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Composition of the Atmosphere

The atmosphere is a mixture of gases. Take a deep breath. Quick, name the gases you have just inhaled. Most people think of oxygen and carbon dioxide. Now study Figure 15.2 on p. 409 of the textbook. Surprise! The air is over 78% nitrogen (N2). We don't hear much about nitrogen because it has no direct importance to our lives
, but every time we take a breath, more than 3/4 of the air molecules we inhale are nitrogen molecules. Oxygen (O2), essential for all human and animal life, makes up almost 21% of the air--not as much as most people think, but still a reasonably large percentage. The next most common gas in our atmosphere is argon (A). Argon makes up almost 1% of the atmosphere (0.93% to be exact). If you've never heard of argon before, you're not alone. Argon is a “noble” gas, which means that it doesn't react with anything and, therefore, it just floats around in the air doing nothing but taking up space. Carbon dioxide (CO2), by contrast, is very important to life on Earth. Green plants use it to make sugar which they, in turn, use to make fat, protein and other important nutrients. Carbon dioxide also plays a crucial role in regulating the temperature of the atmosphere, as we shall see later in this chapter. Yet carbon dioxide makes up an incredibly tiny proportion of the air--only 0.035%.  


Nitrogen, oxygen, argon and carbon dioxide are mixed together very thoroughly in the atmosphere. Any outdoor air sample you might take, anywhere in the world at any altitude, would have the same proportions of nitrogen, oxygen, argon and carbon dioxide. By contrast, water vapor--the gaseous state of water--is poorly mixed in the atmosphere. Air at low altitudes has a much higher proportion of water vapor than does air at high altitudes. In addition, the water vapor content of the air varies considerably from place to place, depending on the proximity to a water source, the temperature of the air and other complex factors. The air in a desert contains much less water vapor than does the air in a rain forest, for example. Thus the proportion of water vapor molecules in the air you breathe can vary between 0% and 4%.
 Water vapor is the source of clouds and, of course, all rain and other precipitation. In addition, like carbon dioxide, water vapor plays a crucial role in regulating the temperature of the atmosphere. But, as you might surmise from their relative abundances, water vapor plays a much larger role in regulating air temperature than does carbon dioxide. In fact, water vapor is THE most important “greenhouse gas” (you will learn more about greenhouse gases and the greenhouse effect soon).

Temperature
What is Temperature?


Air temperature is central to any discussion of the weather. We often say things like “This is the hottest summer I can remember.” or “I've had enough of this cold weather.” The predicted daily high and low temperatures help us determine what to wear each day. We heat and cool our homes in order to maintain a temperature ideal for our comfort. We measure the air temperature with countless thermometers placed inside and outside of our homes, at bank buildings, at airports and many other locations. We deal with the concept of air temperature every day, but many of us don't stop to think about what temperature really is.


We know that temperature is related to heat. If we add heat to something, its temperature goes up. Is “temperature” just another word for “heat?” We can answer this question by doing the following thought experiment (you may wish to actually do this experiment at home): Place two different-sized pans full of cold water on a stove. Then, turn on the burners underneath the pans, being careful to place both burners on exactly the same setting so that each will put out the same amount of heat. What happens? The temperature of the water in the small pan increases much faster than does the temperature of the water in the large pan. The water in the small pan may be boiling hot when the water in the large pan is still lukewarm. The same amount of heat has been added to each pan, so why is the water in the small pan hotter? Because, in the large pan, the heat is spread out over a larger amount of water. 


So “temperature” is not exactly the same thing as “heat.” It's not the total amount of heat stored in the water that determines the temperature of the water. Rather, the temperature of the water is determined by the amount of heat stored per given amount of water (or any other substance we want to measure the temperature of)
. Scientists use the term internal heat energy to designate the amount of heat that is stored in a given amount of a substance divided by the mass of that substance. Thus temperature is a measure of the internal heat energy of a substance.


Let's probe the issue of temperature a bit deeper. How is internal heat energy stored in matter? All matter is made up of extremely tiny molecules. Those molecules are in constant random motion, either vibrating in place (in solids), jostling against each other (in liquids) or freely whizzing along in all directions at tremendous speeds (in gases) (See Figure 16.2 on p. 435). Any object that is in motion possesses kinetic energy (energy of motion). It is the combined kinetic energy of all of the individual molecules of a substance that gives the substance its internal energy. The more kinetic energy these molecules have, the higher is the internal energy of the substance.


Let's probe even deeper and look at what causes the kinetic energy of molecules to increase when we add heat to them. The kinetic energy of an object is described by the following equation:

K=1/2 mv2
K = the kinetic energy of the object

m = the mass of the object

v = the velocity (speed) of the object.

As we add heat to a pan of water, the individual molecules do not gain or lose mass. But they do gain velocity--they start moving faster. So we see that it is an increase in the velocity of individual molecules that causes their kinetic energy to increase. 


Let's put all of these concepts together. When we add heat to a substance, the individual molecules in that substance increase their velocity. This increase in velocity causes an increase in the kinetic energy of these molecules. The increase in the average kinetic energy of the molecules causes an increase in the internal heat energy of the substance. Finally, an increase in the internal heat energy of a substance manifests itself as an increase in the temperature of the substance. 


In summary, the  faster the individual molecules of a given substance move, the higher is the temperature of that substance. This is a very important principle that we will be referring to repeatedly in our discussions of air temperature. 

Additional Information About Temperature

You may be wondering if there is any point at which all molecular motion stops. Theoretically, there is such a temperature. It is called “absolute zero” and its value is -273°C (or 0° on the Kelvin scale). It doesn't get any colder than this! In fact, scientists have repeatedly tried but have never been able to achieve absolute zero temperature.


