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Chapter 2  The Energy Cycle


Whether something warms up or cools down is a function of its energy gains and losses. If you receive more energy than you give up, you get warm. So, as you stand facing an evening bonfire, the front of you warms because you gain more energy than you lose, while your back cools as it loses more energy to the cooler night air than it gains. If the night is chilly and you are too close to the fire you become uncomfortable; your front is too hot and your back too cold. You can modify your energy imbalance in several ways. For example, you can turn around and place your back to the fire, or you can step further away and put a blanket over your back. In both cases you have changed your energy budget. 


The same thing happens to the Earth.  At any particular moment half of the Earth is facing the Sun and half isn't. Over a year, the tropical regions of the planet experience a net energy gain while the poles have an net energy loss. This global imbalance of energy is largely due to differences in how high the sun gets in the sky and the length of day. The atmosphere and oceans respond to this energy imbalance by transporting heat from the equatorial regions toward the poles. Transportation of heat is the reason we have weather.


This chapter defines the methods of heat transfer important for understanding weather and climate. The chapter contains definitions of terms and concepts used throughout the book. Learn them now and the next chapters will be easier to follow.

  Force, Work and Heat


The movement of air is important in defining the weather and climate of a given region. What causes this movement? Put your book down and give it a push. When you pushed your book, you exerted a force on the book that caused it to move. How much the book moved is a function of how hard you pushed it. A push is a type of force. Other types of forces include pulling, stretching, friction, and gravitational attraction. In mathematical terms, the force exerted on an object is the mass of the body multiplied by the acceleration the force causes in the body. An acceleration is a change in speed or a change in direction of an object’s movement.


When you pushed your book, you used energy (though not much) to do work on the book. Work is done on an object, whether it be your book or the air, when it is moved by a force. The amount of work done on your book is the distance traveled times the force in the direction of that displacement. Wind is air in motion. To move air requires work.

Energy is capacity to do work.  Energy must be conserved, though it can be converted between different forms.


Doing work requires energy. So, Energy is the capacity to do work. The amount of energy needed depends on the amount of work to be done. It does not take much energy to lift a glass of water. The energy required to carry a bucket of water up to the top of the Empire State Building is a different matter. 


There are different forms of energy; heat energy, electrical energy, kinetic energy, and potential energy. Energy can be converted from one form to another, but the total energy must be conserved. 

In the atmospheric sciences we are primarily concerned with kinetic and potential energy. Kinetic energy is the work that a body can do by virtue of its motion. If you want to knock down a large object it is sometimes best to increase your kinetic energy, and therefore the amount of work your body can do, by “getting a running start.” The kinetic energy of a moving object is also a function of its mass. It is easier to knock down a barrier with a slow moving garbage truck than a fast moving fly. 


Potential energy is the work an object can do as a result of its relative position. You do work as you lift a book off the desk. Once off the desk, the book has potential to do work because of gravity. The higher you lift the book the greater the potential energy. When you let go of the book it falls and potential energy is converted to kinetic energy. If you drop the book on a fragile object, the book will likely break it. So, potential energy represents stored energy that can be fully recovered and converted to other forms of energy, such as kinetic energy. The potential energy of the book is represented by its height from the surface of the desk.


In studies of the atmosphere, scientists often assume, for the sake of argument, that a boundary is imposed around an isolated parcel of air. As this parcel of air moves around in the atmosphere, mass and energy do not cross the imaginary boundary. The parcel is a closed system. The parcel is the system and the environment around the parcel is the surroundings. 


You can imagine a parcel of air as a balloon filled with air, where the walls of the balloon are flexible and impermeable. As we move this parcel of air through the atmosphere we can compare its temperature to the temperature of its environment. This comparison indicates how much energy is required to move air vertically. But how does temperature relate to energy?

Temperature of a sample of air represents the average kinetic energy of its molecules. 


Temperature is a measure of the average kinetic energy of a substance. There are three commonly used scales for measuring the temperature of an object. Fahrenheit (named after the German instrument maker G. D. Fahrenheit) is commonly used in the United States to report temperatures near the surface (Figure 2.1). At sea level a large body of water freezes at 32(F and boils at 212(F. The Celsius (or centigrade, named after the Swedish astronomer A. Celsius) temperature scale is based on the freezing and boiling points of water--water freezes at 0(C and boils at 100(C. This temperature scale is used everyday throughout the world to report the air temperatures above the surface. The Kelvin scale (named after one of Britain’s foremost scientists, William Thomson, who in 1892 became Lord Kelvin) is an absolute scale in which 0(K is the lowest possible temperature.


