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Introduction: The Ruler, the Clock, and the Thermometer

MOST OF US are likely to start our day with a series of questions: Where do I have to go? What time is it? How cold is it? In going to sleep, we anticipate tomorrow’s answers to those same questions. The measurements of length, time, and temperature, implicit or explicit, set our life’s rhythms. I’m particularly fascinated by temperature, the subtlest of the three. While new ideas expand our horizons, the everyday understanding of length and time has not changed appreciably in millennia. We’ve had rulers and clocks for a long time. This is not the case with temperature. Even though we can agree that a baby immediately knows hot from cold, our ability to measure temperature is only a few hundred years old. Our scientific understanding of even a gas’s temperature—the average kinetic energy of molecules in thermal equilibrium—is much more recent.

Traditionally, science books intended for the general public describe a specific discipline or a particular problem. Books on cosmology or genetics or neuroscience are useful and often wonderful. I’m taking a different path, using the measurement of temperature as a guide in exploring many aspects of science. Such a wide sweep inevitably entails selection; the ensuing choices reflect my own background and taste, as well as my ignorance and knowledge. As a caveat, I should first tell you who I am and where this story is heading.

I’m a physicist. When people ask what I do for a living, I tell them I’m in the family business. My brother is a physicist, my nephew is one, lots of cousins are, my uncle received the Nobel Prize in physics, my wife’s father was a well-known German physicist, and her sister is married to an even more famous Viennese physicist. Physics, my professional life, also has a familial side for me.

Two generations ago, the family business was paper. My Jewish grandfather Giuseppe moved, as a young man, from Mantova in northern Italy to Tivoli, a city about fifteen miles west of Rome. He built there a small paper mill that grew with the increased demands of the prospering capital of a newly unified Italy. The new and yet old country, once barely tolerant of Jewish enterprise, now encouraged it. Giuseppe was rewarded for his efforts when the new Italy awarded him the honorific title of commendatore.

Tivoli had thrived in Roman times. Known then as Tibur, it is nestled in the foothills of the Apennines, surrounded by poplar forests and cooled by the Aniene River with its numerous waterfalls. Tibur was an agreeable place to spend the hot summer months. Villas and temples sprung up as the wealth of the Roman Empire grew. In the second century A.D., Hadrian built his magnificent residence at the point where the Tibur hills met the Roman countryside. As described in Marguerite Yourcenar’s Memoirs of Hadrian, it was more than just a villa. With its theater, reflecting pool, and other outlying buildings, it was probably the single largest residence of the classical world and yet it exuded quiet and tranquility. Yourcenar imagines the emperor thinking:


Once more I have gone back to the Villa, to its garden pavilions built for privacy and for repose, to the vestiges of a luxury free of pomp, and as little imperial as possible, conceived of rather for the wealthy connoisseur who tries to combine the pleasures of art with the charms of rural life.



This jewel had been long abandoned, but excavations began in 1870 at Villa Adriana, as it was now called, just as Rome became the capital of a reborn Italy.

In the Renaissance, Tivoli, the new name for Tibur, was, as before, a fabled retreat from the heat of the nearby metropolis. In 1550 Cardinal Ippolito d’Este began the transformation of an old monastery into Villa d’Este, a sumptuous residence with Italy’s finest display of Renaissance fountains. He built it on the hillside to heighten the effect of the cascading waters and also to allow the cardinals and the nobles, promenading along its cool paths, to glimpse the dome of Saint Peter’s Basilica in the distance. Tivoli became a byword for elegance and charm. Such far-flung establishments as the amusement park in Copenhagen still carry its name.