Note that temperature correlates to the AVERAGE kinetic energy of the molecules. This is because, at any given temperature, the molecules have a range of kinetic energies, depending on their individual velocities. Some molecules will move very slowly and others may achieve supersonic speeds. Most molecules, however, have velocities--and therefore kinetic energies--that are close to the average.


It is important to realize that it is RANDOM molecular motions that determine the temperature of the air (or any other substance). In random molecular motion, the molecules within a given mass of air move in all directions and at many different speeds. But the mass of air as a whole need not move at all. The whole mass of air could be moving--i.e. the wind could be blowing--but the speed of the wind will not be influenced by the speed of the random molecular motions. In other words, wind speed is not influenced by temperature (wind speed is dependent primarily on differences in air pressure, as we shall see soon). The random motions of air molecules within a moving mass of air are analogous to the movements of the passengers on a cruise ship. The passengers walk all over the ship in all directions, some quickly, some slowly (this is analogous to the molecular motion that determines the temperature of the air). But the walking speed of the passengers does not influence the cruising speed of the ship (the speed of the ship is analogous to the speed of a mass of air moving as a whole, i.e. the speed of the wind). When everyone goes to sleep, the ship does not slow down; when everyone is dancing, the ship does not speed up.

How do we Measure Temperature?
How our Bodies Sense Temperature

There are many ways to measure air temperature. We can, for example, estimate air temperature by “feel“ alone. How does this work? Our bodies are continually striving to maintain a temperature of exactly 37°C (98.7°F). They do so by maintaining a delicate balance between the amount of heat generated by metabolic processes inside of our bodies (tending to raise body temperature) and the amount of heat flowing out of our bodies into the air (tending to lower body temperature). If our body temperatures drop slightly, we feel cold; if our body temperatures rise slightly, we feel hot.


How does our sensation of body temperature relate to air temperature? The temperature of the air influences the rate at which our bodies lose heat. Why? Remember that, in an attempt to equalize temperature, heat energy always flows from warmer objects to cooler objects. The greater the temperature difference between the two objects, the higher the rate of heat transfer between them. So, if the air is considerably cooler than body temperature, heat quickly flows out of our bodies and into the air. If we don't put on heavy clothes (insulating ourselves and, thereby, slowing down the heat transfer) or exercise vigorously (increasing the amount of heat generated by metabolic processes inside of our bodies), our body temperature will drop and we will feel cold. If the air temperature is 10–15°C cooler than body temperature, heat flows out of our bodies at a moderate rate, ideally balancing the generation of heat inside our bodies, and we feel comfortable. If the air temperature is only 0–10°C below body temperature, heat flows out of our bodies at a slow rate; the heat generated inside our bodies begins to build up and we feel hot. If the air temperature is higher than body temperature, very little heat flows out of our bodies; in fact, heat tries to flow out of the air and into our bodies. When the air temperature is higher than body temperature, the only method our bodies have for getting rid of excess heat (short of jumping into cool water) is to sweat profusely--we feel very hot at these temperatures. After years of experience with a range of temperatures, many of us are able to accurately estimate the temperature just by “feel.”


However, we can be fooled because our body temperatures are influenced not only by the temperature of the air but also by humidity, wind speed, and sunshine. How? Let's look at these influences one at a time. 


Humidity. When the air is already rather warm (warm enough to cause us to sweat), high humidity can make it feel warmer. That is because the high concentration of water vapor in humid air inhibits the evaporation of sweat--the air is already “crowded” with water vapor molecules and doesn't let many new ones in. If our sweat does not evaporate, it cannot do its job of drawing heat out of our bodies. How does sweat do this job? It takes energy to transform liquid water into water vapor (in other words, it takes energy to cause the phase change from liquid to gas). Energy cannot be created or destroyed, so the energy needed to make this transformation must come from somewhere. It comes from the internal heat energy of whatever the water is sitting on. So when sweat evaporates, the skin loses heat energy and cools.


Wind Speed. The faster the wind blows, the cooler the air feels. That is because moving air draws more heat out of our bodies than does still air. Why? Air is a lousy conductor of heat. Therefore, if the air is still, the heat flowing out of our bodies is trapped in the air that is touching us. We each become surrounded by a halo of extra-warm air. Thus, if the air is very still, there is little temperature contrast between our bodies and the air around them. As a result, there isn't much heat flow out of our bodies and into the air. But if a breeze or wind blows, there is a constant stream of fresh cool air molecules coming in contact with our bodies. The contrast in temperature between our bodies and the air directly adjacent to them remains high and heat flows freely out of our bodies and into the air.


Sunshine. When we are out in the sun, our bodies absorb energy directly from the sun, adding to the heat energy generated by our internal metabolic processes. As a result, we feel much warmer in the sun than we would in the shade, even though the air temperature is the same. Yes, believe it or not, when it is 95°F in the shade, it is also 95°F in the sun.

How Thermometers Measure Temperature

Thermometers are more reliable and precise instruments for measuring temperature than our bodies are. They cannot be fooled by humidity or wind speed but, like our bodies, they can be fooled by sunshine. Thus we always read a thermometer in the shade! 


How does a thermometer work? The most common type of thermometer is called a “liquid-in-glass” thermometer. It is a very simple instrument based on two basic principles: (1) substances expand when heated and contract when cooled, and (2) heat always flows from hot objects to cold objects until the two objects achieve the same temperature. The first principle underlies the design of the thermometer: some type of liquid, usually mercury (silver-colored) or mineral spirits (red-colored), is sealed inside a glass tube with a bulb on the bottom end. As the temperature of the liquid increases, the liquid expands and rises higher in the tube; as its temperature decreases, the liquid compresses and sinks lower in the tube. If you completed the lab activities on Density, Buoyancy and Convection; you made a crude thermometer out of a bottle, colored water, a rubber stopper and an eye dropper.


