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The Lord hath his way in the Whirlwind, and in the Storm,


and the Clouds are the dust of his feet.


(Nahum 1:3)
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Introduction


Giant


This was a good spot. The air here smelled of redwood and rain, the gentle sound of the river lapping against his ears. Carefully, the young scientist set down his pack, full of the camping equipment you would expect on such a trip, but also including, more unusually, several large glass flasks. These were completely empty, not just of anything visible, but of any air whatsoever. Yes, he thought, this spot will do very nicely. Among the trees, away from other people. After setting up his tent and tidying his supplies, the scientist took one of these flasks and opened its valve. With a satisfying hiss, warm Californian air rushed into the evacuated glass flask, a tiny sample of the atmosphere here at Big Sur. The scientist resealed the flask, set it to one side and made a note of the date and time the sample was taken. He took a moment, listening to the sounds of the forest, letting the dappled sunlight play across his face. The next sample wasn’t due to be taken for several hours. He had some time to enjoy the beauty here.


This was all a bit of fun for the scientist. Still fresh out of his PhD studies, the idea of taking his experiments on the road was frankly a good excuse to get out into the wilderness, seeing parts of the country he’d never seen before. He’d felt pressures from colleagues, superiors, and even the US government to pursue more lucrative studies, more useful to the national interest. Yet he felt drawn to these experiments.


They would lead to the discovery of a remarkable, shocking twist in the long history of our atmosphere. Never in thousands of years of study had one individual so fundamentally reshaped our relationship with the air around us.


And it all had to do with the tiny samples of the Earth’s atmosphere held in those glass flasks.


 


The atmosphere is clearly of great importance to us all. It’s the air we breathe. It enables life on Earth. Without this thin layer of gas, just a few tens of kilometres thick, our planet would be a frozen, lifeless rock. Yet few people can describe how it works. Or its composition, or its history in any detail. For such a vital part of our existence, the atmosphere receives remarkably little interest.


We are, of course, interested in the atmosphere sometimes. Particularly if you’re British, the weather is a topic of endless fascination and frustration. Local variations in atmospheric temperature, pressure, and moisture are direct influences on our lives, the footprints of a giant, atmospheric entity. Yet most people’s interest extends only to the footprints, not to the giant itself.


In fact, most people’s broader knowledge of the atmosphere extends to just one topic. Climate change – and its associated uncertainties – has come to dominate the popular discourse around our planet’s atmosphere: changes in the concentrations of carbon dioxide and other trace gases causing increases in temperature, rising sea levels, retreating glaciers, and more extreme storms. Or perhaps not. Perhaps the world is actually cooling due to changes in the Sun. Scientists seem unsure. The apparent uncertainty around climate change gives the impression that perhaps science still does not understand how our atmosphere works.


A viewer from outside the field could be forgiven for making this assumption: that science has yet to figure out how our planet’s gaseous blanket works. After all, if we cannot seem to predict the weather with any accuracy, and we cannot work out if the climate is indeed changing, what do scientists actually understand? Yet the science of climate change and weather prediction are just parts of a modern, sprawling research field. Atmospheric science encompasses research in how layers of the atmosphere (yes, there are layers stacked on top of one another) talk to one another. Research in how the wind 50 km above the North Pole can be used to improve winter weather predictions, and save lives. Scientists for over 200 years have been probing, investigating, revealing the workings of our planet’s atmosphere, and although there are still many unanswered questions, some of which we’ll get to in this book, the giant has largely been understood. Science not only has an anatomical map of the giant – from its footprints, to the blood in its veins, to the hairs on the top of its head – but a textbook on its physiology. We understand what it is made of, where it came from, where it begins, and where it ends. We understand why it moves, where it chooses to flow. Perhaps most interestingly of all, we understand how it behaves as a vast entity, with events half a world away changing the state of the atmosphere and its footprints upon the surface.