Knowing the definition of temperature, we can now define the calorie (abbreviated cal) as the unit used to measure amounts of energy. A calorie is the energy needed to raise the temperature of 1 gram of water one degree Celsius (from 14.5 (C to 15.5 (C.) For those who carefully monitor their diet, the ‘calorie’ refers to in quantifying the energy content of foods is actually 1000 cal, or a kilocalorie. The term power refers to the rate at which energy is transferred, received, or released.

The watt (W) is a unit of power, or energy per unit time. You are probably familiar with the term watt from buying light bulbs. A 100 watt light bulb indicates the rate at which electric energy (from your outlet) is consumed by the bulb. A 100 watt bulb consumes more electrical energy than a 60 watt bulb and as a result is also brighter. In atmospheric sciences the term watt is also used to indicate the flow of energy. We are also interested in how much energy flows across an area. This energy flow is expressed in units of Watts per square meter of area. For example, the average amount of solar energy at the top of the atmosphere is 1368 W for each one-square meter area.

Heat, sometimes called thermal energy, is a form of energy transferred between systems because of the temperature differences between them. 


Heat is energy produced by the random motions of molecules and atoms; it is the total kinetic energy of a sample of a substance. Both heat and temperature are related to kinetic energy and therefore to one another. Consider the heat of a freshly brewed cup of coffee and Lake Erie. The temperature of the cup of coffee is greater than that of Lake Erie since the average kinetic energy of all the molecules is greater. The total kinetic energy of Lake Erie is much greater than the brewed coffee (though it may not taste as good), as there are many more moving molecules. If the cup of coffee is gently placed into Lake Erie without spilling any, the temperature of the coffee will eventually be the same as that of the lake. For the temperature of the coffee to decrease, the kinetic energy of the molecules must decrease, and since energy cannot be destroyed it must be converted to another form or transferred to the environment. In this case energy, or heat, was transferred from the cup of coffee to Lake Erie. You may find it useful to think of heat as the energy transferred between objects as a result of the temperature difference between them. Absorbed heat may increase a system’s internal energy or it may be used by the system to do work.


Though the cup of coffee transferred heat to Lake Erie, the temperature of the lake did not perceptually increase. This is because the temperature change of an object depends on:

1. How much heat is being added -- a single cup of coffee, though hot, does not contain much heat compared to Lake Erie because the coffee does not have much mass relative to the lake. 

2. The amount of matter -- the more matter, the more heat is required to change its temperature. Lake Erie contains a lot of water molecules and therefore a lot of matter! 

3. The specific heat of the substance -- but what is specific heat?  


The specific heat of a substance is the amount of heat required to increase the temperature of 1 gram of that substance 1(C. Because it takes a lot of energy to raise the temperature of water, it has a high specific heat (see Table 3.1). You can see from the table that it takes more than four times as much heat to heat 1 gram of water 1(C than it takes to heat one gram of air 1(C.

  Transferring Energy in the Atmosphere


To change the temperature of a substance, such as air, we would need to add or remove heat. Methods of heat transfer important to weather and climate are the topic of this section. They are: conduction, convection, advection, latent heating, adiabatic cooling, and radiation. In discussing energy transfer, we will concentrate on the direction of the energy transfer and the factors that determine how fast the energy transfer occurs.

  Conduction: requires touching

Conduction is the transfer of energy by molecular activity by physical contact. 


Conduction is the process of heat transfer from molecule to molecule; energy transfer by conduction requires contact (Figure 2.2). An example of energy transfer by conduction is when we touch an object to feel if it is warm or cold. Heat is transferred from the warmer object to the colder one. The amount of heat transferred by conduction depends on the temperature difference between the two objects and their thermal conductivity. The ability of a substance to conduct heat by molecular motions is defined by its thermal conductivity. If you walk into a cool room and touch a piece of wood and a piece of metal, the metal “feels” colder. The two objects are actually at the same temperature but the metal feels colder because metal has a high thermal conductivity. Heat is rapidly conducted from your warm finger to the cooler metal, making your finger cold. Wood has a low heat conductivity and the amount of heat transferred is smaller; it does not feel as cold as metal. 