The second principle on which a thermometer is based underlies our method for using the thermometer. We always place the bulb end of the thermometer (where most of the liquid is) inside of the substance whose temperature we want to measure. Why? In order to let the liquid in the bulb exchange heat with the substance around it until it achieves the same temperature as that substance. This is necessary because a liquid-in-glass thermometer really only registers the temperature of the liquid inside the thermometer. If the liquid in the thermometer hasn't warmed up to the temperature of the substance around it, the thermometer will register a temperature that is too low. If, on the other hand, the liquid in the thermometer somehow gets warmer than the substance around it, it will register a temperature that is too high. That is why a thermometer will not work if the sun is shining on it. A thermometer placed in the sun continually absorbs energy directly from the sun, causing the temperature of the liquid to continually rise--usually well above the temperature of the air. A thermometer placed in the shade only absorbs energy from the air around it; this energy flow stops as soon as the liquid in the thermometer is the same temperature as the air around it, so a thermometer placed in the shade registers the correct temperature.

Layers of the Atmosphere

Meteorologists have defined a number of layers within the atmosphere (See Figure 15.6 on p. 412), based primarily on the variation of temperature with height. We will only concern ourselves with the two layers closest to the ground: the troposphere and the stratosphere.

Troposphere


Most people have never heard of the troposphere but, in fact, it is the most important layer in the atmosphere. The troposphere is the layer closest to the ground; we spend all of our time in it, even when we fly in jet planes (supersonic jet planes fly in the stratosphere but all other airplanes fly in the troposphere). The troposphere contains almost all clouds. Within the troposphere, temperature generally decreases upward (as shown by the red line on Figure 15.6 on p. 412). Notice how incredibly cold it is at the top of the troposphere. Recall from our studies of convection that convection occurs in any fluid that is warmer on the bottom than it is on the top. The atmosphere is no exception. Thus the troposphere is continually convecting and overturning. In fact, the troposphere was named for that very quality. Tropos is the Greek word for “turn.” 

Tropopause


The top of the troposphere--called the tropopause--is defined by a “temperature inversion,” i.e. a level where the temperature begins to increase with altitude instead of decrease with altitude (see the bend in the red line on Figure 15.6 on p. 412). Again, as we learned in our studies of convection, a fluid that is warmer on the top than it is on the bottom will not convect; in fact, it will not mix vertically at all (remember the perpetually red-white-and-blue beaker of water). Thus there is little mixing of air between the troposphere and the stratosphere, the next layer up.

Stratosphere


There is also very little vertical mixing within the stratosphere because temperatures in the stratosphere increase with altitude. The stratosphere tends to remain stratified into layers, hence the name “stratosphere.” Although there is very little life in the stratosphere, this layer of the atmosphere is very important to life on earth because it contains the ozone layer. The ozone layer protects us from the sun's harmful ultraviolet rays. For more information on the ozone layer, see the NASA fact sheet on this topic at the following web site: 

http://eospso.gsfc.nasa.gov/ftp_docs/Ozone_Fact_Sheet.pdf


Temperatures within the stratosphere increase upward because the stratosphere is heated from above by the sun. Ozone and oxygen in the stratosphere absorb ultraviolet radiation from the sun, increasing their temperature. Most of this absorption happens near the top of the stratosphere, where the ultraviolet rays first come in.

A Puzzle: Why Do Temperatures Decrease Upward Within the Troposphere?


You may be wondering why temperatures decrease upward within the troposphere--isn't it, too, heated from above by the sun? That is an excellent question which has a rather complicated answer. The next section will reveal the answer. Keep this question in mind as you read.

The Greenhouse Effect
The Storage of the Heat Energy in the Atmosphere


Recall from the section on temperature that the temperature of any substance, including the atmosphere, is a measure of its internal heat energy. The more internal heat energy a substance has, the higher its temperature is. All of the internal heat energy in the atmosphere comes from the sun,
 which sends a steady stream of energy toward Earth. You might expect that this continuous input of energy would cause the Earth to keep getting hotter and hotter. Yet Earth's surface maintains a fairly constant temperature. How? By radiating just as much energy back out into space as it receives from the sun. 


That brings up another question. If Earth is constantly radiating out just as much energy as is coming in, why does the atmosphere have any internal heat energy at all? Because most of the energy we receive from the sun does not immediately radiate back out into space; much of this energy is stored for awhile as internal heat energy in the atmosphere, the oceans and the ground, thereby maintaining a temperature range that is ideal for life. 


The storage of internal heat energy in the atmosphere is analogous to the storage of water in the lake behind a dam (See Figure 4.7 on page 104 for an illustration of such a river). Before the dam was built, a river flowed through the valley; water entered upstream and exited downstream but did not stay long (Figure 4.7A). Now that the dam has been built and the lake filled, water flows into the upstream end of the lake, stays in the lake for a time, then flows out of the downstream end of the lake from the bottom of the dam (Figure 4.7B). The same amount of water enters and exits the system as did before the dam was built. But a great deal of water is temporarily stored in the lake at any given time; the lake contains much more water than the pre-dam river did. If Earth's atmosphere were unable to store heat energy, the situation would be similar to that of a river with no dam; solar energy would come in and then, almost immediately, it would leave. The atmosphere would contain little heat energy and the temperature of the atmosphere would remain quite cold. But our atmosphere can store energy, so the situation is actually similar to that of a river with a dam across it that forms a lake. Energy from the sun flows in and out of Earth's atmosphere, but a great deal of this energy is temporarily stored in the atmosphere at any given time, keeping the temperature of the atmosphere comfortably warm. 