Before I embarked upon my research career, I was entirely ignorant of this. My original scientific interests were a world away – I began my physics degree wanting to work in fusion power. But near the midpoint of that degree course I took a module on geophysical fluid dynamics – the physics of how the atmosphere and oceans move on the face of a rotating sphere, the Earth. The module opened my eyes to a whole new world of science, showing me it was possible to describe the behaviour of the entire planet using physical equations. Suddenly I wasn’t considering infinitesimal point particles on a frictionless infinite plane, but real things – water and air! The physics of flowing fluids could be linked to the physics of temperature and heat, and those physics linked to those of the Sun and the Earth’s orbit around it.


It was a glorious union of my different interests within physics with my passion for the natural world. I grew up reading Gerald Durrell and watching David Attenborough, getting lost in the woods of my local countryside, and playing around in the mud. All of this had been missing in my studies. To be able to combine these two worlds – of abstract physics and tangible nature – was a dream come true.


Along my path to eventually researching the interactions of the middle atmosphere and the surface, which will make a guest appearance in this book, I learned fascinating things. I learned how the temperature of the Pacific Ocean changes the length of winters in Europe. I learned how the lower atmosphere has a physical lid, preventing air from escaping any higher. I learned how above the polar night a storm the size of a continent spins at over a hundred miles per hour. This book is a journal of those discoveries. A condensed guidebook to our atmospheric giant. Starting from the earliest pioneers of atmospheric science, we’ll meet a cast of characters from around the world – not only remarkable scientists, but also physics and phenomena that will open your eyes to how incredible the air we breathe is.


We’ll begin by sketching out the anatomy of the atmosphere, introducing you to its layers, each with their own personalities and quirks. We’ll look at the giant’s blood – how and why air and moisture flow from one part of the globe to another, and the fascinating history of this understanding. Certain organs in the giant are particularly interesting, and we’ll look at these in some detail – the great ribbon of air that forms the mid-latitude jet stream, the bulk of the colossal stratospheric polar vortex. Perhaps most mind-boggling of all is the way that the atmosphere exhibits teleconnections, the phenomenon of particular see-saw patterns influencing the giant’s footprints on our lives even from the other side of the world, and we’ll meet these in turn too.


As I’ve already said, most people are only aware of the atmosphere as an entity within the context of climate change. And when it is viewed in this way, our understanding of the atmosphere, as scientists, can seem incredibly flimsy. The main reason I wanted to write this book was to demonstrate that the science of climate change is only part of what we know about our atmosphere, and that it grew out of, and now nestles within, a mature field based on centuries of thought and experiment. It is a tree in a green forest of knowledge. The study of how carbon dioxide warms the planet’s surface reaches back well over a century, and the dynamics of how it is mixed in the atmosphere have been understood for decades, coming from a millennium of observations. While there is much about climate change that is still being actively researched, its fundamentals are deeply rooted in the wood of atmospheric science.


The point of this book is to document these roots, to show how the vines of climate change mesh into the broader forest. With this perspective, it is my hope that you will come away with not only a greater appreciation of how wonderfully complex our atmosphere is, but also an understanding of how we reached our current level of knowledge. Perhaps most importantly, you will also come away fully aware of the significance of our young scientist in California, and the all-important samples of air he was taking.










Chapter 1


Idea


It is 1862. James Glaisher (1809–1903) had just entered a hotel in Ludlow, in the rural English county of Shropshire. To say that he’d had a rough day would be an understatement. He’d travelled over twenty miles, walking the last seven cross-country. The previous fourteen miles he’d travelled had been through the skies, and he had been unconscious for some of it. He’d definitely earned a rest.


