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PREFACE



BY THE SEVENTEENTH CENTURY, experiment and observation were in full swing. Science had cast off the stultifying classical authority and burgeoned into the modern age.


Meteorology was one of the disciplines that benefited from this move­ment. The instruments by which we measure and quantify weather were de­veloped; Galileo Galilei invented the thermometer and his student, Evangelista Torricelli, the barometer. With these and the hygrometer to measure humidity, Galileo, Reni Descartes, and others began to take read­ings and keep records.


In 1714, Gabriel Fahrenheit fashioned the temperature scale that still bears his name, and thirty years later, Anders Celsius did the same, but with a different scale and zero point. Researchers learned to equate certain swings in temperature or pressure with other atmospheric phenomena, and slowly the science of weather forecasting came about.


Gradually records of these quantities were scanned and averaged to form the concept of climate. Two trends occurred at more or less the same time over the latter half of the nineteenth and early twentieth centuries. One was the organization of weather stations into a network providing uniform, cov­erage across much of Europe and the Americas, and later the rest of the world, replacing the collection of data accumulated by only a few dedicated individuals such as Benjamin Franklin. The other was a warming trend moving much of the world out of the relatively cold period known as the Little Ice Age that had begun in the fifteenth century into a milder period we like to think of as normal. The simultaneity of the two events might be thought to bias weather records in some fashion, but sufficient external evi­dence is available to prove that they happened independently of each other.
 

As meteorologists have come to realize, the one way in which twentieth century weather appears to be quite abnormal is in its very “normality". We may have been living in a time of comparatively modest extremes in tem­perature and precipitation, A substantial body of evidence points to wors­ening climate, to greater extremes in temperature and in rainfall. Droughts appear to alternate with floods more today than they did just a few decades ago, and summers are getting hotter as winters cool or remain the same. This is becoming the central concern of the study of climate, the weather data as averaged over the years and decades. The science of climatology is among the fastest growing disciplines in college curricula and in funds available for its advancement.


Climates vary widely in this world of ours. Indices have been established that divide them into groups of locales with similar conditions. Thus we have spatially differentiated climates, distinguished by latitude, availability of water, and other factors.


We are learning that climatic regimes change with time as well as loca­tion—satellites and computers are used to measure temporal change with ever-improving precision. As the human species moves toward making major alterations in climate, so has it become aware of these changes and the economic and other dislocations they are likely to generate.


These two trends may or may not be coincidental. But an awareness of them is becoming an essential part of a liberal education and a career in business or government. The authors intend to increase that awareness in an amicable way; the first seven chapters investigate the properties of weather, and the remaining chapters take a look at climates of the past, present, and as far as possible, the future as well.












 1
INTRODUCTION





We have not inherited the World from our ancestors, we
have borrowed it from our children


NATIVE AMERICAN SAYING





THE STORM INTENSIFIED THROUGHOUT THE NIGHT; from intermittent wind gusts it heaved itself into a raging turmoil. Off the east coast of the United States, no less than three low-pressure vortices, or lows, converged into a fury. The tide was high and the sea swept landward far beyond its normal range. The waves, whipped by hurricane-level winds, ripped at houses and high-rise buildings near the shore, tearing many of them to pieces in minutes. This storm had no equal.


Outside our suburban Philadelphia flat, the air pressure dropped. As the wind rushed past the outside wall, the consequence of a well-known nat­ural law, the Bernoulli Theorem, set in. (This natural law has the same ef­fect on an airplane wing; the resulting difference in pressure above and below the wing creates lift.) As the rising velocity of the air outside created a lower pressure, the pressure difference between the outside and inside wall surfaces of our building continued to build with the wind’s velocity. The wind whined, its varied pitch a descant of parallel voices.


I heard a shattering crash. The bathroom window smashed out of the wall; glass, frame, casement and all went careening into the street. I was now part of the action as I scrambled to grab the papers blowing every­where; some were even being sucked out through the jagged hole in the bathroom, wall. Only much later in the night did this behemoth of a storm move out to sea and leave us in relative peace.


The storm of March 1962 was not a hurricane. Not at all. It did not form in the tropics and the season was wrong. But it behaved like a hurricane: It packed a hurricane’s punch and caused extensive damage along the Delaware and Maryland coasts. Winds and wave action reduced entire Mocks of homes to rubble. The juxtaposition of three lows in conjunction with high tides raised one of the worst storms in the East Coast’s history, not unlike the powerful and deadly storm Sebastian Junger described in The Perfect Storm.