What plays the role of the dam in the Earth's atmosphere? It is a phenomenon known as the greenhouse effect. The greenhouse effect is accomplished by certain “greenhouse gases” in Earth's atmosphere. Surprisingly, the “greenhouse gases” are not the major gases that make up the atmosphere. Nitrogen and oxygen, which together make up at least 95% of the atmosphere (See Figure 15.2 on p. 409), are not greenhouse gases. The greenhouse gases are some of the minor gases in our atmosphere. The most important “greenhouse” gas, by far, is water vapor (the gaseous state of water); water vapor makes up 0–4% of the atmosphere. Carbon dioxide is the second most important “greenhouse” gas, but it plays a much smaller role than does water vapor; Earth's atmosphere is only 0.035% carbon dioxide. Other minor “greenhouse” gases include methane and chlorofluorocarbons (CFC's).


The “greenhouse effect” is very important to life on Earth. The average surface temperature of Earth is 15°C (59°F). If there were no greenhouse effect, the average surface temperature of Earth would be about 35°C colder than it is now. In other words, the average surface temperature would be -20°C (-4°F), well below the freezing point of water. All of our oceans would freeze and life would probably die out. How does the greenhouse effect cause internal heat energy to be trapped in the atmosphere? The greenhouse effect involves the emission of electromagnetic energy by the sun and the transmission, absorption and emission of electromagnetic energy by the atmosphere and Earth's surface. Thus, in order to understand how “greenhouse” gases cause internal heat energy to be trapped in the atmosphere, we must digress a bit and develop an understanding of electromagnetic radiation, the electromagnetic spectrum and how matter interacts with electromagnetic radiation.

Electromagnetic Radiation
The Electromagnetic Spectrum

The sun, like all objects, emits electromagnetic radiation, a form of energy that travels through empty space at the “speed of light,” and that exhibits some characteristics of waves and some characteristics of particles (called photons). Some familiar examples of electromagnetic radiation include visible light, ultraviolet radiation, X-rays, microwaves, radio waves, and infrared radiation. The thing that distinguishes these different types of electromagnetic radiation is their wavelength (remember, electromagnetic energy exhibits some characteristics of waves). There is a full spectrum of wavelengths of electromagnetic radiation, with wavelengths ranging from more than a kilometer to less than .001 micrometer (see Figure 15.15 on p. 418). Visible light (the light that our eyes can perceive) ranges from 0.7 microns to 0.4 microns; each different wavelength within that range corresponds to a different color.

Emission of Electromagnetic Radiation


All objects emit electromagnetic radiation: you, me, this piece of paper, the wall next to you, the ground, the sun--everything. The higher the temperature of an object, the more electromagnetic energy it emits and the shorter is the average wavelength of the radiation that it emits. For example, an ember in a campfire glows orange-red (at a wavelength of 0.65 micrometers) but a very hot flame burns blue (at a wavelength of 0.45 micrometers). The sun emits a LOT more electromagnetic radiation than does Earth. Most of the electromagnetic radiation emitted by the sun is in the visible light range. Earth emits no visible light (with the minor exception of fires and electric lights). Essentially all of the electromagnetic radiation emitted by Earth has wavelengths in the infrared range or longer. Thus our textbook calls solar radiation “short-wave radiation” and terrestrial radiation “long-wave radiation.”


You may be wondering why hotter objects would emit shorter-wavelength radiation and how photons fit into the picture. Recall that electromagnetic radiation exhibits some characteristics of waves and some characteristics of particles (called photons). Picture light (and all other forms of electromagnetic radiation) as ripples on the surface of a pond, traveling outward from the place where a pebble was dropped into the water. Now picture light as paint balls being shot out of a paint-ball gun in all directions (the color of the paint balls determining the color of the light—although all colors of light make white light whereas all colors of paint make black paint ). Electromagnetic radiation behaves in both of these ways--strange but true. What’s the connection? Individual particles of electromagnetic radiation (called photons) can carry different amounts of energy. The shorter the wavelength of electromagnetic radiation, the more energy is packed into each photon. Long-wavelength electromagnetic radiation consists of low-energy photons; short-wavelength electromagnetic radiation consists of high-energy photons. Thus it makes sense that hot objects emit short-wavelength radiation and cool objects emit long-wavelength radiation.

Temperature Changes Resulting from the Absorption and Emission of Electromagnetic Radiation

Recall that ALL objects emit electromagnetic radiation. You may be wondering how this can be possible. Electromagnetic radiation is energy. If all objects are continually emitting electromagnetic radiation, won’t they eventually run out of energy? Yes, they will, unless they also absorb electromagnetic radiation. In fact, whenever an object emits a photon, it loses some internal heat energy and, as a result, its temperature decreases. Conversely, whenever an object absorbs a photon, it gains some internal heat energy and its temperature increases. That is why you feel nice and warm when you sit out in the sun, even on a cool day--you are absorbing electromagnetic energy from the sun. 

Selective Absorption and Emission of Electromagnetic Radiation

But why do you get so warm when you sit in the sun on a cold day while the air itself does not (as you notice every time a breeze picks up)? That is a very important question! The answer is that the air cannot absorb visible light. Human beings (and most solid and liquid objects) can absorb just about any type of electromagnetic radiation, including the visible light emitted by the sun. But gases are finicky. Each type of gas in the atmosphere can absorb and emit photons of only certain wavelengths. None of the important gases in the atmosphere can absorb or emit photons in the visible part of the spectrum--thus visible light shines right through them (that’s why we can’t see the air--it's transparent). Nitrogen and oxygen, which together make up 99% of the atmosphere, cannot absorb or emit infrared radiation either. However, a few “greenhouse gases” (especially water vapor and carbon dioxide) can absorb and emit infrared radiation and that is why they are responsible for the “greenhouse effect.”

How the Greenhouse Effect Works


The electromagnetic radiation emitted by the sun consists mostly of visible light. About 30% of the solar radiation that hits Earth is reflected and scattered back out into space; only about 20% is absorbed by the atmosphere (mostly by clouds). Thus 50% goes right through the atmosphere and makes it all the way to Earth's surface where it is absorbed by the ground and the oceans. This absorbed radiation energy acts to increase the temperature of Earth's surface. Eventually, the absorbed energy is reradiated back up in the form of infrared radiation (recall that Earth's surface is not hot enough to emit visible radiation).


