November to May, like sleeping bears, they surrendered to the snow.

The family moved west as the girls grew up, but life in the snowbound woods held a special place in the younger sister’s memory. Her name was Laura Ingalls Wilder, and years later she described a winter’s day in the cabin:


Ma was busy all day long, cooking good things for Christmas. She baked salt-rising bread and rye’n’Injun bread, and Swedish crackers and a huge pan of baked beans, with salt pork and molasses.… One morning she boiled molasses and sugar together until they made a thick syrup, and Pa brought in two pans of clean, white snow from outdoors. Laura and Mary each had a pan, and Pa and Ma showed them how to pour the dark syrup in little streams onto the snow.

They made circles and curlicues and squiggledy things, and these hardened at once and were candy. Laura and Mary might eat one piece each, but the rest was saved for Christmas Day.



The description comes from Little House in the Big Woods, which Ingalls Wilder wrote in 1932 and my mother read to me in Africa. I must have been eight at the time, and it made an instant, indelible impression. It was air-conditioning in book form: a blast of miraculous cold in the heat of a Nigerian summer. It fixed in my mind the idea of snow as a thing of bounty.

Snow irrigates. It gives skiers something to slide on. It covers mountains from Denali to Rakaposhi like thick icing. It is the only thing on Earth that brings peace and quiet to New York City, and it makes curlicues out of molasses.

Snow has a lot in common with religion. It comes from heaven. It changes everything. It creates an alternative reality and brings on irrational behavior in humans. There is a difference, though. Unlike religion, snow asks searching questions about the mysteries of nature.

What gives a flake its shape? Why are no two alike? How can the same warm wind bring snow to one side of a mountain and dry air to the other? How can rain sweeping up a valley past your window turn to snow in the blink of an eye?

My pleasure in moments such as these is not fleeting. It can last for years, to be recalled and savored like Proust’s madeleines, and it’s intensified by two things. The first is that moments of pure snow happiness are rare, especially if you live in a low and flat place such as England. The second—and this, admittedly, is no more than a hunch—is that they are even more unlikely in outer space.

The void that Earth hangs in is mainly a sunless, hostile vacuum. Evidence of life is scarce. Evidence of fun is even scarcer. Snow-like precipitation does seem to happen elsewhere in our galaxy, but water-based snow that you can slide down and roll around in requires a special set of circumstances. Snow needs an atmosphere that can hold water vapor without changing its chemical composition. It needs dramatic upward movements of moist air, either over rising ground or over other, colder air masses. This movement has to lower the temperature of the moisture to freezing or below, and the air has to be naturally seeded with billions of microscopic dust particles around which ice crystals can form.

The odds against all these conditions existing in one place are high, but on Earth it happens all the time. In the thin layer of gas we call the troposphere, the ingredients of snow come together routinely, as if in defiance of the cosmos. If that seems a strange thought, next time it’s snowing, try looking up at the clouds and picturing the void beyond them. Then go back to watching the snow as it softens hard edges, muffles all sound, and turns the world a comforting, retro sort of monochrome. This simple thought experiment can put a whole new complexion on a snowstorm. What was wild and destructive becomes protective and creative. Sometimes a snowstorm can feel almost intimate. How cool is that?

Sometimes a snowstorm can be hell. The driving snow, not just the cold, made Apsley Cherry-Garrard’s winter trek across Ross Island in 1911 “the worst journey in the world.” Everyone caught out by “bad” weather on a ski slope has experienced a version of that misery. But it’s a misery to dine out on. It puts you in three-dimensional contact with nature, and something about that is intrinsically exciting. The sky is falling around you, and you can taste it by sticking your tongue out. You have an excuse for being late, and for spluttering with excitement when you arrive.

Henry David Thoreau called snowflakes “glorious spangles, the sweep of Heaven’s floor.” He was fascinated by snow observed up close, and he was in good company. Scientists and philosophers had already been competing for three centuries to explain whether God or nature was responsible for snowflakes’ six-pointed perfection. Their subject was snow in micro, snow as jewel. More recently, humans have developed an equally strong fascination with snow in macro, as commodity, for an obvious reason: we cannot get enough of it. We are a thirsty species in desperate need of the water that snow stores, and we are hedonistic. When you’re in snow, booted and suited to slide down it one way or another, it’s natural to wonder if it can snow harder. It’s the obvious question, unsubtle but insistent. How hard can snow fall?

One February morning in 1991 it snowed hard enough—in London, of all places—to save the prime minister’s life. That morning a white van heading west on Whitehall pulled up on the side of the road opposite the Ministry of Defence. The driver got out and sped away on a motorbike. A few minutes later three homemade mortar shells burst through the van’s fake roof. Two fell short, but one landed in the garden of 10 Downing Street, a hundred feet from where John Major was holding a cabinet meeting. There were a few light injuries but no one was killed—a mercy later attributed partly to the fact that the snow had hidden a mark on the pavement where the van was supposed to have stopped. The driver missed his mark.