Glaisher and his associate Henry Coxwell (1819–1900) were aeronauts, literally ‘air sailors’: the brave, pioneering individuals who travelled by balloon. They were an experienced team, having undertaken dozens of experimental flights together. Coxwell was a natural adventurer, having been fascinated by balloons as a child, and by 1862 he had been a renowned aeronaut for quite some time, with over 400 flights under his belt. Meanwhile, Glaisher, a heavy-set family man with an impressive set of mutton chops, came to aerial adventuring late in life. Most days he was sat behind a desk as the head of the Department of Magnetism and Meteorology at the Royal Observatory at Greenwich, London. Previously, he had worked in the field and in the lab, for the British Trigonometric Survey and as a research assistant at the University of Cambridge respectively, but he increasingly found himself in the basket of a research balloon.1 His previous experience taught him that in order to better understand the natural world, scientists needed more data, and more accurate data, and sometimes that meant getting his hands dirty and collecting it himself. Glaisher represented a turning point in how we interact with our atmosphere. This Victorian gentleman, scholar, and adventurer was part of an extraordinary century of activity that transmuted a superstitious, even supernatural, field of study into one of the modern pantheon of sciences.


He commissioned Coxwell to construct a huge new high-altitude balloon – the Mammoth – with the aim of exploring the atmosphere over 30,000 feet in altitude (around 9.1 km). Originally, this endeavour did not involve Glaisher – who was in his fifties – himself flying; instead the idea was for Coxwell to train several young meteorologists to accompany him on the flights. Glaisher was forced to step up to the plate, however, when one of the trainee meteorologists ‘declined’ to ascend on a training flight with Coxwell. He subsequently wrote: ‘I found that in spite of myself I was pledged both in the eyes of the public and the British Association [for the Advancement of Science] to produce some results in return for the money expended. I therefore offered to make the observations myself.’2


This makes Glaisher’s involvement seem rather reluctant, but biographer Richard Holmes characterises the senior scientist as delighted at the opportunity. After starting his career with years of field measurements, followed by a great expanse of time behind a desk, perhaps Glaisher longed for the excitement of the cutting edge of exploration. It is difficult to imagine the man who wrote ‘do not the waves of the aerial ocean contain, within their nameless shores, a thousand discoveries?’ not finding the idea of balloon exploration exciting. He certainly proved himself to be an efficient and meticulous instrumentalist, capable of making incredibly rapid and accurate measurements even under stress.


The flight of 5 September 1862 in the Mammoth proved to be the most incredible, and most dangerous, of his career. The pair set off from Wolverhampton that afternoon at around 1 p.m. Wolverhampton was used as a launch site for two simple reasons. First, it was home to a friendly municipal gas company, which provided the coal gas that lifted the balloon. Second, it’s about as far from the coast as it is possible to be in England, and thus minimised the chance that the balloon would disastrously come down in the sea. Landing is naturally the most hazardous part of ballooning, and especially with expensive, fragile scientific equipment on board such as thermometers, barometers, and anemometers, it was imperative to secure the safety of both humans and apparatus. To this end, the pair used a padded crash box for the apparatus, designed to be as accessible and quick to stow as possible.* On this particular flight, however, the landing was the least of Coxwell and Glaisher’s worries.


 


* While the colour of this box is lost to us, the balloon was arguably equipped with the forerunner of the black box found in modern aeroplanes.


 


By 1:53 p.m. the pair had ascended to 29,000 feet (8,800 m), the temperature dropping below freezing and the sky above them a dark, Prussian blue. The flight seemed to be proceeding much like any of the other flights the pair had previously undertaken, but Coxwell and Glaisher were in fact in serious danger. As they ascended, the steady rotation of the basket had caused the release-valve line in the balloon – essential for decreasing altitude – to become twisted and tangled, leaving no way for the balloon to vent gas and slow down or reverse the aeronauts’ ascent.