Water is a good conductor of heat, while still air is a poor heat conductor. Dry sand is a poor conductor because of the air between the sand grains. Wet sand is a better conductor than dry sand because the air spaces are filled with water, which is a good conductor, as are the individual grains of sand. Since air is a poor conductor (that is why it is placed between two pieces of glass in a storm window), conduction is not an efficient mechanism for transferring heat in the atmosphere on a global scale. But conduction is good for transferring energy over small distances and is an important form of heat transfer near the ground.

  Convection: hot air rises 

Convection is the transfer of energy by the movements of masses in a liquid or a gas like air. 


If the ground is hot, heat is transferred to air molecules in contact with the surface via conduction. The heated air rises and cooler air sinks to replace the rising warm air. There is a net transfer of heat upward, away from the surface. This process of transferring energy vertically is called convection (Figure 2.3). The rate of energy transfer by convection depends on how hot the rising air (air parcel) is and the temperature structure of the atmosphere. In certain regions of the globe, convection is an important process for moving heat vertically. Convection is strong over deserts during the summer, where energy from the Sun rapidly heats up the sand. Convection is an inefficient mode of heat transfer in polar regions, where the surface air is in contact with a surface that is often cooler than it is.

  Heat Advection: horizontal movement of air

Heat Advection is the transfer of energy through the horizontal movements of the air. 


The horizontal transport of heat is referred to as heat advection (Figure 2.4). Warm air advection occurs when warm air replaces cooler air. In winter snow storms, warm air advection moves warm air poleward while cold air advection brings cold air towards the tropical regions. Advection is a process that is important throughout the troposphere. 

  Latent Heating: changing the phase of water


In the atmosphere, only water exists in all three phases: liquid, solid and gas. Ice is the solid form of water and water vapor is the gas phase. In everyday language, the liquid form of water is generally referred to as "water". In this section, however, using this common term would lead to some confusion. So, in this section only, water in the liquid phase is referred to as liquid water. 

Changing the phase of a substance either requires or releases energy. Changing the phase of water adds and removes energy from the atmosphere. For this reason, understanding the phase changes of water is an important foundation for understanding atmospheric energetics. How does a change of phase occur?


Ice cubes melt and puddles evaporate by adding and removing heat from water, causing a change of phase. Latent heat is the heat absorbed or released per unit mass when water changes phase.  This change of phase does not necessarily result in an increase in the water temperature though. For example, adding heat to an ice cube may result in a change of phase of the water, from a solid to a liquid. The temperature of a liquid water-ice mixture will not increase until all the ice is melted. Energy cannot be destroyed, so what happens to the heat energy if it isn't used to change the temperature of the water?


Water molecules of ice and liquid water are bound together by molecular forces. As liquid water is cooled, the average kinetic energy of the molecules decreases. When the freezing point is reached, some of the molecules have such low kinetic energies that intermolecular attractions bind them into a crystalline form. That is how ice is formed. The melting and freezing point of water is the temperature at which ice and liquid-water are in equilibrium; they co-exist.


The cohesive forces in the ice phase are stronger than the intermolecular forces of the liquid phase. To melt ice, energy must be added to break the crystalline structure by separating the molecules. Latent heat of melting is the amount of energy required to melt 1 gm of ice and is equal to 80 cal for each gram of ice. Freezing is the opposite of melting. If heat has to be added to melt ice, the opposite occurs when water freezes; heat is released into the environment. The amount of energy released into the environment when water freezes is also 80 cal per gram of ice and is referred to as the latent heat of fusion.

Latent heat is the heat absorbed or released per unit mass when water changes phase. 


Going from the liquid-water phase to the gas phase is called vaporization or evaporation. The molecules of a gas are essentially free of one another, having no bonds between them. To convert liquid water to a vapor requires the addition of a lot of energy (more than seven times the energy required to melt ice) to break the binding forces that keep the molecules in a fluid state. The amount of heat required to evaporate 1 gram of liquid-water is referred to as the latent heat of vaporization. The latent heat of vaporization is a function of water temperature, ranging from 540 cal per gram of water at 100(C to 600 cal per gram at 0(C.