This was a storm, then, full of sound and fury; but it faces an opposite number on the weather spectrum; this weather steams languidly upon the sky’s stage, as it did for me one summer day in Vienna. It shows no rage, nor does it sing in a crashing, whining chorus. In recent years during the summer, a heavy and uniform yellow-gray sky often glowers darkly on an afternoon; only the Sun’s diffuse rays shining through the haze breaks the oppressiveness. As we endure the pervasive, stifling heat and intense headache-breeding glare, no breath of air breaks the stillness; no zephyr relieves the miasma; no cloud breaks the uniform sky. When the Sun sets, no one sees it; the dull orange-red ball vanishes into the grayness while still well above the western horizon. Thus do we describe the most common of all types of weather, especially in or near urban regions. As the twentieth century drew to a close, this desolate weather pattern grew ever more com­mon during the summers. It affected not only cities known for oppressive summer heat—Washington, Rome, and Athens—but also Vienna, Copen­hagen, and London, cities that during the nineteenth century and most of the twentieth century were refuges from intense heat.


We have described two extremes in the weather of the temperate regions of the world. In the first, the winds of winter storms wreak havoc in bar­baric proportions; in the second, not even a gentle susurrus stirs the leaves wilting in the unrelenting heat. Climatologists know that both these ex­tremes are growing more common. Extreme though they appear, they constitute the “normal” weather of the future. Most of the twentieth cen­tury saw a gentle period of weather that was abnormal in its very normal­ity and relative calm. The ioods and drought, the long steamy summers and cold snowy winters are our likely lot for the coming century, and our adding greenhouse gases can only further and prolong the misery.


The swirling highs and lows, the warm and cold fronts, and the storms and calm interludes are normal features of the atmosphere of a rotating planet. Even if we could somehow smooth these irregularities into an undisturbed clear and even state, it would take only a few weeks for the air to return to its present diverse condition. Earth, with its endless procession of sunshine, overcast skies, and sunshine again, is unique among the objects in the solar system. Our marbled blue-and-white globe appears half clear and half cloudy from, space. Ours is the only planet from, which the Sun and the stars are visible on clear days and nights, but not on cloudy ones.


The other worlds in our solar system either hide behind impenetrable veiled atmospheres or bare their surfaces to the universe. In the first group we find Venus and the four gassy giant planets: Jupiter, Saturn, Uranus, and Neptune, along with Saturn’s largest satellite, Titan, and, in a sense, the Sun, which is gaseous throughout. The terrestrial planets have deso­late, barren surfaces covered with craters; these were formed in the early days of the system,, when debris collided with debris everywhere before, during, and after the larger, gassy planets had coalesced and formed. Our globe is not interchangeable with any other; we must care for it if only be­cause there is no other worthy real estate around.


No part of our natural environment is as visible and as variable as the weather. Neither the solid surface of our world nor the oceans undergo the variety and rapidity of change that occurs in the atmosphere. The atmos­phere is the gaseous part of our planet and as such it is subject not only to a number of influences but to a rapidity of change that liquids and solids rarely experience. Together with the topography and composition of the surface, the atmosphere forms the background for a diversity of life, which it helps sustain. Through its normal diurnal and seasonal variation, the at­mosphere defines the limits of agriculture, a discovery that, perhaps more than any other, led us from lives as nomadic hunter-gatherers to settled lives in villages and cities. A stable supply of food, in turn, allowed some citizens to take up trades not related directly to the accumulation of food; People became priests and scribes (and eventually, even meteorologists), developments that led to our modern complex society.


Climatic conditions once dominated human activity and to some extent still do; what natural sequence of events provokes more praise or vexation than the weather? Extreme weather conditions may cause disruptions in climate, but vegetation soon recovers, as does animal and human life. Primitive people learned to adapt to the varying conditions of their sur­roundings, but as civilization became more complex, with its globally in­tertwined economies, people were not always well prepared to survive during extreme weather conditions.


The state of our preparedness is the key to our future. Evidence for im­minent major changes in the global climate is substantial and growing. Chief among these is a change, increasing at an ever faster rate, in the com­position of the Earth’s atmosphere. Most, if not all, of the changes result from human activity. The recognition of this fact has only recently brought climatology into the forefront of scientific study the world over. In a parallel development, the public in many countries is aware (through the media) of such terms as greenhouse effect and ozone depletion, which describe the effects of human activity on the atmosphere. Acid rain is an­other side-effect of civilization. As soon as acid rain was discovered and understood, it was attributed to human action. Although measures are now taken to arrest the influence of acid rain—the control of emissions from the exhausts of automobiles and industrial smoke stacks among them,—it is thought to have caused the devastation of the forests in Europe and North America as well as the rapid and deplorable deterioration of such treasures as the great cathedral of Cologne and the Coliseum, in Rome.