Only 5% of this infrared radiation escapes all the way out to space. The remaining 95% is absorbed by greenhouse gases in the atmosphere. When these gases absorb the infrared radiation, their temperatures increase, increasing the temperature of the atmosphere around them as well. Eventually the energy that was absorbed by any given gas molecule is once again emitted, again as infrared radiation. Some of this radiation escapes into space but much of it is absorbed by other greenhouse gases or by the ground, which then is warmed and emits its own infrared radiation--and so on. In summary, much of the energy that reaches Earth from the sun bounces around between the ground and the atmosphere several times before finally escaping back out into space--it is trapped in the atmosphere by the greenhouse gases, keeping the atmosphere at a comfortable temperature for life.

Implications of The Uneven Distribution of Greenhouse Gases


The greenhouse effect is not equally strong everywhere. Its strength depends on the level of greenhouses gases in the atmosphere. Recall that the two most important greenhouse gases are water vapor (which makes up 0–4% of the atmosphere) and carbon dioxide (which makes up only 0.035% of the atmosphere). The concentration of water vapor decreases significantly with altitude. So most of the “greenhouse effect” absorption of radiation emitted by the ground takes place quite close to the ground and at lower elevations (in valleys as opposed to on mountain tops). As a result, air temperature generally decreases with altitude (if you want to cool off on a hot summer day, just drive from Chico to Mt. Lassen). 


This leads to a very important conclusion: the atmosphere is heated from below by the ground, not from above by the sun. As you will recall from our studies of convection, any fluid that is heated from below will convect. The atmosphere is no exception. Convection plays a major role in Earth's weather and climate. In fact, you could say that all weather can be explained by convection. We will explore this topic in more detail very soon.

Global Warming


You have, no doubt heard about global warming and wondered what it is all about. If you are interested in finding out more, there is a tremendous amount of information on the world-wide-web. For example, NASA has an excellent fact sheet at the following web site:

http://eospso.gsfc.nasa.gov/ftp_docs/Global_Warming.pdf

NASA has several other well-written and scientifically sound “fact sheets” on environmental issues at

http://eospso.gsfc.nasa.gov/eos_homepage/misc_html/nasa_facts.html

Air Pressure
Description of Air Pressure

Air is always under pressure from the air around it. In fact, all objects surrounded by air--including you and me--are under pressure from the air around them. You may be surprised at how hard the atmosphere presses on us. At sea level, the air exerts a pressure of about 1 kilogram-force per square centimeter or 14.2 pounds per square inch
. Hold out your hand, palm up. The average adult hand has a surface area of about 150 square centimeters (23 square inches). Thus, at sea level, the force of the air pushing down on your hand is just as great as that of a 150 kilogram (330 pound) weight
. You are stronger than you think you are! Actually, you have a lot of help from the air underneath your hand, which is pushing up  just as hard as the air above your hand is pushing down. In fact, the air presses on us with a uniform pressure in all directions. We don't notice this pressure because we are used to it, but we would certainly notice if it were suddenly taken away.


Because they don't feel the pressure exerted by the air, many people find it difficult to believe that the air exerts pressure. For those readers who are unbelievers, here is a fun “trick“ that will convince you of the existence of air pressure and, as a bonus, astound and amaze your friends (See the lab on Air Pressure, Wind and Air Circulation Caused by Heating of the Atmosphere). Fill a clear drinking glass to the brim with water. Add a few drops of food coloring (this step is optional but it makes the water more visible). Place an index card on top of the glass. The card should completely cover the top of the glass, leaving no gaps. Carefully turn the glass upside down while holding the index card in place. A little water may leak out of the glass onto the index card. As necessary, adjust the index card to form a tight seal. Gradually let go of the index card and hold onto the glass alone. What happens? Surprise! No water leaks out. You can carry the glass around, upside down, for a long time without spilling any water-as long as the seal between the glass and the index card remains tight. It works every time (go ahead--try it!).


What makes this trick work? Why doesn't the water fall down? Is it defying gravity? No, it is obediently adhering to all the laws of gravity. Think of it this way: The water is exerting a downward pressure equal to its weight spread out over the area of the mouth of the glass. A typical glass holds 0.4 kilograms (14.1 ounces or 0.88 pounds) of water. If the mouth of the glass has a diameter of 7.1 square centimeters (2.8 inches), it has an area of 40 square centimeters (6.2 square inches). Thus the water in the glass exerts a downward pressure of 0.01 kilograms per square centimeter (0.14 pounds per square inch).
 Remember that the air exerts a pressure of 1 kilogram per square centimeter (14.2 pounds per square inch). This pressure is exerted in all directions, including up. So the air is pressing up on the index card with a pressure of 1 kilogram per square centimeter (14.2 pounds per square inch)--100 times as hard as the water is pushing down on the index card. In fact, if you look closely, you may see that the index card is curved slightly INTO the glass of water; this is because the air pressure is actually squeezing the water a little.


You may wonder if you can do this trick with any water glass. What if the glass were 10 feet tall? 100 feet tall? You may already have guessed the answer. When the water presses down harder than the air presses up, some of the water will fall out of the glass (until the pressures equalize). How tall does the glass have to be to press down harder than the air presses up? If you look closely at the numbers in the previous paragraph, you will realize that the glass will have to be 100 times taller than the average drinking glass. Specifically, the drinking glass in our example of the previous paragraph is 10 centimeters tall (4 inches). So, if we had a glass more than 1000 centimeters or 10 meters (400 inches or 32.8 feet) tall, our trick would no longer work because the water inside the glass would press down harder than the air would press up.  