Water vapor condenses to form liquid water. Condensation is the opposite of evaporation. Latent heat of condensation represents the amount of energy released when water vapor condenses to a liquid form.  The latent heat of condensation is a function of temperature and has the same range as the latent heat of vaporization.


Water vapor may change directly to ice in a process known as deposition. Conversely, ice may also directly enter the gas phase without melting (called sublimation). The latent heat of sublimation equals the latent heat of deposition, 680 cal are required to sublime 1 gram of ice at 0(C (32(F).


From an atmospheric perspective, we are interested in how changing the phase of water affects the environment, not the energy level of the water itself. The phase of change affects the environment by removing or adding energy to its surroundings. For example, when we physically exert ourselves, we sweat. Perspiration is a method for maintaining our body temperature or physical environment. To evaporate the liquid-water on our skin requires energy; some of this energy is taken from our skin. This energy transfer from our skin to the sweat cools the skin. So, evaporation is a cooling process(that takes energy from the physical environment, in this case our body. On the other hand, condensation, the opposite of evaporation, is a heating process(which supplies energy to the environment. When water vapor changes into the liquid water or ice phase to form clouds, energy is released into the atmosphere. Changes of phase are also important in the energy gains and losses at the surface. The formation of dew or frost releases heat as it forms.


Changing the phase of water is an efficient method of transferring energy globally and provides an energy source for much of our weather. To appreciate the amount of energy, consider how much energy you need to boil away a pot of water. Condensing an equivalent amount of water vapor would relesease a similar amount of energy. Now remember the heaviest rain storm that you have experienced in your life. Imagine how much time and energy would be required to boil away all the water from that storm! All of that rain water was at one time water vapor and later condensed, thus releasing energy into the atmosphere and supplying fuel for the storm. If 2 kg of atmospheric water vapor are condensed into a liquid, 1,194,230 cal of latent heat are released. If all this energy were used to heat 2 kg of air, the air would warm more than 2000(C! The air does not get this hot when storm clouds form because much of the released latent heat energizes the movement of air within the storm. The phase changes of water vapor and the associated energetics are summarized in Figure 2.5. 

  Adiabatic Cooling and Warming: expanding and compressing air


Air that moves up and down in the atmosphere undergoes temperature changes. To illustrate this concept we will follow a parcel of air as it ascends in the atmosphere.


We start with our parcel of air near the ground. Pressure always decreases with altitude. Therefore, as the parcel rises (Figure 2.6) the pressure exerted on the outside of the parcel decreases. Once lifted, the molecules inside the parcel of air exert a pressure within the parcel that is greater than the pressure exerted by the molecules outside the parcel. The internal pressure increases the parcel's volume until the internal pressure equals the external pressure of the environment. The rising parcel always expands because atmospheric pressure always decreases with altitude.  


Increasing the volume of the parcel requires work, which means energy must be involved. The air molecules are expending energy, in this case kinetic energy, to do the work required for expansion. Remember that energy cannot be destroyed but it can be converted to another form. As the parcel rises its potential energy increases as it gets further from the ground, so the air molecules' kinetic energy is converted to potential energy. Since the average kinetic energy is decreasing, the temperature of the parcel decreases. Lifting a parcel of air results in a cooling of the parcel. Studies have shown us that the parcel's temperature will decrease approximately 10(C for each 1000 meters (abbreviated m) it rises.


Now let’s consider the parcel as it returns to its original position. As it descends it is compressed as atmospheric pressure increases. This compression increases the average kinetic energy of the molecules as they collide within the collapsing imaginary boundary of the parcel. As the parcel descends the potential energy of the molecules is converted back to kinetic energy. When the parcel returns to its original level its temperature will have returned to its initial temperature, because the rate of cooling equals the rate of warming and there was no net physical displacement of the parcel. In following our air parcel, we've been tracking an adiabatic process. An adiabatic process is a change in the thermodynamic state of a system without a transfer of heat or mass across its boundary.

Adiabatic process is a change in the thermodynamic state of a system without a transfer of heat or mass across its boundary. 


This rate of cooling due to expansion and warming due to compression is referred to as the dry adiabatic lapse rate. In Latin, adiabatic means no change of heat; no heat is removed from or added to the parcel. The parcel is dry  because no clouds formed as it rose. A dry rising parcel of air cools adiabatically at a rate of 10(C per 1000 m (or approximately 5.5(F per 1000 feet). A dry sinking parcel of air warms adiabatically at the same rate.