Coxwell noticed this almost too late, and, eight kilometres above the Earth’s surface, was forced to climb out of the basket and up into the balloon to fix the line. Unless something was done, the men would asphyxiate when they reached the upper atmosphere. At 29,000 feet the air was already so thin that breathing was difficult, and both men were rapidly starting to feel the effects of oxygen deprivation. They had perhaps minutes to live. In the basket, Glaisher felt his legs give way, his vision becoming increasingly blurry, and he found himself incapable of supporting the weight of his head. He faded from consciousness. Meanwhile Coxwell, also struggling from the lack of oxygen, was attempting to wrestle the line out of the balloon and into the basket. Still the balloon climbed higher and higher, now at a rate of a thousand feet a minute. The air was so cold that his hands were beginning to freeze solid and he repeatedly lost his grip, nearly falling out of the balloon. Eventually, miraculously, he pulled the line free.


However, his hands were by this point entirely frozen and incapable of gripping on to anything. He was unable to climb back down. After a few desperate attempts, Coxwell was able to manoeuvre himself using his elbows and dropped back into the basket. But the balloon was still climbing. With his hands now blackened and immobile with frostbite, he couldn’t pull the release valve. With one last effort, he took the line in the crook of his elbow, gripped it with his teeth, and pulled hard.


His efforts were rewarded, and he heard the gas start to vent from the balloon above. Resting, panting for a few moments against the balloon basket, he crawled over to the unconscious Glaisher and attempted to rouse him. Glaisher later recalled that Coxwell, having cheated death by mere seconds, had – in a wonderful display of Victorian etiquette – implored him, ‘Do try to take temperature and barometer observations, do try.’ Glaisher replied, ‘I have been insensible’, to which Coxwell unflappably said, ‘You have, and I too, very nearly.’


Freshly revived, Glaisher took up a pencil and started to take observations as soon as he was able (having fortified himself with some brandy, carried in the balloon basket for just such eventualities). By this time the pressure readings were already increasing, and the maximum altitude the pair reached could only be estimated based on the rate of ascent and descent before and after the crisis with the release valve. This was later calculated to be around 32,000 feet, though possibly as high as 37,000 feet (9.7 km and 11.3 km respectively), above the surface. It was an altitude record that would stand for nearly forty years.


The Mammoth touched down without incident in a large grassy field in Cold Weston, an abandoned medieval village outside Ludlow. Coxwell and Glaisher, wanting to report their remarkable journey, then walked the seven or so miles to the town’s train station, but were stymied by a lack of trains that day. Glaisher telegrammed an account of their adventure, which would be front-page news the following morning, before heading to a hotel with Coxwell to get dinner.


Coxwell and Glaisher were unaware of it, but they had achieved a world first. They were almost certainly the first humans ever to leave the lower atmosphere. Had Glaisher maintained consciousness and watched over their instruments, he would have made a groundbreaking discovery: that the Earth’s atmosphere was more complex and multi-layered than anyone suspected at the time. A repeat flight was out of the question, however, as the pair had barely escaped with their lives. In fact, to this day, the two men hold the record for the highest altitude unassisted by breathing apparatus. Advanced as Mammoth was, the technology of the time simply did not allow for human exploration of such a remote environment, even though it was only a few miles above the surface of the Earth.


As all scientists are, Coxwell and Glaisher were limited by the equipment at their disposal. Our understanding of the atmosphere, and indeed of all areas of science, is intrinsically linked to the development of technology, as well as how that technology is used. To understand why their flight was so significant – and why it would have rewritten the rulebook of the atmosphere had they kept an eye on their instruments – we first need to understand how Coxwell and Glaisher thought about the atmosphere, and what they used to measure it.