Snow can fall hard enough to cover your tracks in the time it takes to get inside and close the door. In 1953 the Monthly Weather Review, the journal of the American Meteorological Society, published a paper reassessing a storm of 1921 as the biggest one-day snow event in American history. That doesn’t necessarily make it the biggest storm ever, but the New World does have what it takes to produce snow fast and in huge quantities. It has the Pacific for moisture, mountains for uplift, and a continent-size landmass for refrigeration. The storm was centered on Silver Lake, Colorado, high in the Rockies and three miles east of the Continental Divide. It dropped three inches an hour for twenty-seven and a half hours straight, and seventy-six inches in twenty-four—enough to bury a six-foot-four cowboy standing up. Previously, the Silver Lake event had been disqualified for the snow record because of high winds and drifting, but the 1953 paper argued, in retrospect, that these were no more significant than in other megastorms. So historic 1933 snowfalls in Maine and California were elbowed aside. Silver Lake was handed the one-day record, which it held for more than half a century.

I would give a lot to have been there, with measuring stick and fur-lined moccasins. And hip flask. And paraffin lamp flickering in the window of a log cabin stocked with enough food to last until the great spring thaw.

Will we ever see such snow again? It would be easy to look on in despair as glaciers recede above the tree line and white Christmases recede into memory, but it would be unnecessary. For many humans the experience of being in snow is so rare that it’s easy to assume the same is true of snow itself. In fact, even now, we get a staggering amount of it.

Professor Kenneth Libbrecht, former head of physics at the California Institute of Technology, has come up with a mind-bending illustration of how much snow still falls on the planet as a whole. In numerical terms he puts it at a million billion snowflakes per second, on average, every second of the year. To reach an estimate for a whole year from this starting point, you would simply multiply a million billion by 60 to reach a number for each minute, then by 60 again for each hour, then by 24 for each day, and finally by 365. That works out at 315,000,000, 000,000,000,000,000, or 315 billion trillion snowflakes a year. Which is a big number, and impossible to visualize. So, taking 100 million snowflakes as a reasonable estimate for a modestly proportioned snowman, Libbrecht offers this thought: Enough snow falls on our planet to build every ten minutes throughout the year one snowman for every man, woman, and child living on it. That’s enough for 7 billion snowmen every ten minutes, even in July.

Can this be true?

From any ordinary point of view it’s hard to visualize enough snow falling in ten minutes to create this many snowmen, especially if you are one of the majority of humans who have never seen snow or only seen it sporadically. What’s needed is an extraordinary point of view, and this is what the Global Snow Lab at Rutgers University in New Jersey has found.

In 2006, NASA launched a three-ton satellite from Cape Canaveral aboard a Boeing Delta rocket. Called the Geostationary Operational Environmental Satellite 13, or GOES-13, it soars thirty thousand kilometers above the North Atlantic with an unobstructed view of half the northern hemisphere. The other half is monitored and photographed by the GOES-15, parked in a similar orbit over the Pacific. Among other data streams, they provide continuously updated information on which parts of the globe are covered in snow, and the snow lab at Rutgers University turns this information into maps.

We don’t know much from the Global Snow Report about the depth of this snow cover. Some of it will be thin or short-lived, such as the snow that came and went before Christmas in the Alps in 2016. Some of it will be deep and crisp and even, and immovable until the spring sun gets to it. What we do know is that GOES-13 mapped 50 million square kilometers of snow cover in the northern hemisphere alone in 2016–17, from the high Arctic to Anatolia. Professor Libbrecht didn’t pluck his figure of a million billion flakes per second from thin air. He knew all about snow’s planetary scale, and he bases his numbers on a sensible, middling estimate for the number of flakes per cubic unit of snow. Such estimates range from a few tens of millions to a billion per cubic foot, depending on the size of the flake.

So he was not exaggerating about the snowmen. If all snow fell as snowmen, there would indeed be a gigantic army of them, replenishing itself every few minutes. Without snow on such a scale there would be no cryosphere: no ice caps, no glaciers, nor any of the valleys they create. There would be no mountain snowpacks of the kind that store water for the summer when it’s needed, from California to the Himalayas. And there would be no deep winter of the kind brought on by the reflective power of snow as it overlays Earth like a space blanket.

Under a microscope, snow is translucent. Under the sun it’s white. Much of the heat and light that hits it simply bounces back into space. This creates a feedback loop known as the albedo effect, which applies to clouds too, but more dramatically to snow: that which is cold makes the planet colder.

How much colder? Where might this feedback loop lead, other than round in circles? There is a theory, popularized in 1998 in a famous paper by the Canadian geologist Paul Hoffman, that the albedo effect of snow has in the distant past helped global glaciation reach a point of no return. About 650 million years ago, the theory goes, the annual advance of snow and ice between the poles and the lower latitudes became so exaggerated that it reached all the way to the equator and stayed there.