A moist parcel of air is a parcel that has a cloud inside its boundary. For a cloud to form, condensation or deposition must occur within the parcel. A phase change of water vapor to a liquid or ice releases energy, warming the parcel through latent heating. 


For an ascending moist parcel of air, expansion is cooling the parcel while condensation, or deposition, warms the parcel. The cooling process from expansion is always larger than the latent heating, so the parcel temperature decreases. The rate that the rising moist parcel cools is called the moist adiabatic lapse rate. Since heat is being added by the phase change of water vapor, the cooling rate of a rising moist parcel cannot be faster than the dry adiabatic lapse rate where the dry air parcel receives no additional heat. The specific moist adiabatic rate for a given parcel depends on whether liquid or ice particles form and how much water vapor changes phase. But, to simplify discussions, we will use a moist adiabatic lapse rate of 6(C per 1000 m.


Consider a rising parcel at the ground with an initial temperature of 10(C (50(F) (Figure 2.7). The parcel rises to an altitude of 1000 m as a dry parcel and so cools at the dry adiabatic lapse rate. When it reaches 1000 m it has a temperature of 0(C (32(F), and we assume it suddenly becomes saturated because the water vapor it contains condenses. The parcel then rises to 2000 m and cools at the moist adiabatic lapse rate. When the moist parcel reaches 2000 m it has a temperature of -6(C (21(F). If the parcel continues at the moist adiabatic lapse rate, what will its temperature be at an altitude of 3000 m? Since the parcel is still saturated it will cool to -12(C (10(F).


A sinking parcel of air is compressed and warms. Descending dry parcels of air warm at the dry adiabatic lapse rate while descending moist air parcels warm at the moist adiabatic lapse rate. If a parcel of air rises at the moist adiabatic lapse rate but descends and warms at the dry adiabatic lapse rate(because its cloud turned into rain which falls out of the parcel(its temperature will not be conserved. For example, if a parcel of air rises 1000 m and cools at the moist adiabatic lapse rate its temperature decreases approximately 6(C. If the moisture leaves the parcel, through precipitation, it then descends at the dry adiabatic lapse rate and warms 10(C. When the parcel returns to its original altitude it will be 4(C warmer. 


In later chapters, we will determine the potential for thunderstorm formation by lifting a parcel of air and comparing the parcel temperature to the temperature of its surroundings. If the parcel is colder than its surroundings, it will tend to sink back to its original level. This condition is not favorable for storm development as too much energy is required to lift the parcel by overcome the force of gravity. A condition favorable for the formation of severe storms is when the parcel temperature is much warmer than its surroundings. This is favorable for storm development because air that is warmer than its environment rises. Solar heating, a topic of the next section, is also an ingredient in severe storm development.

  Radiative Heat Transfer: exchanging energy with space

Radiation, or electromagnetic energy is energy that propagates through space or a medium in the form of a disturbance with electric and magnetic fields. 


Earth receives energy from the Sun. This solar energy which is transferred through empty space is the original energy source for climate and weather systems on Earth. Solar radiation is one form of radiant energy, or energy in the form of waves that are not composed of matter. Radiant energy is also called radiation and electromagnetic energy. Radiation propagates through matter or empty space in the form of a disturbance with electric and magnetic fields. Waves are characterized by their wavelength, or the distance between the crests of a wave, and their amplitude (Figure 2.8). The size of the wavelengths of radiation range from radiowaves to high energy gamma rays (Figure 2.9). The distance between wave crests is measured in terms of microns. A micrometer (also referred to as a micron and abbreviated as (m) is a millionth of a meter, or approximately 1/100th the diameter of a human hair. With regard to weather and climate processes, we are concerned with radiant energy with wavelengths between 0.2 and 100 micrometers.


All objects emit radiation. You, this book, a hot cup of coffee, a roaring barn fire, a cold cup of coffee, all emit radiation. Just as some substances are better conductors of heat, some objects emit and absorb radiation better than others.  

The amount of radiant energy that is emitted by an object depends on its temperature. The warmer the object the more radiation it emits. The wavelength of radiant energy emitted also depends on the temperature of the emitting body. The hotter the object the shorter the wavelength of maximum emission of radiation. 