The nineteenth century saw the arrival of industry. Paper mills require trees for wood pulp, plentiful water, power, and, hopefully, a nearby market. Tivoli had all of that, and so my grandfather built his mill just below Villa d’Este, on the site of the old Roman Temple of Hercules. The ruins of the temple provided the backbone of the factory, in what to present sensibility is an unthinkable sacrilege. But in those days, the growing demands of the new Rome made the rocks of old Rome seem an appropriate foundation. Late in his own life my father joked that the only trace of the Segrè family in Tivoli would be a plaque saying “Here is the Temple of Hercules, desecrated by the Segrè family, but restored to its former grandeur in——”

My grandparents had three children, all boys. They grew up in a world dramatically poised between the old and the new. The oldest, Angelo, my father, wandered as a child through the ruins of Villa Adriana, collected Roman coins, and studied the past. He eventually became a professor of ancient history, but he wanted to do more than just chronicle the past. He wanted to understand how people paid their bills, what they traded, the way their economy worked, how the currencies in the Mediterranean were valued, what Romans did in times of fiscal crisis. His most significant work was a two-volume treatise, Metrology and Monetary Circulation in the Ancient World, metrology being the study of measurement. I still remember him describing to me his excitement when, told of the discovery of an ancient storeroom full of broken pots, he realized he could predict the size each pot would have when reassembled. He knew what had been in the room, what was stored in the pots, who sold them, who bought them, and for how much. He knew all the measurements.

A charming, lovable, idiosyncratic man, impractical but immensely learned, my father increasingly came to regard the study of the ancient world as a kind of luxury. Fascinated by the emergence of quantum mechanics, relativity, genetics, and the idea of an expanding universe, he urged his children to study science, possibly regretting his own early decision not to do so. Perhaps another way of viewing my father’s feelings is that historical awareness was so ingrained in him that he urged others to explore what to him was foreign.

The middle son, Marco, took the conventional route, staying in the old family business and running the paper mill. The measurements he studied were the prosaic but certainly important ones of balance sheets, cash flows, and growth curves.

In the mid-1920s, my grandfather’s third son, Emilio, still an undergraduate at the University of Rome, began doing research with Enrico Fermi. Fermi, newly arrived in Rome, was only four years older than Emilio, but he was already a professor and beginning his rise to fame. In collaboration with Fermi and others, Emilio went on to a very successful career in physics, both in Europe and later in the United States.

Emilio is best known for his work with Fermi on neutrons and for the discovery of the antiproton, which led to his receiving the 1959 Nobel Prize in physics with Owen Chamberlain. I like to remember him for a less well known discovery: that of the element technetium and, in particular, the measurement of its half-life. The story goes as follows: Emilio became acquainted during a visit to Berkeley in 1937 with the great American experimentalist Ernest Lawrence, the builder of the first cyclotron. They corresponded regularly after that, since they had similar interests. At one point, Lawrence sent to Emilio, still in Italy, a molybdenum foil that had been placed in Lawrence’s California cyclotron. Emilio suspected the cyclotron bombardment might have in fact led to the production of the forty-third element of the periodic table, an element that had never before been detected. After a careful set of chemical separations done with the help of his colleague Carlo Perrier, Emilio found he was right; they named the new element technetium. One of the reasons it had been missed in earlier chemical analyses was that technetium has several chemically identical forms, none of them stable.

I know the discovery had a special meaning for my uncle because, when World War II was over and Emilio could finally visit his father’s grave, he brought some technetium with him. As he says,


I scattered a small sample of technetium on my father’s tomb at the Verano Cemetery in Rome, my tribute of love and respect as a son and as a physicist. The radioactivity was minuscule, but its half-life of hundreds of thousands of years will last longer than any monument I could offer.



Emilio turned to history as he grew old. His first nonscientific venture was a biography of his mentor, Enrico Fermi. Later, trying to frame what he had seen in his life, he wrote a history of twentieth-century physics and finally a book on the history of classical or prequantum physics. These books are an attempt by Emilio to uncover, as he admitted, the meaning of Dante’s phrase “Chi furono li maggiori tuoi?” (Literally, this means, “Who were your greaters?” but in an intellectual sense, “Who were your ancestors?”)