Some of you readers who are especially hard thinkers may still be pondering the 10-cm tall glass and wondering “Since the water in the glass is denser than the air below it, why doesn't the water sink and the air rise?” An excellent question! The answer is that the water will sink and the air will rise the moment they get a chance. However, the airtight seal made by the index card prevents air from entering the glass. The water will not sink out of the glass unless air can rise up into the glass and take its place. So, if even a tiny leak develops in the seal, air will rush into the glass, rising to the top, while water falls out of the bottom.

The Relationship Between Air Pressure and Air Density

If you squeeze something, it tends to get smaller. This is true of everything--sponges, pillows, balloons, people, rocks, water and, especially, air. We are, perhaps, most familiar with the way a sponge behaves when we squeeze it: most of the air or water that is present in the pore spaces of the sponge is squeezed out as those pore spaces are compressed. As a result, the volume of the sponge decreases. This decrease in volume is accomplished by the removal of material (water or air). As we saw in our studies of sedimentary processes, sediments undergo this type of volume loss as they get buried under many layers of new sediment. The weight of those overlying layers of sediment put pressure on the sediments below, reducing the amount of pore space and squeezing out any water or air that may have been present in the pores. Thus the removal of matter is one way in which nature can accomplish a decrease in volume. It is not, however, how the atmosphere accomplishes a decrease in volume. 


The atmosphere accomplishes volume decrease by simply packing the molecules closer together. This type of volume decrease takes place without removing any matter. It is not just the atmosphere that accomplishes volume loss in this way; most volume loss in nature takes place this way. Deep in Earth's interior, where there are no pore spaces in the rocks, volume loss takes place by the rearrangement of the atoms and/or ions within in each crystal so that they are closer together. Because the regular arrangements of atoms and/or ions has changed, a new mineral with a higher density has been formed. In the atmosphere, where molecules move around freely, bumping into each other but otherwise not touching, volume loss is much more easily accomplished: the molecules are simply brought closer together. Imagine a very large exhibit hall in which a few hundred people are scattered around, visiting the various booths. If the walls were to move inward, there would still be plenty of room for all of the people, they would just be closer together. Question: what is in the spaces between air molecules? Answer: Nothing at all! Empty space with no matter in it--most of the volume of the air is just empty space!


Back to the compression of air. Air is quite easy to compress. We do it every time we pump air into a bicycle tire. When we raise the handle, we let in fresh air. When we push the handle down, we squeeze that air, forcing it into the tire. As we repeat the process, we squeeze more and more air into the same amount of space (the inside of the tire). If we fill our tires to a pressure of 85 pounds per square inch, we have squeezed air that formerly took up 300 cubic inches (2 cubic feet) in the open air into a space of only 50 cubic inches (1/3 cubic foot). 


When we studied Earth's interior, we learned that Earth's core has a density about twice that of Earth's crust. This difference in density is related primarily to differences in composition--iron (the main component of Earth's core) is denser than granite (the main component of Earth's crust). But this difference is also related to differences in pressure--rocks in Earth's core are under much higher pressures than are rocks in Earth's crust. Within solids, such as Planet Earth, higher pressures can “squeeze” rocks into slightly higher densities. But, because solids are already quite tightly packed, even at zero pressure, they do not become much more compacted when subjected even to extreme pressures. Liquids, such as the oceans, compact a bit more with increasing pressure. Gases, on the other hand, are perfectly “compressible.” This means that, the harder you squeeze them, the smaller and denser they get. REMEMBER: it is NOT the individual molecules that are expanding and contracting--it is the distances between them that are getting larger and smaller. This is true no matter what is causing the expansion/contraction (temperature or pressure changes).


Summary: Rock can withstand a LARGE increase in pressure before it responds by decreasing its volume (without “cheating” by expelling matter). Water is a little less able to withstand great pressures. Air can withstand no pressure change at all. If you change the pressure just a little, you will change the volume (and therefore the density) of the air in proportion.

Variations in Air Pressure with Altitude

A critically important aspect of air pressure is its systematic decrease with altitude. As we drive up into the mountains or take off in an airplane, our ears usually pop several times. This popping happens as our ears adjust to the lower air pressures at higher elevations. Our ears also pop when we drive down a mountainside or descend toward the airport in an airplane--our ears are adjusting to the higher air pressures at lower elevations. At the beginning of the section on air pressure, we noted that you had to be at sea level to experience an air pressure of 14.2 pounds per square inch. Those who live “a mile high” (at around 5300 ft), experience an air pressure of only about 13 pounds per square inch. Figure 15.4 on p. 411 of the textbook shows the systematic decrease of air pressure with altitude. Note that, at an altitude of 5500 m (about 18,000 ft), the air pressure is half that at sea level. Because a lower air pressure causes a proportionately lower air density, the density of the air at 18,000 ft. is half that at sea level. In other words, at 18,000 ft, each breath we take only contains half the oxygen molecules contained in a breath at sea level. No wonder we get out of breath when we hike in the high mountains!

What Causes Air Pressure?

The systematic decrease in air pressure with altitude provides a clue as to what causes air pressure. What else, besides air pressure, decreases systematically and consistently with altitude? The amount of overlying air does! Imagine rising straight up in a hot-air balloon. As you rise through the atmosphere, you leave more and more air behind--below you--and less and less air remains ahead--above you. What this is telling us is that the air pressure at any given elevation is simply caused by the weight of the overlying air. That is why the more air there is above you, the higher the air pressure. Think of it this way: we live our lives on the bottom of a “sea” of air. Close to the “surface” (the top of the atmosphere), the pressure is almost zero because there is very little air pressing down from above. But, far below, at the air “sea” bottom where we live, the air pressure is quite high because there is a lot of air above us, pressing down with all its weight. 