Welcome to snowball Earth, its surface entirely frozen over, a white planet rather than a blue one. This place inspires mixed feelings for anyone who wonders as I do about the ultimate snowstorm, about why and when it happened or might happen. If snowball Earth ever existed, tremendous snow events were probably in its creation, possibly the most violent and dramatic ever. But no one would have been around to witness them, and not much more snow would have fallen once the snowball state took hold. With no open water there would have been little evaporation or precipitation. Ice can sublimate directly to water vapor without becoming liquid, but we can be pretty sure snowball Earth would not have been a good place for fresh powder. Like any normal snowball, it had two options once created: stay frozen, or melt. Since it no longer exists, if it ever did, we know it must have melted.

For a long time this was a reason to reject the whole crazy idea. If the sun’s radiation would not melt the surface of Earth once it had frozen, what would? What could reverse the feedback loop? In the early 1990s, paving the way for the Hoffman paper, a colleague of Libbrecht’s by the name of Joseph Kirschvink offered an answer: volcanoes.

In a nutshell, Kirschvink suggested that massive volcanic eruptions released enough heat to melt the snowball and enough carbon dioxide to trap the heat. If he is right, this was a huge moment in the history of snow. It meant that the snowball process was repeatable. Ice could creep all the way from the poles to the equator and back, over and over. Time lapse photography of the process would show Earth as a strange blinking eye circling the sun, gaining and losing an all-encompassing white cataract every few hundred million years.

This would solve some stubborn mysteries, such as why mineral deposits normally associated with glaciation have been found in such places as Namibia. The trouble is, plate tectonics might explain these too: landmasses that were once close to the poles and covered in ice have since drifted across Earth’s mantle to warmer places. So the truth about what happened 650 million years ago is that we’ll never know. In practice, the oldest snowfall for which we have physical evidence is much younger. It’s probably about a million and a half years old, and it sits under two miles of ice east of the Russian Vostok research station in Antarctica.

In the quest for the mightiest snowstorm of all time, Antarctica might seem an obvious place to look. It’s covered in snow. It’s the coldest place on Earth. It’s the place where Robert Scott’s Terra Nova Expedition met howling blizzards and death that came in the snow disguised as sleep. But Antarctica is not snowy because a lot of snow falls there. It’s snowy because so little melts. Ice cores extracted from the thickest part of the cap will reveal much about climate change over the last thousand millennia, but they’re unlikely to hold evidence of the mother of all blizzards. In Antarctica it simply doesn’t snow enough. The idea that it can be too cold to snow is a myth, but it can be too dry. In a typical year near Vostok we might see just enough new snow to cover a tennis ball.

So, for the ultimate snowfall, we have to look elsewhere. We know that snow needs moisture and something to make it freeze. For that, it turns out nothing beats a brisk wind blowing off a temperate ocean and then colliding with a range of mountains. The warmer the ocean, the more moisture it will release through evaporation, and the warmer the air above it, the more moisture it can hold. This was established in the early nineteenth century by a French railway engineer named Benoît Clapeyron, with the help of the German physicist Rudolf Clausius. They worked out that for every degree the sea’s surface temperature rises, the atmosphere’s water content should rise by 7 percent. Several decades of measurements taken by American satellites have proved them right. Since the 1970s the world’s average sea-surface temperature has risen by 0.6°C, meaning the mass of atmospheric water vapor should have gone up by 4 percent, and it has.

That 4 percent amounts to an extra five hundred cubic kilometers of water in the air around us, Dr. Kevin Trenberth of the US National Center for Atmospheric Research told me a few years ago. That is one Lake Erie or three Dead Seas. Such a huge amount of water would mean more storms, he went on. “As time goes on, more of these storms will be rain rather than snow, but as long as the temperatures remain low enough, you may actually end up getting bigger snowstorms. We’re going to have some big blizzards.”

So it has proved. For the first five years after Trenberth’s prediction the Sierra Nevada mountains in California endured a dreadful drought. Then, in the winter of 2016–17, the whole range practically disappeared under snow. Squaw Valley, which claims an average of thirty-five feet a year, was still digging out from under forty-seven feet in April. That month the town announced it would stay open for skiing right through summer for the first time in its history.

Squaw had never seen anything like it. Meteorologists attributed the season’s wild falls to “atmospheric rivers” supercharged with moisture thanks to the El Niño effect—a periodic warming of the Pacific that may be intensified by more general warming. If so, that warming could mean more snow before it means less, at least in a few fortunate high places. The greatest blizzard of all time may be yet to come.

But when? And where? And what sort of snow will it bring? For anyone who wants to be there when it happens, these are serious questions. The answer to the first is of course unknowable, but I once asked a slightly different question—When will the last great blizzard happen?—of the splendidly named Raymond T. Pierrehumbert, now Halley Professor of Physics at Oxford. I got a surprisingly specific answer: 2040. That was the year his statistical modeling said would yield the last big Goldilocks combination of low air temperatures, high atmospheric moisture content, and heavy snow.

I hope he’s wrong. We’ll see. In the meantime the question of where to go for snow determines the shape of a gigantic industry—or at least you’d think it would.