A blackbody is a body that absorbs all the electromagnetic energy that falls on the object, no matter what the wavelength of the radiation. Blackbodies also emit radiation. A perfect blackbody does not exist, but it is a useful reference for determining how good a body is at emitting and absorbing radiation.  While an object may visually appear black, it does not mean it is a blackbody.

Earth loses energy to space by emitting radiant energy. The radiation emitted by a body depends on the body's temperature. The Sun and the Earth have very different temperatures and as a result emit very different radiation. It is convenient and practical to consider solar radiation separately from the radiation emitted by the Earth.


The Sun, with a surface temperature of approximately 5888(K (approximately 10,000(F) emits most of its radiant energy with a wavelength between 0.2 to 4 SYMBOL 109 \f "Symbol"m which is why solar radiation is sometimes referred to as shortwave radiation.  Solar energy includes ultraviolet, visible, and near infrared radiation.  Within the wavelength range of solar energy lies ultraviolet (abbreviated UV) light where wavelengths range from 0.2-0.4 SYMBOL 109 \f "Symbol"m. UV radiation is responsible for the tanning of our skin. Our eyes are sensitive to visible radiation, meaning that they detect electromagnetic energy characterized by wavelengths ranging from 0.4 to 0.7 SYMBOL 109 \f "Symbol"m. The color blue has a wavelength of approximately 0.45 SYMBOL 109 \f "Symbol"m and red a wavelength of 0.7 (m. Because visible light has wavelengths that are longer than the UV, they are not as energetic.

Temperatures on the Earth are much colder than in the Sun. On average, the temperature of the Earth is 15(C (59(F). Terrestrial radiation (or longwave radiant energy) emitted by the Earth is less energetic than solar radiation and is characterized by longer wavelengths, primarily between 4 and 100 SYMBOL 109 \f "Symbol"m. .


As with all forms of energy, radiation can change form, but it must be conserved. When radiation interacts with a body, portions of the energy can be: 

1. Transmitted -- energy transmitted through an object passes through the object, though it may change direction. Water is very transparent to visible radiation.

2. Reflected -- energy reflected by an object is sent back. Mirrors are good reflectors of visible light. Most of what we see comes from the reflection of visible light off objects. The albedo of an object describes the percentage of solar energy that it reflects. The average albedo of Earth is 30%. Freshly fallen snow has an albedo of 90% and green grass 25%. The precentage of energy that is not reflected or transmitted is absorbed.

3. Absorbed -- absorption of radiation by a molecule increases the energy of the molecule. If this energy is in the form of kinetic energy, then the temperature of the object or gas increases. Air molecules absorping radiation is a very important method of heat transfer in the atmosphere.


The structure of a molecule can be altered if it absorbs high energy radiation. Photodissociation occurs when absorption of ultraviolet radiation results in breaking of chemical bonds. Photodissociation is an important process in the formation of ozone, O3 (Box 2.1). 

Absorption of electromagnetic energy at wavelengths longer than UV does not disrupt the molecule's structure. Instead, the molecule vibrates or spins after absorbing the radiation and thus increases its kinetic energy. Absorption of radiation with wavelengths greater than 0.2 SYMBOL 109 \f "Symbol"m warms the atmosphere and surface. 


How much radiation energy the atmosphere or an object absorbs depends on: 

1.
The radiative properties of the material. Most objects and atmospheric gases are not blackbodies but are selective in the wavelengths that they absorb.

2.
The amount of time the object is exposed to the emitted energy. The longer it is exposed to radiation, the more energy it can absorb.

3.
The amount of material. Very thin objects may transmit and not absorb all the energy incident on them. The amount of energy an object absorbs can be increased by increasing its thickness. 

4.
How close the object is to the source of energy. The further an object gets from a source of radiation, the less energy is incident on it, so the amount it can absorb is reduced. Consider a flashlight beam shining on a wall (Figure 2.10). You see the beam of light because it is reflected off the wall. Some of the light from the flashlight is absorbed by the wall. As the flashlight gets further from the wall the light beam spreads out. The same amount of light is distributed over a larger area. The concentration of the light falling on the center spot on the wall decreases. 

5.
The angle at which the radiation is striking the object. When you change the angle at which the flashlight strikes the wall (Figure 2.10), you change how the energy is distributed on the wall. 