This is not the first time the Earth has undergone a significant climatic change. The ice ages are just one striking example of major natural atmos­pheric changes. More than ever before, the study of weather and climate, past and present, is important in gauging the climate of the future and the time scale over which changes are likely to occur. If the alterations in weather patterns result in detrimental consequences, it will be necessary to evaluate and correct those ascribed to human activity. We will have to make difficult choices, which the public may be reluctant to accept. One purpose of this book is the presentation of the facts.


Climatological research is now under way in many parts of the world, and every year more scientists focus on this subject. More research centers and laboratories appear along with newly designed and constructed equipment. Along with meteorology, the other earth and space sciences of astronomy, geology, and oceanography are being studied to determine the interrelations between them, and our atmosphere. Despite the hurried flight of the astronomical establishment from planetary and stellar astron­omy to the extragalactic realm, many scientists have noted the near corre­spondence of these four sciences to Aristotle’s original four elements: earth, air, fire, and water.


In this book we will demonstrate how the natural sciences have become involved in climatology, and we will share with you some of the most spec­tacular results. Again, we emphasize that our purpose is to bring the inter­ested reader up-to-date on the rapidly changing aspects of climate research and on the wide and broadening involvement of other sciences, thus enabling him or her to form enlightened opinions on the vexing problems before us.


We intend to document, among other things and as best we can, the lat­est cases for and against the dire predictions of global warming and the de­gree to which we should prepare for its continuation. Have we made the case beyond a reasonable doubt for worldwide concern and if so, to what extent should governments plan seriously for alternatives to our consump­tion of fossil fuels and their attendant liberation of carbon dioxide and other greenhouse gases into the atmosphere? We firmly believe that global warming ought to be an issue overriding normal party politics and petty bickering, both within the United States and between nation states and re­gions of the world.
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It may be natural for many to regard such adverse conditions as the ozone hole and the greenhouse effect with skepticism. The oceans and atmos­phere have always seemed to be of such immensity that they are beyond our ability to alter them for better or for worse. But the explosive growth of human population in the present century and the ability of recent tech-nology to create devices that consume the resources of this planet at an ever faster rate have proved otherwise. The depletion of resources that took millions of years to form occurs so rapidly that we must reevaluate our present actions and their consequences for the world; such a reevalua-tion requires a complete understanding of the natural processes that affect the planet, especially its atmosphere.




[image: graphics3]

FIGURE 1.1 Increase in carbon dioxide at Mauna Loa from 1958 through 1998. (From C. D, Keeling and T. P. Whorf, Scripps Institution of Ocean­ography, University of California, La Jolla.)





Figure 1.1 shows the variation in the concentration of carbon dioxide in the atmosphere since 1958 as measured in Hawaii at the summit of Mauna Loa. Note the clear secular trend upward and the annual seasonal varia­tions due to seasonal growth variations in the Northern Hemisphere. Since 1958, the amplitude of the annual variation has increased by 20 percent in Hawaii and by as much as 40 percent in more northerly latitudes. Figure 1.1 evokes the spirit and substance of this book; we intend to relate it to the possible consequences of its continued increase and suggest ways to avert such a crisis.




















 2
TEMPERATURE AND PRESSURE:THE FUNDAMENTALS OF AIR





If you haven’t measured something, you really don’t know
very much about it.


KARL PEARSON (ATTRIB.)





WEATHER CAN BE DEFINED AS a visible and tangible manifestation of the physical conditions of the air at a given location and time, and of the changes in these conditions. Beyond that, we all know weather to be one of the most vexing, capricious, and fickle entities that we must endure. The atmospheric conditions at a given locality, specified by its geographic co­ordinates and elevation above sea level, can be numerically described by four measurable parameters: temperature, pressure, dew point, and pre­cipitation, Of course, other expressions have also described weather, some intemperate, some vulgar, some charming, but we cannot transform these qualities into numbers. A general rule among weather people has it that those in the American west boast about their weather, but all others tend to knock theirs. In any event, we shall not proceed further with value judg­ments, no matter how justified they may be at times.


The Earth, like no other world, is a blend of matter in all three of its common forms; solid, liquid, and gaseous. These three states have very dif­ferent properties. A rock is a solid object with a specific shape, and no meek effort will mold it into a different shape. But putty is also a solid, even if it doesn’t appear to be much of one. The only difference between rock and putty is rigidity. If you squeeze a rock, it remains unchanged; but putty under gentle pressure quickly alters its shape. Imagine being struck on the head by rock or putty; the one would hurt at even a modest clout, but the other would require a fearful whack to do the same damage.


Liquid has an obvious difference; it flows to fill a swimming pool or any other cavity that contains it. Both liquid and gas fill the space available, but gas has no boundary at the top. Furthermore, unlike liquids, gases are compressible. Under only its own weight, the atmosphere compresses to the highest density at its bottom, at the solid or watery surface of the world. Water is just barely compressible and has only a slightly greater density at the bottom, of the ocean than it has at the surface (a feature caused mostly by differing temperature). A slight degree of compressibility does exist, but for all but the most demanding of minutiae, water can be considered to remain at the same density no matter how much overlying material it is forced to bear.