From a distance, one of the most remarkable things about snow on planet Earth is the strange way the dominant local species interacts with it. Most of the 50 million square kilometers of snow in midwinter are empty of people. South of the seventy-seventh parallel (about the latitude of Thule in northern Greenland) an alien looking down from a GEO satellite starts to see humans, but only in small numbers: Inuit and oil workers on Alaska’s North Slope, Sami people and snowmobiles in the north of Finland, the Inughuit of northern Greenland, and the Chukchi of the Russian Far East, who on a clear day can see Alaska across the Bering Strait.

These populations are tiny and self-contained. Our alien sees little trace of them. But at the moving edge of the snow zone, from roughly the sixtieth to the thirty-eighth parallel, a frenzy of seasonal activity appears. Bulldozers. Building sites. High-tension cables and high-voltage power lines. Low-rise conurbations and extravagantly landscaped mountainsides. Pods, trains, funiculars, and lines of steel seats suspended in midair, all laboring upward against gravity so that thousands upon thousands of humans can come down with it, sliding over snow.

If snow was all that mattered for this activity, more of it would take place farther north. But the frenzy happens where snow and people meet. Often it defies both nature and common sense. It speaks of a strong human compulsion.

In 2011, as the Italian economy staggered like a drunkard through the eurozone debt crisis, the Funivie Monte Bianco company committed to spend £100 million to upgrade a three-stage cable car that rises from the south end of the Mont Blanc tunnel to the French-Italian border. The works were wildly extravagant. They included a base station the size of a cathedral and a 150-meter pedestrian tunnel cut through solid rock to connect the lift to the Rifugio Torino, a climbers’ hut two vertical kilometers above the Val d’Aosta. The cable cars are circular and rotate, so passengers don’t even have to turn their heads to take in the whole alpine panorama as they ascend in a spiral toward the playground of the gods. A conference center is at the midstation, and a galvanized-zinc summit complex is like something out of On Her Majesty’s Secret Service. The whole thing harks back half a century to the golden age of cable car construction with the unabashed aim of surpassing it at any cost.

In India, 300 million people live on £1.50 or less a day, but you can still ski from the highest lift in the world, ten kilometers from the highest war zone in the world. In Russia, Vladimir Putin is so beguiled by the glamour of sliding over snow that he spent $51 billion to host the winter Olympics at Sochi, a town he was brought up to love for its palm trees. In China, President Xi is not to be outdone. He will host the 2022 winter games in Zhangjiakou, one hundred miles north of Beijing near the Gobi Desert, where the only snow is artificial. Lest anyone suspect him of putting prestige before the people, Xi has ordered up one thousand brand-new ski resorts, to be built by 2030. Most of them will be completely reliant on snow cannons.

We are mad about snow but we prefer not to travel far for it, which is a recipe for disappointment. Better to be heading for one of the small handful of places on the globe where snow still falls dry, cold, deep, and often. It turns out that the quest to find them requires a little skepticism and a lot of wanderlust.






One Perfect Snow



STEVE: It’s a snowfall. Touch it.

WONDER WOMAN: It’s magical!

STEVE: It is, isn’t it?

—Wonder Woman screenplay, 2017



One January morning not long ago, the people of Aïn Séfra woke to a surprise. Snow had been falling since soon after midnight on the high ground around their town. In places it was a foot deep. School was postponed so that children could go out and play, and most of them did, because Aïn Séfra isn’t used to snow. It’s an oasis on the edge of the Sahara. Algiers is three hundred miles to the northeast. The Atlantic is almost as far away to the west. Snow is rare enough here to feel like a miracle, and as the children threw themselves headfirst down sand dunes transformed into white-crested waves, they screeched like wild macaws.

Along the crests the snow looked as if it belonged. Lower down it quickly thinned to nothing. The brave sliders of Aïn Séfra had about a five-second slide before they hit sand, then they’d run up and do it again. With each slide they turned the snow a pinker, sandier mush. By midmorning it was gone, but not to be forgotten. Video footage was shot and uploaded and was by lunchtime being broadcast in Brazil.

For those who felt that snow’s intense coldness and its slipperiness, it must have been definitive. It was what snow was like. The idea that you could have different types of it would probably have seemed beside the point. Snow either fell on you or it didn’t, and praise be, it had. You could even make a case for that day’s fall being the greatest snow on Earth, at least for as long as it lasted. The utilitarian philosopher Jeremy Bentham might have made this sort of case—the greatest possible happiness for the greatest possible number per flake.

I like this argument, but it has a couple of problems. First, if you claimed in print that Aïn Séfra’s snow was the greatest snow on Earth, you might get sued because “The Greatest Snow on Earth” is a trademark of the State of Utah, jealously defended since 1975. The second problem is suggested by the first: the idea of great snow isn’t simple. It’s contentious and the stakes are high.