My uncle’s involvement and my father’s guidance surely pushed me to participate in physics, the new family business. My father went a step further—he announced I should become a theoretical physicist. When I pressed him on how he reached this decision, he replied that theoretical physics seemed to be a profession with two cardinal virtues: you can tell right from wrong and you don’t have to talk to anyone you don’t want to talk to. Although both assertions are arguable, I became one anyway and certainly proved I was an obedient son. Over the past thirty years I have mainly worked on problems in elementary particles, occasionally branching out to condensed matter physics and astrophysics.

As I look back at my own pursuits and at the lives of my father and his brothers, I see us all drawn to the three types of measurement that rule our lives: length, time, and temperature. The volume of an amphora, the half-life of technetium, and the temperature in a neutron star are measured with sophisticated instruments. Simpler appraisals are made with the ruler, the clock, and the thermometer.

I knew at the outset that I wanted to incorporate in this book a discussion of some of the big questions science has addressed in the past century, many of which remain unanswered. In endeavoring to do this, I was pleased to discover that temperature was necessarily part of the narrative, not a peripheral marker. Consider three examples.

Our Earth was formed about 4.5 billion years ago from a protoplanetary disc, but when did life first appear? Although it was certainly present 3.7 billion years ago, was the intervening period, 800 million years, long enough for primordial organic molecules to assemble into genetic material? Was the necessary aquatic environment present? The answers depend on early Earth’s temperature—how long a favorable climate existed and how resistant life was to thermal jumps. If conditions were such that life could not have formed that quickly on Earth, we must search for its origins elsewhere in the solar system. If life came from elsewhere, where did favorable conditions exist four billion years ago and how did life make the journey to Earth?

Next, consider the universe’s birth in the cosmic explosion known as the Big Bang. Unimaginably hot in the beginning, the universe cooled over the course of 300,000 years to 5500 degrees Fahrenheit (3000 degrees Kelvin is the way this is usually presented). Experimental evidence says the temperature in that 5500-degree universe was almost completely uniform, the same at one point as at another. Yet it cannot have been completely uniform, or galaxies, stars, and planets would not have evolved. The signals from temperature fluctuations of less than a degree, present at that early time, are now studied with the tools of modern astronomy.

As a third example, consider the rather strange concept of a lowest possible temperature, an absolute zero. The notion of approaching that limit, first glimpsed less than 200 years ago, has turned into the exploration of a new world in which rules of quantum mechanics dictate behavior, wires have no electrical resistance, and flowing fluids experience no friction. This world, so remote from our own experience, has its counterpart in stellar interiors. Beyond that, it may yield important new technologies that can serve our everyday lives.

Some of temperature’s most interesting puzzles, perhaps not as sweeping as the three just mentioned, are no less important. There is no simple answer to why our bodies maintain a constant temperature whether we live in the Arctic or the Sahara, why that temperature is 98.6 degrees, or why most mammals and birds have approximately the same temperature. The demand for unvarying brain readiness and response is clearly an important factor. But more is involved, as we see from the myriad adaptive mechanisms our animal brethren have adopted. Nor is there a complete answer to what advantages are offered us by the evolution of fever as a response to infection.

This book raises many puzzles. Some of the contents may seem paradoxical: for instance, it’s surprising that we know the temperature at the center of the Sun with greater precision than that at the center of the Earth. However, many of the problems addressed have explanations that seem almost obvious upon reflection. While I don’t claim to offer an overarching view of science, I stress the connections of the approaches as well as of the solutions. Temperature is the thread.
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Chapter 1

98.6

NINETY-EIGHT POINT SIX. It is extraordinary how alike we are; a thermometer under the tongue of an Inuit on an Arctic ice floe, a pygmy in the Ituri forest, or a stockbroker on the floor of the New York Stock Exchange gives the same reading. Yellow, black, brown, or white, tall or short, fat or thin, old or young, male or female, it’s still 98.6. For a one-month-old baby, a twenty-year-old athlete, and a centenarian, body temperature is still the same. Muscles bulge or atrophy, teeth erupt or fall out, vision is acute or clouded by cataracts, heart rates double under stress, breathing fluctuates wildly, you shiver uncontrollably or sweat buckets, but temperature stays the same. And you feel sick if it varies by the merest 2 percent. If it rises or falls by much more than 5 percent, you should consider heading for the emergency room. The resemblance of one human to another in this respect is truly remarkable. Respiration, perspiration, excretion, and other bodily functions have huge swings, keyed to maintaining a constant body temperature.