We sense the near incompressibility of water in any number of ways. Try to stop the low of water from a faucet or a hose. It just can’t be done, at least not by hand, and reducing the size of the orifice through which the water gushes only acts to form a speedy jet-like squirt (as from a nozzle) and with a very high velocity. Only a powerful stopping mechanism, as is found in faucets, has the leverage to stop the flow.


Water reveals its refusal to compress in other ways as well. Diving into a swimming pool can be risky if one does not enter either head first or feetfirst. A "belly flop" presents a large and undignified cross section of the body to the water, which won’t be pushed out of the way, and the skin around the belly stings as a result. As a consequence of the incompressibil­ity, an object displaces the same amount and weight of water at any depth. Thus when the Titanic took on enough water to weigh more than the wa­ter it displaced, it went straight down to the ocean floor, sinking 12,500 feet in less than five minutes.


Air has no rigidity at all; it fills the space available for it, unless that space is large. Air and any of its constituent gases can be visualized as many tiny particles all moving about, bouncing into each other and into any walls or other limits comprised of solid or liquid matter, all subject to gravitational pull. The air temperature relates directly to the average veloc­ity of the particles, a fact which helps to define it. When the number of particles is extremely large, as it always is in our ordinary experience, the distribution of the particles’ velocities is predictable. Large numbers are customarily more workable than small ones: An insurance company’s actuarial tables work well when millions of people form the available sam­ple, but usually fail badly when only a few dozen are considered.
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We can measure air, like almost anything else, and express its properties in numbers. Think of the types of air that might be surrounding you. Air can be hot or cold, moving or still, humid or dry, pure or polluted. Watch any televised weather forecast and you find measures for each of these varying properties. Consider heat. Just what is temperature and what causes a change from hot to cold?


Air turns out to be nothing more than zillions of tiny particles, called molecules, all rushing around and colliding into each other again and again. There are so many zillions of them in even a small room that the chances of their being distributed unevenly throughout the room rather than uniformly is vanish ingly small. We suspect that readers can quickly imagine that if a hundred coins were tossed into the air, the chance that every one of them would come up heads would be incredibly small, about one in 1,000,000,000,000,000,000,000,000,000,000 (one followed by thirty zeros). There are so many more molecules of air in our room, that the chance of their all moving one way, leaving a vacuum in another part of the room, is something akin to the chance that a chimpanzee picking away on a typewriter will type out all of Othello and Henry IV (Parts I and II).


So the temperature of a gas is the distribution in the speeds of these molecules as they rush around. Air is a mixture of molecules of several gases. These molecules are not all the same weight. The two most common components of our air are nitrogen and oxygen, which between them ac­count for 99 percent of our atmosphere. They weigh 14 and 16 atomic units respectively, where 1 atomic unit is about the weight of a hydrogen atom. The two lightest gases, present only in trace amounts, are hydrogen and helium. They are lightweights, weighing in at 2 and 4 units, whereas big, sluggish carbon dioxide tips the scales at 44 units. Molecules are like football players. Who wants to bang into a 300-pound lineman? Better a 200-pound running back, or best of all, a 120-pound cheerleader if collid­ing is called for. Small molecules bounce off any of the big boys much as most of us would bounce off a sumo wrestler. We would do the bouncing, whereas the quarter-ton sumo wrestler would move little, if at all. In that same sense, the light molecules dance around faster than the heavier ones.


Heat, then, is a measure of the distributions of the velocities of air parti­cles. Next time you feel the intense summer heat, remember that air molecules are hitting you faster than usual. And when winter cold chills you to the bone, move to where those air particles move faster. With cold, the speeds lessen, and at very cold temperatures they become downright slug­gish. There is a limit to temperature at which none of the particles move at all; we call this limit absolute zero, beyond which temperatures cannot exist and have no meaning. Absolute zero is never quite reached in nature or in the laboratory, although it can be closely approached in both. This limit to cold occurs at about -273 degrees on the Centigrade or Celsius Scale, con­veniently abbreviated C in either case, or -459 degrees on the Fahrenheit Scale, identified with the letter F.


Above this point, the speeds of gas molecules can rise steadily to define the temperature. For this reason, it is convenient to introduce another scale with zero at this coldest point, but with the same size degrees as in the Celsius Scale. Here, the melting and boiling points of water occur at +273 and +373 degrees respectively, instead of 0 and +100 degrees as in the Celsius, or +32 and +212 degrees as in the Fahrenheit. Simply add 273 to the Celsius temperature to determine it on the new system,, called the Kelvin Scale and represented by the letter K, The concept “twice as hot” has a real meaning on the Kelvin Scale; A temperature of 400 degrees is twice as hot as one of 200 degrees, and the gaseous particles move twice as fast. Other temperature scales have been devised, but none survives in common use. Figure 2.1 shows the three scales.