The Aïn Séfra fall was not a meteorological orphan, but part of something much bigger. The main local ingredient was a long push inland by a storm system from the Atlantic. This was not unusual for the time of year, but it collided over the desert with freezing air drawn more than three thousand miles south from the Arctic, and this was a once-in-a-generation phenomenon. It was unusual for the distance traveled, the volume and temperature of the air, and how long it kept coming. On its way south this air had picked up moisture from the North Sea, supercooled the Alps, and smothered them with their heaviest snow in thirty years.

If not for this Alpine snow—which buried the glacier above Engelberg in Switzerland to a depth of five and a half meters and brought back frayed memories to a generation of old-timers who’d thought they would never see anything like it again—it’s possible that Aïn Séfra’s sideshow would not have attracted much attention. As it was, the arrival of snow in the Sahara became supporting evidence for excited theories of a big shift in weather patterns.

The French national weather service announced the retour de l’est, an exotic name for easterly winds from Siberia by way of the Black Sea and the Med that were colliding with the Alps from the east as the Atlantic system arrived from the northwest. Anglo-Saxon weather watchers were preoccupied with a high-pressure zone over Greenland that was forcing the jet stream into a northern detour before its arrival in Europe. And then there was the North Atlantic Oscillation, the NAO, an atmospheric seesaw powered by the Azores high and low pressure centered on Iceland. When both are weak, the NAO is negative and brings fewer storms to Europe from the Atlantic. When they are both strong, it’s positive and that means heavy weather.

In January 2018 the NAO was strongly positive. Ordinarily the precipitation expected as a result would be relatively warm, but the retour de l’est and the Greenland high were cooling it down. Hence the excitement, and the snow.

It came a meter at a time: mighty dumps, one after the other. Cold fronts queued up over the North Atlantic and then rolled over the British Isles and the Low Countries, right up to the watershed once crossed by Hannibal. And there they sat, emptying, like supertankers caught on a reef.

I printed twenty pages of reports from one of my favorite snow sites and just sat there looking at them. Pictures sent in by tourist offices and European weather services were all variations on the theme of burial. Buried trucks. Buried chairlifts. Buried buildings. All surfaces were merely pedestals for natural art installations. All efforts to preserve the rhythms and routines of life were vanquished.

“Crazy snow depths in Cervinia.”

“Maximum avalanche alert.”

“Exceptionally heavy and potentially disruptive snow…”

“Chaos in the Alps!”

Captions to make the heart sing. Zermatt was cut off. Visitors to Tignes were banned from walking outside in case snow falling from roofs should bury them alive. Donald Trump’s fleet of helicopters arrived in Davos to headlines of “Apocalypse Snow.” Ho-hum memories of the year before were banished, and for once Europeans could pretend it snowed in their mountains as it did in America’s. Which was a romantic thought, but not quite true.

A once-great snow power, Europe is now managing long-term decline. Meanwhile the basic geography of the western United States, with westerly prevailing winds off the world’s largest ocean, makes it hard to beat as a snow factory. An exception to this rule was 2017, and even then Europe was playing catch-up: the previous year, the combination of a warming Pacific and a stubborn knot of mountains on the California-Nevada state line had produced something to put the Alps in their place.

Winter came late to the Sierra Nevada in 2016. There hadn’t been much snow for Christmas, but by early January a telltale pattern was emerging in satellite measurements of water vapor in the air above the eastern Pacific. Vapor was dense in a band a hundred miles wide, starting at a point roughly equidistant from Hawaii and Acapulco. With due respect to the ocean, this was in the middle of nowhere. But here two giant low-pressure zones rotating in opposite directions were drawing moisture into a long conveyor like dough into a pasta maker. From there the band of moisture stretched two thousand miles northeast to the Californian coast. It made landfall south of San Francisco and spread out as it hit rising ground that would eventually freeze it and turn it into snow.

This weather pattern used to be called a pineapple express. It comes from the tropics and even shows up as a green and yellow line on some of the National Oceanic and Atmospheric Administration (NOAA)’s graphics. Nowadays it’s more fashionably known as an atmospheric river, although the term derives from research done in the 1990s by two scientists, Yong Zhu and Reginald Newell, who preferred to talk about tropospheric rivers.

Zhu and Newell’s choice of words was revealing. The troposphere is the lowest layer of the atmosphere. The lower a body of air is, the warmer it tends to be, the more moisture it can hold, and the more likely it is to collide sooner or later with mountains.

Almost all the water vapor being fed into the great atmospheric river of January 2017 was carried along at or below six thousand feet above sea level. Some of it condensed out as rain as it crossed the coast, watering the gardens of Carmel and the citrus groves of the San Joaquin Valley. The rest of it was going to have to deal with the Sierras.

This is how California and the Pacific collaborate to make snowstorms. Many variables have to work in sync for a big storm. When they don’t, the snowpack thins and the people of Los Angeles have to sacrifice their lawns, but when atmospheric rivers flow in earnest, they can carry fifteen times as much water as the Mississippi, according to the NOAA.

“They come at you like a fire hose,” a meteorologist from NASA told the Associated Press as the snow started to fall.