Strictly speaking, 98.6 is only a convenient shorthand because measurements vary, albeit in a predictable way, over the range of our bodies. Our skin temperature is usually some 6 degrees lower than our internal temperature, as you can easily verify by placing a thermometer between your fingers rather than under your tongue. Oral and rectal readings differ as well, the latter commonly being about one degree higher than the former. Internal temperature varies between organs depending on metabolism and blood flow. Even before temperature was measured, our ancestors thought the hottest part of the body was the heart and in particular the heart of “hot-blooded types.” Now, more prosaically, we have discovered that the distinctly less passionate liver has the honor of being the hottest.

The idea that all humans have the same body temperature would have seemed very curious before the seventeenth century. Only rough thermometers existed and none were used to make careful readings, comparing one human to another. The assumption was that body temperature, measured only externally and roughly at that, reflected the local climate and therefore was higher in the tropics than in temperate regions. The first problem posed in Johannes Hasler’s influential De logistica medica, published in 1578, is “to find the natural degree of temperature of each man, as determined by his age, the time of the year, the elevation of the pole (i.e., latitude) and other influences.” Hasler’s elaborate tables indicated to doctors how they should mix their medicines according to degrees of hot and cold, the needs of the patient, and what his or her surroundings were like. Of course, the notion that fever was associated with sickness was well known to him. That’s why he urged practitioners to be alert to temperature shifts.

We now know our body temperature doesn’t vary with location. It does change slightly according to the time of day, gradually rising to a midafternoon peak typically 1.5 degrees higher than the nighttime minimum; 98.6 is simply a daily average. Yet even that statement needs to be qualified, as Harrison’s Principles of Internal Medicine tells us:


Whereas the “normal” temperature in humans has been said to be 98.6°F. on the basis of Wunderlich’s original observations more than 120 years ago, the overall mean oral temperature for healthy individuals aged 18 to 40 years is actually 98.2°F.



A temperature reading above normal is called pyrexia, or, more commonly, fever, and one below normal is known as hypothermia. The regulatory mechanisms that keep us for the most part in the normal range are directed by a master control system embedded deep in the brain. The hypothalamus, the tiny organ that sets temperature, also controls the secretions that dictate many of the key metabolic functions, adjusts water, sugar, and fat levels in our body, and guides the release of hormones that both inhibit and enhance our activities. Harvey Cushing, the great early-twentieth-century American physician who studied the behavior of the hypothalamus and the pituitary glands, described our hypothalamus as follows:


Here in this well concealed spot, almost to be covered with a thumbnail, lies the very mainspring of primitive existence—vegetative, emotional, reproductive—on which with more or less success, man has come to superimpose a cortex of inhibitions.



Our bodies generate heat by a variety of metabolic mechanisms fueled by food and drink. The body dissipates approximately 85 percent of the heat through the skin, the rest exiting by respiration and excretion. Since skin is the principal point of entry and exit for heat, that’s where we should look for a connection to the hypothalamus. There are in fact two important pathways. One is the peripheral nervous system and the other is the rich underlying lacework of small blood vessels known as capillaries.

Signals from these two sources are integrated in the thermoregulatory section of the hypothalamus. If the reading says the body is too cold, the capillaries constrict, thereby conserving heat; if it is too warm, the capillaries dilate. Simultaneously, hormonal messages are sent to the sweat glands, ordering them to secrete moisture—sweat—through pores in the skin. When this happens, signals to the brain strongly suggest proceeding to behavioral changes, such as the donning or shedding of clothes, maintaining all the while, of course, Cushing’s “inhibitions.” The blood supply entering the hypothalamus provides an ongoing check of the adjustments made and, if necessary, indicates to the hypothalamus the necessary secretions for resetting temperature. Once again we can only marvel at the efficient workings of a system that has evolved over millions of years.