Air has weight. This gives it the properties of momentum and inertia, but they aren’t apparent to our senses unless the air is moving, in which case we feel wind. How much does air weigh? Water weighs just about the same amount everywhere. On the British system,, water checks in at 62.4 pounds per cubic foot. In the metric system, the density of water translates the unit of volume, the cubic centimeter, into the unit of weight, the gram. By definition, a gram weighs 1 cubic centimeter of water. By contrast, 1 cu­bic meter (1 million cubic centimeters) of air at sea-level pressure weighs 1,293 kilograms, or almost 3,000 pounds; 1 cubic foot of air weighs 1.3 ounces. Water thus weighs 773 times as much as an equivalent volume of air at sea level (and at a temperature of 0°C, or 32°F).


A lot of air packs a lot of weight, illustrated when one compares the weight of air to that of the Eiffel Tower. That web-like structure is 300 me­ters (984 feet) high; its four legs form a square 100 meters (328 feet) on a side. The Eiffel Tower weighs about 6,500 tons, whereas the air in a cylin­der just large enough to surround and enclose it weighs more; it scales just over 6,700 tons.
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FIGURE 2.1 A comparison of three tempera­ture scales.





Unlike water, air is compressible—very much so. A simple bicycle pump illustrates that. And just as a pump compresses the air under force, so does the atmosphere compress under the force of its own weight. But that air is not infinitely compressible can be useful, even lifesaving. Elevator shafts, now built to just fit the elevator, do not permit a free fall should the car break loose from its supporting cables. In July 1945, when a bomber struck the Empire State Building in New York City at its seventy-ninth floor, an elevator with its cables sliced fell at such a gradual rate that its operator survived a drop of over 900 feet.


Imagine an atmosphere like ours, but made of incompressible air. At sea level, the air would remain as it is, but it would not get thinner with in­creasing altitude. In that event, our atmosphere would form a layer just about 5 miles (8 kilometers) thick, the distance being defined in this man­ner as the scale height. Above a height of 5 miles would be empty space, nothing more. But air packs down under the weight of more air above it,so in reality, the density falls off in a specific way. We don’t even know ex­actly where the top of the atmosphere is. At some point, hundreds of miles up, the molecules of the atmosphere become so thinly spaced that we can think of it as a vacuum for all practical purposes. Figure 2.2 shows the ac­tual case and the scale height of our atmosphere.
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FIGURE 2.2 Air pressure variation with altitude and scale height.




The weight of a column of air one inch square and extending upward into space, or to the 5-mile scale height in our imaginary incompressible atmosphere, weighs about 14.7 pounds. That constitutes the air pressure at sea level. Because water weighs 773 times as much as air, a 1-square-inch column of water need be only 1/773 of 5 miles, or 34 feet, to weigh the same. For each 34 feet down into the ocean, the pressure adds one more atmosphere’s worth of weight. Thus at the 12,500-foot depth of the Titank, the pressure is about 370 times that at sea level, around 2.72 tons per square inch. The bathyscaphes carrying motion picture director James Cameron and others down to view and film the wreckage had to be tough indeed to resist this pressure.
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FIGURE 2.3 The variation of temperature with altitude.





Air temperatures vary over a wide range, too wide a range to suit most of us. The lowest temperatures ever measured at the surface of the Earth are -68°C (or -90°F) at an inhabited site in Siberia, and -88°C (or -127°F) in Antarctica. The highest widely accepted surface air temperatures (in the shade) occurred in the Sahara desert in Libya, where a temperature of 58°C (or 136T) has been recorded, and at the bottom of Death Valley in California, reaching values of 57°C (or 134°F) measured under standard procedures. The air temperature aloft is usually much colder than at the surface and depends strongly on the elevation. At 10,000 meters (33,000 feet), the altitude near which commercial jet airliners fly, the temperature is usually around -4S°G (-49T). Figure 2.3 shows the variation of temper­ature with altitude.


The average atmospheric pressure at sea level is 1,013 millibars, equiva­lent to 29.92 inches, or 76 centimeters, of mercury. The weight of the air directly above weighs this much and thus makes this much pressure. Val­ues higher than 1,050 millibars are rarely seen, but the sea-level pressure may drop as low as 900 millibars in the eye of a hurricane. These limits correspond to around 31 inches, or almost 79 centimeters, on the high side, and below 27 inches and 69 centimeters at the low extreme. At the summit of Mount Everest (with an elevation of 8,850 meters, or 29,028 feet), the atmospheric pressure is about one-third that at sea level; two-thirds of the atmosphere lies below this altitude. Even at moderate alti­tudes, such as Mount Washington in New Hampshire (the highest point in the northeastern United States at 6,288 feet, or 1,917 meters), the air pres­sure is but 79 percent of that at sea level. Atop Ben Nevis, the highest mountain in the British Isles at 4,406 feet (1,343 meters), the air pressure is reduced to 85 percent.