In six days, from January 6 to January 11, enough precipitation landed on the Californian Sierras to refill more than eighty reservoirs with a combined volume of more than forty cubic kilometers of water by the time it had all melted. In those six days Mammoth Mountain, which sits in a notch in the High Sierras that funnels weather to it from north and south, got fifteen feet of snow. For the rest of January and much of February the fire hose kept spraying. Squaw Valley would grab the headlines at the end of the season by announcing plans to keep its ski lifts open all summer, but the smaller resort on the other side of the lake was buried deepest. Mount Rose, a steep drive up into the mountains from Reno, had measured a total of sixty-four feet, or nearly twenty meters, of snow by the time it closed its lifts.

Twenty meters of snow is almost too much to fathom. It’s three two-story houses on top of each other. I phoned the Mount Rose resort office to ask what it had been like, and Mike Pierce, head of marketing, said, “Atmospheric rivers became kind of the norm. Ba-boom, ba-boom, ba-boom, ba-boom. There are times when if you didn’t want it so much, you’d say it was too deep. It felt bottomless.”

I have good memories of atmospheric rivers even though they weren’t called that at the time. In 1996 I sat for four days watching one dump snow on Mammoth, summoning the courage to ask a fellow snow addict to marry me. She said yes, so maybe that snow was perfect in its way. Maybe. But if you fall too hard for fallen snow, the risk is that you stop paying attention to the snowflakes.



In the film that bears her name, Wonder Woman encounters her first snowfall in a town square half-destroyed by war. She’s transfixed by it. She calls it magical, and she’s right. Snow is magical, not least in the sense of being mysterious. Incomprehension is justified when you see it fall. Several billion years have passed since the first flake. Half a century ago we went to the moon. We can edit genes and create membranes a single atom thick, but we still don’t know how snowflakes grow.

Two hundred miles south of Mammoth Mountain a separate range rises over the Mojave Desert, and on its north-facing slopes, for a few dozen days a year, it snows. Most of what falls settles among well-spaced Douglas firs at about eight thousand feet, cooling the earth and putting smiles on the faces of those who know where to find it.

For several years this was the closest snow to where we lived. We’d drive up out of the heat of LA and marvel at it, unaware that on the way we’d passed someone doing more than marveling.

The road to these mountains passes through Pasadena, California, home of Caltech, where Ken Libbrecht spends much of his time listening to deep space for evidence of neutron stars and gravitational waves. His passion, though, is snowflakes. Most of his original research is on the mysteries of snow-crystal morphology. At Caltech, using machines he’s built himself, he has grown the world’s most perfect artificial snowflakes and come up with the fullest account yet of how they grow.

Ken’s shopping list for snow would look something like this:


	Water

	Air

	Refrigeration

	Temperature control

	Optics

	Dust



The formation of a snowflake starts with a few billion water molecules. In any normal cloud these cluster naturally in tiny droplets, which aren’t vapor but are small enough to defy gravity. They just float there, held aloft by air. The molecules in them jostle together like shoppers on Oxford Street, close to one another but not in orderly rows. And—it’s important to note—they have a natural fondness for this liquid state.

When clouds rise over banks of denser air or up the side of a mountain, they cool. In theory the droplets in them should freeze solid when the air temperature reaches 0°C, but strangely this doesn’t happen. Without something to freeze onto, pure water can stay in a supercooled liquid state down to minus 40°C. Even with something to latch on to, a cloud might not freeze until the air temperature falls to about minus 6°C.I

This is where dust comes in handy. Tiny specks of it are perfect nuclei for ice crystals, and plenty of them are in the atmosphere. Volcanoes are good sources; so are forest fires, winds as they scour the earth, and slaughterhouses. In January 2011 an unusual snowfall near Dodge City, Kansas, was attributed by the US National Weather Service to steam and soot rising from a pair of abattoirs southeast of the city. A nearby power station provided extra steam, and all three buildings lined up neatly with the prevailing southeasterly wind. Half an inch of snow fell in an expanding plume northeast of the city, exactly where you would expect in the circumstances, and nowhere else. The same thing happened downwind of a Pennsylvania nuclear power plant two years later, and downwind of a sewage works two years after that. In the same way, more or less, Siberians say they can make snow in the winter just by emptying a pot of lukewarm water out of the kitchen window. Presumably it helps if they live a few floors up.

Usually snowflake formation is more poetic than this, but it always starts with an ice crystal, and the crystal always has six sides.

Why six? Before the triumph of science, this sort of question led into the treacherous territory between nature and the divine. Undaunted, in 1611 the German daydreamer Johannes Kepler published an entire pamphlet on it. Cum perpetuum hoc sit, he mused, quoties ningere incipit, ut prima illa nivis elementa figuram prae se ferant asterisci sexanguli, causam certam esse necesse est. “There must be some reason why, whenever snow begins to fall, its initial formations invariably display the shape of a six-cornered starlet.”