 


Even before the invention of agriculture, our atmosphere was a subject of intense interest and speculation for humans, as our food supply was directly dependent upon it. Hunters and gatherers provided for their communities at the mercy of the weather. Atmospheric conditions such as temperature, wind, and rainfall shaped the migration of animals and the foraging bounty of plants, eggs, and fungi. After the invention of agriculture, the earliest civilisations grew up around fertile, arable land. This made yearly harvests possible, but their yield was still dependent on the weather, which dominated the flow of life. It’s no surprise that some of the earliest surviving fragments of writing contain references to the weather.3


These were mostly observations of phenomena and can’t be considered scientific in the modern sense. Being of such significance, however, the study of the heavens – both earthly and celestial – formed a key component of ancient religions. As early as 3500 bce, the religion of pre-dynastic Egypt prominently featured the sky and incorporated rainmaking rituals.4 Early societies believed that atmospheric phenomena were under the control of the gods – famously the Ancient Greek sky god Zeus controlled lightning and thunder, while Ancient Egyptians believed in a god of air and wind, Shu.5 Many also believed that these phenomena were connected to the heavens above them, specifically to the motion of certain heavenly objects. The Babylonians left extensive records of ‘astrometeorology’, written by astronomer-priests6 and preserved on clay tablets. These contain copious observations of astronomical phenomena and even a theoretical framework describing them, including predictions such as ‘when a cloud grows dark in heaven, a wind will blow’ and ‘when a dark halo surrounds the Moon, the month will bring rain or will gather clouds’.


Traditionally, the first steps towards science are considered to have taken place in Ancient Greece, though this may well have more to do with the abundant preservation and subsequent assimilation of Greek knowledge than with any primogeniture. The concepts of science and scientist didn’t exist until the nineteenth century, however, before which the terms natural philosophy and natural philosopher were used instead to refer to the study of nature and to someone who studied it, respectively. Again – traditionally – the first natural philosopher is considered to be Thales of Miletus (624–545 bce), who, as well as being credited with inventing the concept of a mathematical theorem and associated proof, was intensely interested in weather.7 Right from the very beginnings of science itself, the atmosphere has been there.


Thales was familiar with the Babylonian system of astrometeorology, and made his own meteorological predictions. His approach to these predictions was significantly different from those of the astronomer-priests, however: they required no gods. His was a world in which nature obeyed entirely secular, rational laws. For example, Thales travelled the ancient Mediterranean extensively and was said to have visited Egypt to witness the annual flooding of the Nile. While the Egyptians explained the flooding as being the result of the god Hapi’s arrival, controlled by the pharaoh, Thales gave a different, natural explanation. According to his theory, northerly winds prevented the Nile from flooding most of the year by pushing the river water upstream. In flooding season, however, this wind disappeared and so the river would burst out, unopposed, into the floodplain. While ultimately incorrect, this theory was entirely based on natural concepts and did not rely on mysterious gods pulling unseen, unknowable strings. It was the very beginning of what we call atmospheric science today.


While we cannot say for sure if the Ancient Greek states were the first to study and rationally theorise about the weather, we can say with absolute certainty that these were where meteorology as a field was born. The great philosopher Aristotle (384–322 bce) coined the phrase from the Greek for ‘the study of phenomena in the sky’ in a treatise titled Meteorologica, published around 340 bce.* Aristotle was arguably the most influential meteorologist of all time. His theories on the weather dominated textbooks in Western civilisation until the seventeenth century,8 and – with his omnivorous mind, working in disciplines from physics to philosophy, botany to psychology – he was hailed as the authority for nearly two millennia. While details of his life are patchy, it’s certainly clear that he was entranced by the natural world, taking meticulous observations of the plants and animals of his one-time island home of Lesbos. This obsession extended to phenomena of the sky, and his four-volume Meteorologica was the first known attempt to systematically describe and discuss the weather.9


 


* This ultimately named the modern field, via French polymath René Descartes’ 1637 work La Meteorologie.


 


Aristotle borrowed from Eudoxus of Cnidus (c.390–c.337 bce) the idea that the universe was divided into concentric spheres with the Earth at its centre. Around the Earth was a terrestrial sphere bounded by the orbit of the Moon. Above this terrestrial region was the celestial sphere. In modern terms we can think of this as dividing the known universe into our planet and its atmosphere, and the outer space beyond. This division, Aristotle argued, necessitated separate fields of science for each region: astronomy for the celestial sphere, and his new field, meteorology, for the terrestrial sphere beneath. This sphere, extending to the Moon, consisted of four elements – earth, water, air, and fire – as adapted from Empedocles (c.494–c.434 bce), arranged in concentric layers. Earth lay at the bottom with water on top, which was then topped with air, which in turn was topped by fire.