The air pressure at any elevation above sea level is determined almost entirely by altitude, with only small variations in pressure over time due to the normal passage of highs and lows. Aside from these fluctuations) the pressure falls off in a predictable manner and no other factor plays such an important a role in any understanding of the vertical structure of the at­mosphere. The variation of air density with elevation is close to that of the pressure with elevation, but it is not identical to it. Although this sounds redundant, it’s not. The compressibility of air means that it is squished in proportion to the air above it, which is doing the squishing: more weight on top, more squeezing underneath. As we have seen, water doesn’t do this—the Titanic lost no time on its way to the bottom. But a hot-air bal­loon seeks its level depending on its weight and that of the air it displaces.
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IT’S NOT THE HEAT, IT’S THE HEAT AND THE HUMIDITY





The great tragedy of science—the slaying of a beautiful hy­pothesis by an ugly fact,


THOMAS HENBY HUXLEY





AIR IS A MIXTURE OF GASES, along with minute solid and liquid particles in suspension such as water droplets, customarily seen as clouds or fog. Air is not a compound, as is carbon dioxide (for example, carbon dioxide’s molecules are identical and contain two atoms of oxygen in combination with one atom, of carbon), nor is it a simple element such as oxygen, hy­drogen, or even iron.


Our atmosphere consists primarily of two gases, nitrogen and oxygen, both of which exist in what is called diatomic form (two atoms per mole­cule, designated as N2 and O2). The majority (78 percent) is nitrogen; oxygen makes up another 21 percent. The remaining gases amount to only 1 percent of the total, and most of that is argon, one of the inert gases (gases that do not combine with other elements). Carbon dioxide accounts for just over 0.03 percent, and many other gases are present in trace amounts.


Such is the case for dry air, air without any water vapor. Water vapor is always present, but in widely variable amounts. In cold dry air, such as lies above Antarctica, the vapor content is as low as 0.1 percent of the air. Above a tropical rain forest, vapor may amount to as much as 3 percent. If we could separate these gases and stack them, up in constant-density amounts, nitrogen would account for about four miles of the scale height of five miles, and the layer of oxygen would be about one mile thick. Argon would form, a layer of 75 meters (250 feet); the layer of carbon dioxide would be only about 8 feet (2.5 meters) thick. The remaining gases would amount to a layer of about 6 inches (15 centimeters).


The water vapor content of the air undergoes large variations from one time and place to another, and in the stacking picture varies from about 25 feet to almost 700 feet, or from 8 to 200 meters. Ozone, on the other hand, of which most is actually concentrated in the stratosphere, makes up only a total of about 6 centimeters. Yet we rely on that trace amount to ward off the harmful ultraviolet radiation from, the Sun,


Carbon dioxide is essential for the sustenance of all forms of life. It is important to realize just how little of our air consists of this gas, because carbon dioxide is much the most important and abundant of the gases that give rise to global warming, the so-called greenhouse gases that pro­duce the greenhouse effect. The greenhouse effect is the well-known condition that keep a greenhouse warm in the wintertime and makes a car unseemly hot when in the sun with its windows closed. The glass in both cases is transparent to the incoming solar radiation, but opaque to the in­evitable reradiation from inside the greenhouse or car. The solar energy occurs mostly as visible radiation with a maximum in the yellow region, but the car reradiates in the infrared, invisible to our eyes. Window glass is opaque to this radiation to the extent that the car heats up until some of the radiation can escape. Like a hot car, the atmosphere blocks the reradia­tion and the air gets warmer.


Water can be present in the air in two forms: as water vapor, an invisible gas, or as minute droplets that loat in the air and are seen as haze, fog, or clouds. Water vapor, the gas whose abundance varies greatly, plays a major role in any discussion of the atmosphere. One of the few absolutes in the science of meteorology is that warm air can hold more water in the form of vapor than can cold air—lots more. The maximum amount of moisture occurring in the air is fixed by its temperature; if too much vapor is pre­sent, saturation occurs and the excess vapor condenses out in the form of minute water droplets or ice crystals. A rise of 10°C (or 18°F) in the air temperature doubles the maximum amount of water that the air can sus­tain as vapor, although this ratio varies somewhat over the range of possi­ble temperatures.