Strictly speaking, his question was about ice crystals rather than snow crystals, but it amounted to the same thing, and he failed to answer it. He pondered nature’s talent for what is now called close packing, in pea pods, pomegranates, and honeycombs. He wondered if snowflakes incorporated the same logic as cannonball stackers, who arranged their balls in pyramids. In a sense they do, but he was going on little more than a hunch.

Four centuries on we can do better. The six-sidedness of ice crystals is a result of the natural angle formed by two hydrogen atoms and one oxygen atom in a molecule of water. That angle is 108 degrees. It doesn’t change when water freezes, but it does force water molecules into a three-dimensional hexagonal lattice as they lose energy and surrender to the cold.

A team from the Max Planck Institute in Munich has worked out that the minimum number of water molecules needed to form a stable frozen lattice is 275. The minimum number for the hexagonal shape of an ice crystal to start to emerge is more like 1,000, which is still far too small to see, but large enough for more molecules to stick to it and make it grow. As it does, it graduates from ice crystal to snow crystal, and eventually to snowflake.

The whole process is wonderfully unrushed. A snowflake can take three-quarters of an hour to fall to the ground, growing all the time and sucking vapor out of the air as it does. Ken Libbrecht explained how in a paper in 2007:


The liquid droplets in the cloud that remain unfrozen slowly evaporate, supplying the air with the water vapor that creates their frozen brethren. Thus there is a net transfer of water molecules from liquid water to water vapor to snow crystals. This is the round-about method by which the liquid water in a cloud freezes.



Libbrecht estimates that it takes a million droplets to provide the water vapor for a single snow crystal the size of the full stop at the end of this sentence. At this stage our proto-flake is compact, streamlined, and hard to distinguish from its neighbors. They would even be hard to tell apart under an electron microscope because snow’s basic hexagonal lattice is uniform. If this sounds close to saying all snow is alike, it should. At the molecular level snow is predictably structured, although only up to a point. It is also true—indisputably, amazingly—that no two flakes are alike.

Even at this full-stop–size stage, it’s impossible for any two snow crystals, never mind snowflakes, to be identical for two reasons. The first is that speck of dust. No two specks are created equal.

The second is deuterium or, more precisely, deuterium hydroxide. Anyone who’s seen Kirk Douglas as Dr. Rolf Pedersen in the 1965 film The Heroes of Telemark will know that the Nazis hoped to vanquish all resistance to their thousand-year Reich with the help of deuterium hydroxide, a naturally occurring heavy isotope of water, which if isolated can be helpful in the building of an atom bomb. Left to itself, however, in water, water vapor, or ice, deuterium hydroxide is dilute and harmless, and its distribution is random. There is no pattern or predictability to the whereabouts of its molecules. All we know is that there is one per thirty-two hundred normal water molecules, which equates to several million per flake—in, remember, a totally random formation. The number of different possible arrangements of these deuterium molecules in any given flake far exceeds the number of atoms in the universe. This is the second engine of uniqueness in snowflake formation.

And the third is the atmosphere. As the crystal falls, it grows. How it grows depends on what it falls through—the water content of the cloud, the temperature and pressure of the air, the route it takes. All of this is random too, and randomness breeds yet more uniqueness. No two snowflakes since the dawn of snow can possibly have formed from identical ice crystals and taken exactly the same path to the earth.

This path determines a flake’s shape, so the shape is a travelogue, a record of turns taken, to be read outward from the center. One day a supercomputer should be able to look at a flake and describe in detail every layer of air it fell through.

Even to imagine this is progress. A century ago, when a New Hampshire farmer’s boy named Wilson Bentley pioneered the art of snowflake microphotography, he thought snowflakes’ uniqueness enhanced their beauty, but he couldn’t account for it. He just observed it, over and over, from under a hood, peering into a large-format box camera pointed at the sky as a source of light. His pictures have never been improved on, but they are less mysterious now than when he took them.

We now know that snow crystals grow into snowflakes because of three processes acting on them at once. The first two are known as faceting and branching. Imagine the ice crystal building block of any flake as a miniature hexagonal ice hockey puck. Its six sides are prism facets. Its top and bottom are its basal facets. As it falls through cold, moist air or swirls around in it heedless of gravity, free-floating water molecules from evaporated droplets adhere directly to these facets without passing back through the liquid phase. When they stick to the basal facets, the puck thickens. It can quickly become taller than it is wide—a column rather than a puck. When they stick to its prism facets, it becomes wider, like a plate, and one of the mysteries of faceting is that both versions can act on one flake, but they rarely do so at the same time. This is why some snowflakes look like pairs of train wheels on an axle. They grow first through basal faceting to create a column, then through prism faceting to create the wheels, with an abrupt switch from one to the other that no one can quite explain.

For all the oddness of train-wheel shapes, snowflakes would generally be dull if they were shaped only by faceting. They would be small and granular and lie heavy on the ground, like the rough little crystals that pile up next to snow cannons on denuded ski slopes.