Constant Temperature

We share the characteristic of keeping a constant body temperature with mammals and birds, the other so-called warmblooded animals. Of course, it’s not just blood that’s warm, nor is the distinction quite so clear-cut. The separation in biology is made between homeotherms and poikilotherms, from the Greek homos, meaning “the same,” as opposed to poikilos, meaning “variable,” with therme being heat or temperature. The homeotherms—birds and mammals—have high metabolisms, generate heat from within, and have elaborate cooling mechanisms to assure a constant body temperature, while poikilotherms—all other animals—do not. There are exceptions to this rule; for instance, some hot-blooded animals lower their body temperature considerably, as in the well-known case of hibernation. Nevertheless, the classification is a very good approximation, certainly good enough for us to ask why homeothermy has evolved. Requiring a more complicated brain with more sophisticated controls, it has been adopted by a very small percentage of known species. There is no single answer to why they have done it, only a set of hypotheses.

The beginnings of constant body temperature in some animals seem to coincide with the transition to living on land from an earlier aquatic existence. Life underwater is sheltered to a large extent from changes in the weather. In particular, the ambient temperature in deep water remains pretty constant. By contrast, creatures living on the Earth’s surface encounter temperature variations in the course of twenty-four hours, experiencing night and day, rain and shine, wind and storm. In addition, life on the surface has evolved to the point that many animals have to rapidly make complex decisions.

Imagine an early human ancestor being chased by a lion across the savannah. In running, all the limbs have to be moved in a coordinated manner while the brain is evaluating the best strategy for survival. Run, or turn and fight with one’s primitive club? How far away is that tree, and what chances do I have for climbing it before the lion reaches me? What about my family’s chances of survival, and will another member of my clan come to my assistance? Should I dive into the river or do I risk being caught by a crocodile if I do that? These calculations are all going on while the limbs are moving, the body is sweating, and the lungs are straining. Both the lion and the human’s thoughts and actions need to proceed in parallel and the decisions integrated into the chosen route for survival.

The master control that directs human thought and action is the brain, a fantastically elaborate circuitry of a hundred billion interconnected nerve cells; a comparable number is housed in the lion’s cranium. The complex chemical reactions that activate the transmission and reception of signals are temperature-dependent, as are the various hormonal messages sent to the specialized organs. Since all the circuitry is temperature-dependent, having a constant body temperature—one with a little leeway for special circumstances—is simply the best evolutionary choice for animals as complex as we are. A fluctuating brain temperature would lead to unpredictable reactions, ones that might not occur in the same sequence if the learning had taken place at a different brain temperature. The human brain and that of other mammals and of birds—these extraordinary tools—work as well as they do because of the protected, controlled environment they are housed in. Simpler animals, with far less complex brains, have optimized their survival possibilities in other ways, but constant temperature is best for us.

Going back to my example of our ancestor trying to make decisions while being chased by a lion, he (or perhaps she) wouldn’t want his arms to try climbing the tree while his legs endeavor to continue running, nor his eyes to see a rock while his nose thinks it’s a lion. This is also not the time to decide it would be good to have a snack. Conversely, the lion is making exactly that decision, straining to ensure, however, that he or she is chasing an early human rather than something indigestible. Chances of survival and passing your genes on to the next generation increase as the mechanisms for multiple, simultaneous decisions and actions become flexible and rapid, yet reliable. A constant-temperature brain seems to facilitate this process.

I don’t mean to suggest by this example that the elemental predator/prey interaction requires an intricate constant-temperature brain. That’s clearly not true. The brains of organisms such as humans and lions operate best at constant temperature, but the reasons for such complex brains lie in the extraordinarily intricate actions, many of them social and organizational, that these creatures carry out during their lifetimes.