We've encountered a similar concept before. In our studies of rocks, we discovered that rock pressure increases with depth inside of the earth. Why? Because the deeper a rock is inside of the earth, the more rock there is above it. Gravity is continually pulling all of this overlying rock downward, causing it to squeeze the rocks below--that is, put pressure on them. The more rock mass there is above a given rock, the higher the pressure on this rock. In fact, the pressure on any rock surface at depth is equal to the total weight of rock present above that surface. The same principle applies to the increase in water pressure with depth in the ocean (or even in a swimming pool) and to the increase in air pressure with “depth” in the “ocean” of air. Interestingly the pressure due to the overlying rock, water or air is the same in all directions--horizontally, vertically or any other direction.
 

Measuring Air Pressure

Units of Air Pressure

Earlier in this section we mentioned that, at sea level, the air exerts (and is under) a pressure of 1 kilogram-force per square centimeter or 14.2 pounds per square inch. I used these units because they were more likely to be meaningful to the average reader than some of the other units to measure air pressure including millibars, pascals, newtons and inches of mercury. The table on the next page compares the three units of measurement most commonly used to measure air pressure. Most meteorologists use millibars (1 millibar is one gram-force per square centimeter) but, in the United States, air pressure is commonly reported in inches of mercury. 

Comparison of three commonly-used units for measuring air pressure

	millibars
	Inches of Mercury
	pounds per square inch

	1110
	32.78
	15.77

	1100
	32.48
	15.63

	1090
	32.19
	15.49

	1080
	31.89
	15.35

	1070
	31.60
	15.21

	1060
	31.30
	15.06

	1050
	31.01
	14.92

	1040
	30.71
	14.78

	1030
	30.42
	14.64

	1020
	30.12
	14.49

	1010
	29.83
	14.35

	1000
	29.53
	14.21

	990
	29.24
	14.07

	980
	28.94
	13.93

	970
	28.64
	13.78

	960
	28.35
	13.64

	950
	28.05
	13.50

	940
	27.76
	13.36

	930
	27.46
	13.22

	920
	27.17
	13.07

	910
	26.87
	12.93

	900
	26.58
	12.79

	890
	26.28
	12.65

	880
	25.99
	12.51

	870
	25.69
	12.36

	860
	25.40
	12.22

	850
	25.10
	12.08


How a Barometer Works

We use the seemingly bizarre unit of “inches of mercury” to measure air pressure because of the design of the mercury barometer, the first type of barometer ever invented. The mercury barometer was invented in 1643 by Evangelista Torricelli, a student of Galileo. Mercury barometers are still used today and their design has changed little since Torricelli's time. Here is what Mr. Torricelli did: he poured mercury into a very long glass test tube, filling it to the brim. He then inverted the tube, without letting any mercury out, and placed it into a dish of mercury (See Figure 17.2 on p. 471 of the textbook). Torricelli found that, every time he did this, the mercury flowed out of the tube until the column of mercury in the tube was about 30 inches high. He correctly concluded that a 30 inch column of mercury exerted the same amount of pressure as did the atmosphere. In other words, at the level of the mercury in the dish, the mercury in the glass tube exerted the same amount of pressure as did the air above the mercury in the dish (See the figure below).
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Mr. Torricelli also noticed that, over a period of several days, the level of the mercury in the glass tube would fluctuate gradually, never going much higher than 31 inches or much lower than 29 inches. These fluctuations in the level of mercury in the glass tube were caused by fluctuations in the air pressure. Let's see how this works. What would happen if the air pressure increased? The air would exert more downward pressure on the mercury in the dish, pushing the mercury down a little, forcing mercury to rise up into the glass tube. When would the mercury stop rising? When the level was high enough that the pressure exerted by the mercury in the glass tube was once again equal to the pressure exerted by the air. Question: what would happen if the air pressure decreased? Why?


You may be wondering why Torricelli used such a rare and toxic substance as mercury. He used mercury because it is the densest liquid known (mercury has a density of 13.3 g/cm3--water only has a density of 1 g/cm3) and, thus, we don't need a very high column of mercury to exert the same amount of pressure as the air does. If we used water, we would need a column 10 meters (32.8 feet) tall to exert the same amount of pressure as the air does at sea level. 

How a Drinking Straw Works

Have you ever wondered why a drinking straw works? It works on the same principle as a mercury barometer. When a drinking straw rests in a glass of soda, the level of the soda in the drinking straw is the same as the level of the soda in the glass because the air pressure is the same inside the straw as in the air around it. When you suck on the straw, however, you remove the air from the top of the straw. Since there is no longer air pressing down on the soda inside the straw, the air pressure on the soda in the glass forces the soda up the straw and into your mouth. Question: Does it matter how long the straw is? Could you drink soda from a 10 foot long straw? A 50 foot long straw? What is the longest straw that would work? Why? Does it matter what your elevation is? If not, why not? If so, why and how?


Hint: If a column of water 10 meters tall exerts the same amount of pressure as the air does (at sea level), could we ever get water more than 10 meters up into a straw just by withdrawing air from the top of the straw?

Air Pressure and the Movement of Air
Basic Concepts


Air pressure is not the same everywhere. It varies from place to place and that variation is gradual, not abrupt. For example, if the air pressure is 1007 mb in one place and 990 mb in another, the air pressure will not suddenly jump from 990 mb to 1007 mb in one spot. Rather, there will be a more-or-less gradual change in pressure, called a pressure gradient, between the two places (See the diagram below). The air pressure gradient is analogous to the slope of the ground between a hilltop and a valley bottom. 
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Whenever there is a pressure gradient between two locations, air tries to move in such a way as to equalize the pressure. For example, the air inside a fully inflated bicycle tire has a pressure of 65–100 pounds per square inch (depending on the type of tire). At sea level, the air surrounding this tire has a pressure of only about 14.2 pounds per square inch. Thus there is a significant difference in air pressure inside and outside of the tire. This difference can be maintained only as long as the tire has no leaks. But if you pop a tire on your bicycle, allowing air to flow in and out of the tire, air will rush out of the tire until the air pressure inside the tire is the same as the air pressure outside the tire. Similarly, when you blow up a balloon and pinch the opening closed, the air pressure inside of the balloon is higher than the air pressure outside of the balloon. As soon as you let go of the opening, air rushes out of the balloon until the pressure inside the balloon is the same as the pressure outside. Similarly, a vacuum-packed can, such as a can of coffee grounds or tennis balls, has almost no air inside of it and therefore the air pressure inside the can is extremely low. As soon as you open the can, air suddenly rushes inside the can until the air pressure inside the can is the same as the air pressure outside the can.