 


[image: clip0001]


Figure 1: Aristotle’s concept of the universe.


These layers were dynamic; for example, dry land stood above oceanic water, and fire often burned on the surface of the Earth. The four elements were in a constant process of interchange: when the heat of the Sun reached the Earth’s surface, it mixed with the cool, moist water and formed a new warm and moist substance similar to air. Similarly, the Sun’s heat mixed with the cold, dry earth to produce a substance that was warm and dry, similar to fire.


Despite being full of what to modern eyes are obviously flawed arguments, Meteorologica is a remarkable work. It summarises human knowledge of the atmosphere at the time, bringing together observations and prognostications from both Egyptian and Babylonian sources. It also represented a common theme of Ancient Greek natural philosophy: the evolution from supernatural to natural explanations. However, Aristotle’s arguments still weren’t scientific in the modern sense, as they were based on qualitative interpretations of observed natural phenomena. This was typical of much Ancient Greek natural philosophy: it was not based on experiments or – more importantly – falsifiable using data. Experiment was seen as manual labour, and so beneath the dignity of a gentleman scholar such as Aristotle.10 And even if Greek scholars had been inclined towards experimentation, precise measurements of atmospheric properties were simply not possible then – the instruments used to make such measurements hadn’t yet been invented. In fact, the very concept of measuring these properties hadn’t been invented either!


But even if the Ancient Greeks did have  access to meteorological equipment, which atmospheric measurements would be the most important to take? If you were to ask a meteorologist to join you in exploring some undiscovered land, they would pack in their bag – along with other essential scientific equipment like coffee – two crucial instruments: a thermometer and a barometer. The former measures the temperature of the surrounding air, while the latter measures the pressure this air exerts. Exactly what these concepts of temperature and pressure mean will be explained later, but for now it will suffice to say that they give scientists fundamental information about the state of the atmosphere at any particular location. By tracking how they change over time – along with other quantities such as humidity – scientists can not only classify the local climate, but, as we will see, also make predictions about its near future.


The meteorologist Sir William Napier Shaw once wrote that ‘The invention of the barometer and the thermometer marks the dawn of the real study of the physics of the atmosphere, the quantitative study by which alone we are enabled to form any true conception of its structure.’11 For our understanding of the atmospheric giant to evolve from that of antiquity to the one of pre-modern natural philosophy, these two instruments needed to be invented. As it would happen, both would first appear in Renaissance Italy.


 


The year is 1593. A hundred years have passed since Christopher Columbus limped back to port in Lisbon, bringing with him tales of the New World. Since then, immense wealth has been transferred to Europe, and some of this used to fund academics and scholars. One natural philosopher who received such funding, quite possibly the most famous of them all, was Galileo Galilei (1564–1642).


At this time, the study of the natural world was still dominated by Aristotle. For eighteen centuries his writings had been law on all that lay between us and the heavens – why the wind blows, where clouds form, and what causes rain. The Meteorologica was taught in universities across Europe and students learned that the Earth was surrounded by concentric spheres of water, air, and fire. Galileo, however, was having none of this, and had a different idea of how natural philosophy should be done – using measurements, and mathematics.