Nor is constant brain temperature the only reason for homeothermy. Chemical reactions generally proceed faster as temperature rises, so a higher body internal thermostat setting affords greater activity—up to a point. When excess heat cannot be shed and information is coming too quickly, the system breaks down. Over the past few million years, we, as well as other mammals and, of course, birds, seem to have found that we function most effectively in the vicinity of 100 degrees Fahrenheit.

A physiologist friend of mine told me to think about sexual behavior when faced with a puzzle about animal behavior. The hormonal reactions that control mating, procreation, and countless other commands work best at a high constant temperature in warm-blooded animals. We can even look to temperature for the answer to such fine-tuning questions as why do males have testicles in external scrotal sacs rather than in the more protected abdominal cavity. Presumably a somewhat lower temperature than 98.6 degrees is favored for sperm production.

Given that the human body works most reliably if kept at a constant temperature, why is that temperature 98.6 degrees? The rough answer is a mixture of evolutionary arguments combined with a simple understanding of how our metabolism works. Most machines are quite inefficient and mammalian bodies are no exception. Typically, more than 70 percent of the energy input into the body is converted into heat. This heat then needs to be dissipated into the environment, or else the body, like any overcharged engine, becomes overheated and stops functioning properly. We feel most comfortable in external temperatures some 20 to 30 degrees below our skin’s temperature, because that differential produces a comfortable rate of heat loss; any colder and we lose heat too rapidly, any warmer and we retain too much. We correct for the former by adding clothes, blankets, and muscular activity like shivering; we correct for the latter by sweating, fanning, and, when circumstances allow, just taking it easy.

The mechanisms of heat production are intricate, another complication for the brain to oversee. While at rest, the brain and the internal organs, such as the heart, lungs, and kidneys, produce more than two-thirds of the body’s heat even though they constitute well under 10 percent of body mass. In motion, the heat output by muscles can increase by a factor of ten, coming to dominate all other sources. Yet despite these dramatic changes in heat output, body temperature remains fairly constant and basic instinctive responses remain predictable. This is achieved by the body’s ability to rapidly increase its transfer of heat to its surroundings while its own internal heat production is rising.

The mechanisms for heat transfer are elaborate in detail, but the basic physics principle is that heat always flows from hotter to colder objects. All objects radiate and absorb heat, more efficiently if they are dark and less if they are light: you are cooled in a large room with stone walls that are below body temperature and warmed if those same walls are above body temperature.

Conduction of heat is simply a variation of the same statement as applied to two objects touching one another; heat always flows from the hotter to the colder object. In both radiation and conduction, the rate of the flow, at least for temperature differences that are not too large, is roughly proportional to that difference—a rule that is referred to in older books as Newton’s Law of Heat Flow. You lose heat to a metal bar in your hand twice as rapidly if the bar is at 78 degrees as you do if the bar is at 88 degrees because one is 20 degrees away from 98.6 while the other differs by only 10 degrees. A room with stone walls at 58 degrees feels colder than the same room with walls at 78 degrees.

It is sometimes argued that our body temperature is set at 98.6 degrees for the same reason that we feel comfortable in a room at 70 degrees. A little over two million years ago, humans emerged in Africa in sites where the median daily temperature is in the low 70s. Thus, a body temperature in the high 90s optimizes the necessary dissipation of heat generated by metabolic processes during the kind of activities hunter-gatherers pursued in those climates. You can calculate the rate at which the body produces heat during normal activities, and you can also calculate the rate at which the body transfers heat to an environment in the low 70s. Both rates depend on body temperature: a simple estimate shows the two roughly coincide when that temperature is 98.6, the point where heat in equals heat out. Later humans extended their range of thermal tolerance to cold weather by wearing furs and by the unique skill they acquired—making fires.

This adaptation to climate, however, can be at best only a small part of the reason for our 98.6-degree body temperature. Almost all other birds and mammals, with presumably very different evolutionary histories, have stabilized at more or less the same temperature. The main reasons for homeothermy are lodged in the optimization of the complicated set of chemical reactions that allow us and these other animals to carry out the complicated activities of our lives.