In summary, air tends to flow from a region of high pressure to a region of low pressure. This is an incredibly important principle in meteorology. It is THE explanation for why the wind blows--much more on this later. Whenever there is a pressure difference between one location and another, we call the force that tends to move the air from the region of high pressure to the region of low pressure the pressure gradient force.  The steeper the pressure gradient (i.e. the more rapidly air pressure changes with distance), the stronger the pressure gradient force and the faster the air will flow. This is analogous to the slope of a ski hill. The steeper the slope of the hill, the faster your snow board or skis will carry you down it.

Vertical Pressure Differences and Movement of Air

Earlier in this reading, we emphasized that air pressure decreases significantly with altitude. Thus, there must be a pressure gradient force pushing the air upward (i.e. from high pressure near the ground toward low pressure aloft). One might ask, then, why air from low altitudes doesn't rush up to high altitudes in order to equalize the pressure. The answer is that gravity pulls the air down. In fact, at any given altitude, there is usually a balance between the force of gravity and the pressure gradient force. Where there is a lack of balance between these forces, air will either rise or sink. For example, if the air is denser than normal near the surface, you will climb up through the air molecules faster than usual (i.e. the number of molecules above you will rapidly decrease as you rise). As a result, the pressure gradient will be greater than normal and the pressure gradient force will be stronger than normal. As a result, the vertical pressure gradient force will be greater than the force of gravity, causing the air to rise. Alternatively, if the air is denser than normal aloft, when you are near the surface or at moderate altitudes, your air pressure will change gradually as you rise because the high concentration of air molecules remains above you. As a result, the vertical pressure gradient force will be weaker than normal. As a result, the vertical pressure gradient force will be weaker than the force of gravity, causing the air to sink.


You may be wondering why anyone would care whether the air is rising or sinking. Meteorologists actually care a great deal because rising air is, by far, the most important cause of cloud formation. Conversely, sinking air is the most important cause of clear skies. In future readings, we will explore, in detail, why and how rising air causes cloudy skies and sinking air causes clear skies.

Horizontal Pressure Differences and Movement of Air



The most dramatic pressure differences we observe are those between low and high altitudes; i.e. vertical pressure differences. However, there are also pressure differences between different locations at the same altitude--horizontal pressure differences (see Figure 17.3 on p. 472 for an example of a map of horizontal pressure differences). Even though horizontal pressure differences are usually not very large, they are extremely important because they cause all wind (wind is, by definition, a horizontal flow of air). Wind is, in essence, air trying to flow
 from a location with higher air pressure to a location with lower air pressure.  

�Nitrogen does, however, have a very important indirect effect on our lives. Plants need nitrogen to make protein. We need to eat protein in order to build and maintain our muscles--we can't live long without it.


�Because the water vapor content of the air is so variable, we don't include water vapor when we report the proportions of the various gases in the atmosphere. That is why, in the discussion above, the percentages of nitrogen, oxygen, argon, carbon dioxide and “other” gases add up to 100%. The water vapor is, in a way, “extra.”


�“Temperature” is a property of matter. When we measure temperature, we measure the temperature of some object or substance. Empty space cannot have a temperature. 





�Actually, some of the internal heat energy in the atmosphere comes from Earth's interior. But that amount of energy is so minuscule in comparison to the amount that comes from the sun that it has essentially no effect on the temperature of the atmosphere. The energy from the sun hits the top of the atmosphere at an average rate of 0.5 calories per cm2 per minute. By contrast, heat from Earth's interior reaches the surface at a rate of only about 0.00007 calories per cm2 per minute. This heat flow from Earth's interior adds, at most, 0.1°C to the temperature of the atmosphere (Cole, 1980, p. 120).





�For those who want to be perfectly precise, the standard value for atmospheric pressure at sea level is actually 1013.25 mb, which equals 14.4 pounds per square inch (Ahrens, 1998, Essentials of Meteorology, p. 136)





� 1 kilogram/square centimeter x 150 square cm = 150 kilograms. Similarly, 14.2 pounds/square inch x 23 square inches = 330 pounds. 


�Calculations: 


�
Metric�
Units�
English�
Units�
�
Volume of Glass�
400�
milliliters�
14�
fluid ounces�
�
Weight of water in glass�
0.4�
kilograms�
0.88�
pounds�
�
Diameter of glass�
7.136�
cm�
2.8�
inches�
�
Area of mouth of glass�
40�
square cm�
6.2�
square inches�
�
Downward pressure Exerted by water in glass�
0.01�
kg/square cm�
0.14�
lb/square in�
�



4 ounces = 0.875 pounds


0.875 pounds/square inch x 23 square inches = 338 pounds. 


Similarly, 1 kilogram/square centimeter x 150 square cm = 150 kilograms. 





�In water (as in all liquids), the pressure is always the same in all directions. In rocks (as in all solids), tectonic forces, such as those near plate boundaries, can cause the pressure to be different in different directions. When this happens, the rocks will undergo faulting, folding and other deformation.





�We use the phrase “trying to flow” here because, usually, the air does not actually flow directly from a region of high pressure to a region of low pressure. The pressure gradient force pushes the air that way but, as the air flows, the Earth rotates underneath it, causing it to end up somewhere other than where it was heading. We will examine this phenomenon, called the Coriolis effect, more closely soon. 
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