What makes snowflakes beautiful is branching. In a crystal’s journey through the atmosphere all the parts of its surface are in competition with one another for free-floating water molecules.II In this “competition,” to stick out into the air is to have the edge, so when the prism facets are growing, the corners between them grow faster than the facets themselves. They are the equivalent of the tweeter who gets more followers simply by posting more tweets. As the corners begin to stick out, they catch even more molecules relative to the self-effacing facets, so they grow faster—a positive feedback loop that creates the branches that turn crystals into stars and snow into something light, fluffy, and miraculous.

Not all snow has such a happy destiny. I’ve seen it rise up in sheets of slush from the streets of Moscow, soaking whole bus stops full of bystanders. I’ve read about it smothering Buffalo, New York, like an ice bucket challenge, as wet and heavy as Lake Erie itself and useless for anything except being hauled away. That said, it’s surely wrong to discriminate against snowflakes on the basis of where they fall. It’s not their fault.

Given the chance, all snowflakes will branch, and branching is only the beginning. If branching were all that happened during pauses in faceting, snowflakes would be tangles of icy white filaments almost infinitely long. However, the process is self-limiting and decorative. The feedback loop that creates branches from the corners of a hexagon slows down almost as soon as it speeds up. Growth happens in fits and starts because of the microphysics of diffusion: the more successful a branch is at snaring free-floating water molecules from the air, the greater the distance to the branch from others in the immediate neighborhood, and the longer they take to cover that distance.

This time a real-world analogy works better than Twitter. A garrulous guest at a party attracts a circle of curious listeners, creating space between them and the rest of the people in the room—space that they don’t bother to cross because they can’t hear what the fuss is about. However entertaining the guest, the seeds of the limits of her popularity lie in her popularity. In the jargon, her popularity is diffusion-limited. That could change, but only if she stands on a chair and starts to sing or performs a twirl in a costume that changes as if by magic, causing a stampede—and snowflakes can do this too. Their growth produces fabulous, attention-getting patterns because the process switches back and forth between branching and faceting as they fall through layers of air of differing humidity. Experiments with artificial snowflakes have shown that high humidity favors branching, and low humidity favors faceting. Molecules adhere accordingly, like resin granules in a 3-D printer.

No party is complete without a log fire or a heat lamp, or a swimming pool. And so it is with snowflakes. The final, crucial factor that determines how big and beautiful they grow is temperature. Is there a sweet spot of temperature and average humidity that produces the greatest snow on Earth? There is.



In 1928, after a long journey by steamship via Singapore and Suez, Ukichiro Nakaya, a young postdoctoral researcher in experimental physics, arrived in London to immerse himself in the study of a revolutionary new method for photographing bones through human flesh. He was determined to succeed. Ambition, more than a specific interest in X-rays, brought him to London. Ambition took him back to his native Japan two years later to take up an assistant professorship at Hokkaido University, where at first he worried about how to make his mark. He had no money or equipment with which to compete in fashionable fields such as quantum mechanics or cosmology. There was, however, superabundant snow.

It is impossible not to envy Japan’s snow geography. Sapporo sits across the sea from Vladivostok. The wind arrives chilled by three thousand miles of Siberia, then moistened and warmed, but not too much, by two hundred miles of water. Nakaya set to work photographing the results.

Aware of Bentley’s work, Nakaya picked up where it left off. He took three thousand snowflake photomicrographs, measured and classified them, then started making his own snow in a temperature-controlled cloud chamber. He found the tip of a single strand of rabbit fur to be the ideal nucleation point and grew flakes in varying humidities and temperatures down to minus 35°C. Radically different snowflake shapes formed as he played with these two variables. He grouped them into fourteen categories and placed them on a graph with humidity increasing up the x-axis and temperature falling along the y. The diagram this produced looks random. It is counterintuitive. It shows no easy trend toward bigness or shapeliness in any direction, but it has remained largely unchanged for eighty-five years. It bears his name, the Nakaya Diagram, and it shows as clearly as a traffic light what the conditions are for perfect snow. You need a supersaturation level of 0.3 grams of water per cubic meter of air, and a temperature of minus 15°C.

This gives the best odds of snowflakes that look the part; big and beautiful but not likely to collapse under their own weight or melt on impact. These are fernlike stellar dendrites, the stars of snow.

The Nakaya Diagram shows the conditions required for columns, needles, plates, and solid prism flakes as well, and I would take any of them over rain or nothing, but stellar dendrites are special. They are like ordinary dendrites, which occur at 0 to minus 3°C, but they’re up to three times bigger. These are the flakes that Bentley liked best for close-ups. They settle fast, pile high, and absorb more sound than any other type of snow. If you lie down in a snowstorm, they are the type of flake you’d want to see falling toward your face. If rain is a rushed and irritable waiter nearing the end of his shift, an overnight fall of fernlike stellar dendrites is a stealth team of metteurs en scène who spread out through the banquet hall with dishes under silver domes, which they remove with an understated flourish, whispering as one, “Voilà!”
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