Galileo had two advantages over the Ancient Greeks. First, he had access to far more advanced mathematical methods, including centuries of innovations from the Arab world and beyond, such as algebra and the concept of zero. Second, among other material improvements, he had glass. Glass, of course, dates back much further than the Renaissance, having been invented some four thousand years previously. But while Aristotle and other Ancient Greek philosophers had access to primitive glass, it was brittle, thick, and unusable for delicate items.12 This would remain the case until the end of the thirteenth century, when a series of innovations was made by the glass makers of Venice. Experimenting with new compounds added to the silica that forms the body of glass, successive generations of glassblowers were able to make their products stronger and more malleable. They realised that by adding the burned ash of certain plants, their glass could be made perfectly clear, and far more resistant to attack by chemicals or sudden changes in temperature. This made the development of specialist scientific instruments possible – scientists could now isolate chemicals in their laboratories, or construct elaborate devices such as air pumps. With the combination of New World wealth, Arabic mathematics, and Venetian glass, Europe was poised to lay the groundwork for modern physics, chemistry, and biology.


Galileo would change atmospheric science forever. The first of his contributions came in 1593, when he introduced his thermoscope. Unlike a thermometer this device did not allow for measurements of temperature on an absolute scale such as Celsius or Fahrenheit – this would not be conceived for over a hundred years – but instead used relative measurements, by comparing whether a location became cooler or warmer over time, or whether it was cooler or warmer than another location. Like subsequent thermometers, however, Galileo’s thermoscope worked on the principle of thermal expansion: material changing its volume when its temperature is increased. For most substances this means a very small increase in volume when temperature increases: for example, when water is heated from room temperature it very slightly swells in volume.* This occurs because increasing the temperature of a substance gives each component molecule more kinetic energy; i.e., each molecule in the substance wiggles around more vigorously, and to give themselves enough space they maintain a larger average separation with one another. In fact, this is what temperature means – it’s simply the average kinetic energy of molecules in a substance.


 


* It is interesting to note that this is not always the case. Negative thermal expansion is the phenomenon of substances contracting when their temperature is increased. This actually takes place with water between 0 and 4 degrees Celsius: when heated, it shrinks in volume.


 


Galileo used this effect by trapping water in a glass tube suspended in a pan of more water, sealed at the top with another glass vessel ‘about the size of a hen’s egg’. As the ambient temperature changed over time, so would the temperature of the water in the instrument and, due to the thermal expansion of its volume, the height it reached in the tube. Galileo proudly demonstrated his invention in a series of public lectures at the start of the seventeenth century, which does show how far we’ve come in the entertainment value of public scientific lectures. His instrument, however, was undeniably primitive. Over time it would be refined, first by enclosing the water in glass, preventing loss through evaporation, and later by replacing the water with other fluids – such as spirits and mercury – that experienced a greater change in volume when exposed to changes in temperature. In an interesting reversal of the patron/artist relationship, these improvements seem to have first been made by Galileo’s patron, the Grand Duke of Tuscany Ferdinando II de’ Medici.


The thermoscope would reach its modern recognisable form as the thermometer with the invention of an absolute temperature scale. This was a pan-European effort lasting a century, with early contributions from English scientist Robert Boyle (1627–91), who attempted to set a fixed point for a temperature scale. For reasons known only to himself, he set this as the temperature at which aniseed oil (which he surrounded the bulb of his thermometer with) ‘begins to curdle’.13 This was not terribly successful as a reproducible method of defining a scale. Dutch mathematician Christiaan Huygens (1629–95) took things a step further by suggesting the use of two fixed points – the freezing and boiling points of water – and delineating degrees of separation between these fixed points to define ‘a universal and determinate standard for heat and cold’.14 Eventually, Polish-Lithuanian instrument maker Daniel Gabriel Fahrenheit (1686–1736) constructed the first reliable mercury thermometer in 1714, with his scale, still used today, based on three reference points: the equilibrium temperature of an ice/water/salt mix (that’s zero degrees), the temperature at which ice forms on the surface of water (that’s 32 degrees), and the temperature measured when ‘the thermometer is placed in the mouth, or the arm-pit, of a healthy man’ (that’s 96 degrees).15


The temperature scale familiar to most people was invented by Swedish astronomer Anders Celsius (1701–44), who defined his scale as having one hundred degrees between the freezing point and the boiling point of distilled water. This is where the name ‘centigrade’ comes from, meaning ‘hundred steps’ in Latin. Originally, however, Celsius defined the boiling point to be at 0 degrees and the freezing point to be at 100 degrees: the opposite of our modern scale. The scale was inverted around the time of Celsius’s early death at forty-two, allegedly by none other than the famous taxonomist Carl Linnaeus, also from Sweden, for use in his greenhouses.