If we cool a blob of air, keeping the pressure constant, we will eventually reach a temperature at which the air is fully saturated and, if cooled fur­ther, can no longer hold its moisture. This lowest temperature is called thedew point or the dew point temperature, and it must necessarily be as cold as or colder than the air temperature,


The Earth’s atmosphere is divided into layers; the layer closest to the surface is called the troposphere and is a region of mostly falling tempera­ture with altitude. Physically, the troposphere is characterized through its major energy input, which comes from, the heated surface below; and the surface as an energy source makes impossible any widespread stable con­figuration. The troposphere is where all “weather” takes place, with clouds, precipitation, winds, and ever-changing global and local, patterns. Because clouds, rain, and snow require relatively dense air for their formation, they are confined to low, dense layers of the atmosphere in any event.


The upper boundary of the troposphere is clearly marked as a tempera­ture minimum and is called the tropopause. The tropopause varies in alti­tude from about 9 kilometers (6 miles) near the poles to nearly 16 kilometers (10 miles) above the Tropics. Just above the tropopause lies the stratosphere, a clear region in which the temperature rises with altitude, which produces stable stratification. The reason for this temperature rise is as follows: We noted above that cooling air loses its ability to hang on to its water vapor, and if cooled enough, the dew point is reached and condensa­tion or precipitation occurs. Warm and cool air have one more fundamen­tal difference: Warm air is always lighter and more buoyant than cool air and will rise whenever cool air surrounds it. The difference can be great enough to lift a balloon; indeed, balloonists depended upon this phenom­enon throughout the nineteenth century. Thus, as sunlight warms the ground, a blob of air near it expands and rises, now called a thermal. Up the thermal goes, expanding and cooling along the way, until its density matches that of the surrounding air; if by that point the thermal has reached dew point, it becomes a cloud. If our thermal, our blob from near the surface, continues to rise, the cloud it has formed at dew point will ex­pand vertically, occasionally to the top of the troposphere. There it stops. In the stratosphere, the temperature rises with altitude, a situation called a temperature inversion. Should our blob attempt to rise any higher, it would be surrounded by ever-warmer air, so this is a no-no. Inversions some­times occur near the surface, too; the air goes nowhere but just sits there and, if the inversion occurs over a city, collects smog.
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Several factors determine our degree of discomfort in the heat and the cold. Moisture, called humidity, is an important contributor to our discomfort. Most over-stress humidity’s importance, as indicated by the phrase “It’s not the heat, it’s the humidity,” now considered dogma by most of us in the United States. But what is humidity? Why do weather forecast­ers and news people disdain it and frequently delete it from their telecasts unless ordered not to by management?


To understand the complex role of water vapor in the atmosphere, we must understand humidity as an expression of discomfort. Humidity is not an absolute quantity; it is relative, defined as the ratio of vapor present to that required to produce saturation for a given temperature.


Relative humidity (popularly known as just humidity) and dew point temperature are the two most common means to describe the wetness of air. Neither is a precisely measurable quantity at very low levels, but the dew point carries one of the important tests for any parameter: Unlike hu­midity, dew point is an independent quantity. The humidity is determined from the existing air temperature and the dew point temperature, always as cool as or cooler than the air temperature. The problem with the relative humidity is that, because it is not a fully independent parameter, it de­pends on the value of the temperature. As an illustration, we consider the height and weight of a person to be two parameters of that person, but these parameters are not two independent quantities; one is partly a factor of the other. Tall people are on average heavier than short people; a person weighing 250 pounds is usually considered fat, but many basketball players weigh this much or more and no one would think of them as fat. A seven-foot-tall man weighs 250 pounds, even if he is quite thin. Weight is depen­dent on (and partly predicted from) height.


In the same manner, the temperature and the humidity are not indepen­dent measures of discomfort; one is partially a function of the other. This is why meteorologists would like to abandon humidity and use only the dew point, which is independent of the temperature and therefore gives more information than does the humidity. Mark Twain is said to have commented that there are three kinds of lies: lies, damn lies, and statistics. The manipulable humidity is the sort of statistic that gives statistics a bad name!


Thirty years ago, a single index of personal discomfort was created, de­fined by the temperature and the dew point, but not the humidity. Several forms arose, their differences slight; one was defined as equal to 0.4 times the sum, of the two temperatures plus 15 degrees; this was called the Dl, the discomfort index. After the predictable howls of protest issued forth from chambers of commerce and others, it was rechristened the THI, thetemperature-humidity index. Even this was too much for many places that push their climates as dry, even if insufferably hot, and the whole thing was allowed to pass into oblivion. Now we are once again allowed to be­lieve that relative humidity is the only important part of our discomfort.
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 FIGURE 3.1 The variation of temperature and humidity on a typical hot summer day.