Into the Sahara

Efficient cooling mechanisms are just as important as warming ones in keeping a constant body temperature. The literal application of the notion that heat flows only from hotter to colder objects means that without some adjustment mechanisms, we would heat up intolerably and die if placed in an environment at 106 degrees. Instead, we survive. In fact, as we shall see later, humans survive quite well in even higher temperatures in the great Sahara desert.

Evaporation is the key, carrying away some 25 percent of our metabolically generated heat even in coldish surroundings, and more as the temperature rises. To understand how evaporation works, think of our body fluids as pools of liquid—molecules of water moving about and colliding with one another. It turns out that the temperature of the water can be related to the average energy of motion (the so-called kinetic energy) of those molecules. If some of the faster water molecules escape, the average energy of the remaining liquid, which then reequilibrates by conduction, is lowered and the overall temperature of the fluid drops. This is why evaporation cools, but the process only works if the air above the fluid is sufficiently dry. If fast molecules of water vapor reenter the pool of liquid as quickly as they leave, the cooling effect is erased.

The process of evaporation is so important because of the large amount of heat absorbed in changing water into steam. Calories are units of heat. It takes one calorie to raise one gram of water 1 degree Celsius, or 100 calories to go from 0 to 100 degrees Celsius. But more than 500 calories are necessary to change a gram of water at 100 degrees Celsius into a gram of steam at the same temperature. In other words, the amount of heat employed in the simple transition from water to water vapor is more than five times as great as that in going all the way from freezing to boiling temperature. This means the conversion of water to water vapor in the body is a very efficient way to cool down.

Not surprisingly, animals that have to lower their temperature use this basic mechanism, adapting it to their own needs in an almost infinite number of ingenious ways. One way to help the process of cooling by evaporation is by fanning, or blowing the faster water molecules away as soon as they leave the surface and before they reenter the liquid. This is the same process we follow in blowing on the surface of a coffee cup or a too-hot bowl of soup.

Of course, humans made an adornment out of what began as a necessity: form follows function and decoration follows form. From the Latin vannus, a fan is our oldest known cooling instrument. A bas relief in the British Museum shows Sennacherib being fanned with great feathers, long since turned to dust. But the handles—from almost two millennia B.C.E.—have been preserved. The folding fan, so elegantly opened and closed with a snap of the wrist, seems to have first appeared in Japan and then in China, where it was an homage to have a distinguished guest write a short message on your fan to mark a special occasion. Queen Elizabeth I of England had her portrait painted holding a large feather fan. By the eighteenth century, fans were so à la mode that Europe’s major cities had painters who only decorated fans. Fan handles were carved out of ivory and mother-of-pearl, with jewel adornments and lenses mounted on the end. At formal dances an elaborate etiquette of signaling through positions of the fan was established, a kind of semaphore code. But first and foremost, the fan was and still remains the simplest instrument for cooling.

Bees also employ this fanning strategy. The temperature inside their nests is carefully regulated. In the summer they cool the hive by fanning their wings to stimulate circulation, but when the temperature reaches the 80s, fanning isn’t enough. Then bees leave the hive in search of water. On return they regurgitate the water, forming thin films and droplets that they then fan, driving the moist air out of the nest. E. O. Wilson cites an experiment in which bees, given unlimited access to water, were able to maintain a hive temperature of 85 degrees although the outside temperature reached 160 degrees. It’s not heat that keeps bees out of the desert: it’s the lack of water.

Fanning accelerates cooling, but the first step obviously has to be production of fluid on a surface from which it can evaporate. A few kangaroos and some rats cool themselves by licking their fur, allowing the saliva to evaporate, but the two most widely used evaporation techniques are panting and sweating.