With the mighty thermometer in hand, meteorologists were finally able to quantify the temperature of their surroundings. They could at last gather concrete data with which to develop, and test, theories about how the atmosphere functioned. Much of this data was trivially known – such as the fact that air grew colder at night, or became warmer as one moved closer to the equator – but some results were subtle. For instance, it was found that further from the Earth’s surface, air temperature uniformly fell, though the rate of decrease was not the same everywhere. Temperatures also often fell in the hours before heavy rain arrived, and sometimes fell for seemingly no reason at all. As more data was collected, scientists began to notice patterns and construct new ideas about how our atmosphere was put together.


There was a problem, however – the thermoscope was in fact another instrument in disguise. Recall Galileo’s original design for his thermometer: a glass tube topped with a bulb, suspended in a broad pan of water. The glass bulb at the top and the pan of water at the bottom isolate the water in the tube, preventing it from evaporating and changing the level in the tube. The pan of water had another unintended effect, however: it was also functioning as a barometer! Atmospheric pressure pushing down on the pan of water would influence the height of water in the tube; when the pressure was high, the water would reach higher. This would occur when there was a greater weight of atmosphere above. Why did the great Galileo not foresee this? Like most other scholars of the time, he didn’t consider this possibility as he believed that air had no weight. This was a lingering remnant of the Greek system of the four elements, which taught that both air and fire possessed no weight.


If Galileo had any idea that this was a flawed assumption, he was out of time to change his mind. It was around then that he was courting controversy through his support of Copernicanism, the radical idea suggested by Nicolaus Copernicus (1473–1543) that the Earth in fact orbited the Sun, rather than the other way around.* This directly conflicted with the geocentric view of Aristotle, a view shared by the Catholic Church. After decades of decidedly bad behaviour towards the Church, Galileo was eventually found by the Inquisition to be ‘vehemently suspect of heresy’ and placed under house arrest in 1633.


 


* This is actually where we get the word ‘revolutionary’ from. Previously, it literally referred to one object revolving around another, but Copernicus’s heliocentrism, with the Earth orbiting the Sun, was so radical that the term ‘revolutionary’ was used synonymously with monumental changes.


 


In the last few years of his life, the frail and nearly blind Galileo employed a brilliant young mathematician named Evangelista Torricelli (1608–47) to be his assistant. Galileo had been impressed by Torricelli’s work and had corresponded with him since his house arrest. Sadly, the two only worked together for a few months before Galileo’s death in early 1642, but the self-described ‘ardent Galilean’ Torricelli strove to continue his master’s research. In particular, against significant theological opposition, he developed the theory of ‘indivisibles’16 – an important precursor to calculus – and, more relevantly for our story, constructed the world’s first true barometer.


In trying to improve Galileo’s design, Torricelli filled a metre-long glass tube with mercury and carefully upended the tube into a basin, also filled with mercury. The level of metal in the tube, now vertical, fell gradually before stabilising one-quarter of the way down the length of the tube. However, after leaving his equipment for a few days, Torricelli noted that this level started to change. Some days the mercury in the tube fell rapidly, while on others it would slowly climb. Torricelli claimed that, with his changes to the instrument’s design, these changes were caused by variations in atmospheric pressure, the weight of air overhead pressing down on the Earth’s surface, rather than by changes in the temperature. Specifically, if atmospheric pressure increased, the level in the tube would grow higher, while if atmospheric pressure was low, the level in the tube would fall. He wrote, rather poetically: ‘we live submerged at the bottom of an ocean of the element air, which by unquestioned experiments is known to have weight’.17
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