But wait! This relative humidity often varies by as much as 50 percent on a sunny day at any one location without any infusion of air with differ­ent properties. It can be a sticky 90 percent at one time of day and down to a refreshing 30 percent just a few hours later. If we compare various loca­tions at various times of day, we could find a rain forest climate drier than a desert climate. On a typical summer’s day, the temperature and humidity perform a kind of dance back and forth, as we show in Figure 3.1 . In midafternoon at the hottest time of day, the humidity has dropped to a daily low, and just before dawn, the usual coldest moment, the humidity can be high to the point of saturation. All the while the air remains the same air. If a dry front passes through, the two curves may be a little far­ther apart, that is all.


Although we cannot measure accurately the low levels of humidity or dew point that occur in dry air, here is a useful way to compare the heat discomfort of one place to another: On the weather page of a daily newspaper glance at the lowest temperature reported in the last twenty-four hours and recall the formula for the DI or TIII. I or a humid city such as Washington, D.C., the daily high and low temperatures in July might he 95° and 75°F (35° and 24°C)> with a dew point at 70 I (21 ‘(I), not muchbelow the low for the day. At Phoenix, the two might be 110° and 70°F (43°and 21°C) or, with this city’s rapid population growth, abundant irri­gation, and many swimming pools helping out, 80°F (27°C) for a low. Washington’s DI is thus 81 and Phoenix’s is 87 (or 91, if the latter low is used). The DI was arranged so that at 70, no one feels uncomfortable, and for each point above 70, 10 percent feel uncomfortable. Thus a DI of 74 means that four people out of ten feel hot, and at 80, everyone feels hot. Prom the examples above, everyone in both places is miserable, but some people are more miserable than others.


Many factors prevent the DI from revealing whether someone is com­fortable or miserable or somewhere in between. Activity, location in the sun or shade, clothing, a breeze, a cool drink—all these affect the situation.


In the wintertime, the situation reverses. The wind speed brings in the factor called wind chili Special tables show a wind chill temperature de­pendent upon the air temperature and the wind speed and the resulting colder temperature one feels. Wind chill has become a mainstay of tele­vised weather reports, probably because it provides more sensational weather news than does the temperature alone. But, like humidity, wind chill is often misleading, and it is an even more capricious variable. Any­one walking on the streets of midtown New York (or any other big city) quickly realizes that the skyscrapers funnel the wind along the avenues or the cross streets (and occasionally both) because they act as canyons be­tween the tall buildings. Turn a corner, and the wind chill can change by as much as thirty or forty degrees. Just where, then, should the wind-chill temperature be measured and reported?


Most major weather stations are located at airports, but the problem of measuring wind-chill temperature exists there, too. Winter wind is com­monly gusty and the wind chill flops all over as a result; this condition is reported in good faith by the well meaning, but its use is obviously limited.


Although a wind in summer decreases one’s discomfort, it is surprising that a wind-chill effect is never reported in the warmer months. In both extremes of temperature, summer and winter, the effects of humidity and wind chill get mixed together, and this confuses many into an incorrect es­timation of both of them. People confusing humidity with wind chill speak of a dry cold in winter, meaning that at one location the air temperature really doesn’t feel all that bad when compared to another. Having resided in Cleveland, Minneapolis, New York, and Washington, we can say with certainty that, on average, a temperature of zero feels the same in all four cities. There are calm days in all four cities when the cold seems less uncomfortable against the bare skin, but the average wind speed as well as the average humidity is the same at the same air temperature. Discomfort is a personal matter, and susceptible to personal prejudice, particularly when one bases one’s experience on a limited time in a city: “1 spent a weekend in Washington, D.C.—and it was the hottest and most humid place I’ve ever experienced,” This pronouncement may bring a modicum of satisfaction to the speaker, but it is not based on objectivity or science, Factors such as humidity, wind chill, and summer heat indices help to jazz up weather telecasts, but they don’t describe the state of the weather as sat­isfactorily as such independent measures as temperature, dew point, and pressure.
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On the Earth, unlike any other planet, clouds are made out of water. This refreshing compound, known chemically as H2O, exists in abundance in both liquid and gaseous forms on the surface of the Earth—but of no other world in the solar system. Were we to discover otherwise, the chances for life there would rise dramatically. One of Jupiter’s four large moons, Europa, might reveal liquid water below its icy surface to a near-future space mission. But oceans of the stuff lying about for our use and enjoy­ment are not found elsewhere. Precipitation comes in several lavors: rain, freezing rain, sleet, snow, hail, dew, and frost. The last two, dew and frost, aren’t strictly considered precipitation at all; they form on grass or the side of a glass of cold water or beer through condensation when the air in con­tact cools past the point of saturation and can’t hold its moisture. We get dew (water) if the air is above freezing and frost (ice) if below. Depending on conditions, any single storm can produce rain, freezing rain, sleet, or snow, or a melange of any two or more. It is a matter of the temperature profile with altitude.
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