Birds lack sweat glands and certain mammals, such as dogs, have very few; they rely on short, rapid, and shallow breathing called panting to stimulate evaporation from their throats. This technique has a few advantages, one of which is far from obvious: it literally aids in keeping a cool head. The small East African gazelle running in the plains at full speed for five minutes generates so much internal heat that its core temperature rises from 102 degrees to slightly over 110 degrees. Nevertheless, its brain, fed by arterial blood coming from the body at 110 degrees, remains more than 5 degrees cooler. The ingenious brain-cooling adaptation is a byproduct of the rapid breathing of the animal in flight. The main blood conduit from the core to the brain is the carotid artery, which branches into hundreds of small arteries at the base of the skull before consolidating into one again as it enters the brain. In the passageway in which it branches out, the blood is cooled by the rapid flow of air in the adjacent throat. This interesting cooling mechanism is well suited to maintaining optimal functioning of the fleeing animal’s decision-making ability. The gazelle keeps an approximately constant brain temperature even while the rest of its body is heating up. Thus, the animal’s first efforts are directed to keeping a constant temperature in the control center, the brain. The rest of the body has a little more leeway.

Panting has another advantage over sweating. The fluid secreted in sweat carries away precious salts; hence the usual admonitions to drink fluids containing appropriate minerals when sweating profusely. In panting, on the other hand, the body minerals in the saliva stay in the body. However, panting has its own disadvantages, one of which is that it requires muscular activity, an activity that itself generates heat. (This is alleviated in part by the rapid shallow breathing.) No solution is perfect. All are adaptations that animals have evolved over long periods to optimize their chances for survival.

Most large mammals sweat, some more visibly than others. Even camels do, though it isn’t very noticeable in the dry desert air because the water vapor disappears almost immediately. Humans have lost their fur almost entirely, leaving a naked skin. This outer covering has some two million sweat glands distributed around the body, with higher density in the palms of the hands and lower density in other areas. Under the control of the hypothalamus, the glands secrete a slightly salty fluid. That secretion is not voluntary nor is it stimulated solely by environment; stress or nervousness also induces sweating. Regardless, it is a very efficient cooling mechanism when increased metabolic activity generates body heat that has to be dissipated quickly. Increased sweating may not be desirable when you’re in a clean shirt and slacks en route to an office, but rapid cooling to aid flight may have been very useful for our ancestors surviving in the wild.

There is a caveat about the effectiveness of cooling by sweating, one we have already met: more fast molecules have to be leaving the body surface than arriving. If the outside air is too humid, sweat rolls off the body without any of the needed evaporative cooling.

Dehydration can also pose a problem. We produce, on the average, about a quart of sweat per day, even if we are unaware of it, though this figure can fall to almost zero and rise to as much as four gallons depending on weather and level of activity. Loss of an amount close to that maximum carries with it the danger of serious dehydration, possibly requiring intravenous replenishment of fluids.

In one of the regular “Commentary” articles that Philip Morrison used to write for Scientific American, he illustrates the power of sweating and fanning by considering those ultimate athletes, the Tour de France bicycle racers. Morrison tells how the great Eddy Merckx, five-time winner of the Tour, fared in a lab experiment in which he rode only a stationary bike. The man who could ride up and down hills day after day for six hours at a time collapsed in a pile of sweat after a single hour in a breezeless indoor gym. Why? Morrison does the numbers.

Racers eat the equivalent of eight square meals a day to get needed energy, since bicycle racing uses up about one thousand Calories an hour, ten times the amount burned in an hour sitting at a desk. (Note, incidentally, that Calorie spelled with a capital C is the conventional, sometimes confusing, way of denoting a kilocalorie, or a thousand calories. A Calorie is the amount of heat needed to raise a kilogram of water through 1 degree Celsius. Technically, the water should be at 15 degrees, but that’s a fine point. Even more technically, there has been a recent redefinition of the Calorie in terms of equivalent mechanical work.)

During the twenty-two-day Tour de France race, the cyclists neither gain nor lose weight, so what happens to the energy? Only 25 percent of it goes into the mechanical work of overcoming air drag and propelling the bicycle and racer forward. A full 75 percent is dissipated as extra body heat—so much heat that the racer needs ten quarts of water to evaporate
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