We have discussed emission and absorption of radiation and how they are related to one another. If an object absorbs electromagnitc energy of a certain wavelength, it will also emit energy at that wavelength. This is Kirchoff's law: A good emitter of radiation is a good absorber of radiation at that same wavelength. Remember, how much radiation an object emits also depends on its temperature. 


The transfer of energy between Earth and space occurs only through the process of radiation. Since Earth receives energy from the Sun, it is important to understand how solar radiation is distributed on the globe.

  The Sun Supplies Energy to Earth


The amount of solar energy incident on the planet at any particular latitude is defined by how the Earth orbits the Sun and is a function of the time of year. In the 17th century, Johannes Kepler discovered that Earth, along with the other planets, orbits the Sun in a path that traces out an ellipse. It takes one year (365 and 1/4 days) for Earth to make one complete revolution around the Sun. Because of its elliptic path, Earth’s distance from the Sun varies with the time of year. Currently, Earth is farthest from the Sun on July 4, (aphelion), and is closest to the Sun on January 3 (perihelion) (Figure 2.11). The difference in the Earth-Sun distance between the time of aphelion and perihelion is about 3 million miles or 3% of the total distance.


If Earth is closer to the Sun in January than July, then why is it colder over North America in January than July? As the Earth orbits the Sun its axis of rotation is tilted at an angle of 23.5 degrees from its orbital plane (Figure 2.11). This tilt is referred to as the angle of inclination. Since Earth's axis of spin always points in the same direction -- toward the North Star -- the orientation of Earth's axis to the Sun is always changing (Figure 2.11). As this orientation changes, so does the distribution of sunlight on Earth’s surface at any given latitude.

Solstices occur twice a year when the sun is farthest north (on or about June 21) or south (on or about December 22). 


On approximately June 21 the northern spin axis is tilted 23.5( towards the Sun. On this day, the summer solstice, latitudes south of approximately 66.5( south latitude remain in complete darkness. This latitude is referred to as the Antarctic Circle. Around December 21 on the winter solstice, the northern spin axis is pointed away from the Sun and latitudes north of the Artic Circle (66.5( north latitude) have 24 hours of darkness. When it is summer in the northern hemisphere, it is winter in the southern hemisphere. At high noon on the solstices, the Sun's rays strike the equator at an angle of 23.5 degrees. The equinoxes occur when the Sun's rays strike the equator at noon at an angle of 90 degrees. The vernal or spring equinox occurs on March 21 or 22 and the autumnal equinox on September 22 or 23. During the equinoxes all locations on Earth, except directly at the poles, experience 12 hours of daylight. On June 21 the Sun is directly overhead the Tropic of Cancer (23(27’N) at noon. The Tropic of Capricon (23(27’S) is the latitude the Sun is directly overhead on December 21.

Equinoxes occur twice a year and are the time at which the Sun passes directly overhead at the equator at noon. 


The angle of inclination is responsible for the seasonal variation in the amount of solar energy distributed at the top of the atmosphere and plays a key role in determining the seasonal variation in surface temperature. The variation of solar energy by latitude is caused by: changes in the angle of incidence of the Sun's rays, the amount of atmosphere the Sun’s rays have to pass through, the number of daylight hours, and changing solar cycles.


How the angle of incidence of the Sun's rays controls the distribution of solar radiation as a function of latitude, is similar to titling the angle at which light from a flashlight hits a wall. Figure 2.10 examined how the light from a flashlight spreads out over a flat wall as the angle the flashlight is facing changes. Figure 2.12 demonstrates how light spreads out over a sphere. The energy striking each area is the same. The area on the ball’s surface over which this energy is distributed depends on where the light strikes the ball (Compare area A with area B). Since Earth is spherical, energy from the Sun spreads out over differing geographic areas when it reaches Earth’s surface. Over how large an area the energy is spread is a function of latitude and time of year. The time of year determines whether Earth’s spin-axis is pointed towards or away from the Sun (see Figure 2.13).


The angle at which the Sun’s energy strikes a particular location on Earth is called the solar zenith angle (Figure 2.14). This angle is equal to zero when the Sun is directly overhead and increases as the Sun sets, until the Sun is on the horizon and the solar zenith angle equals 90(. The solar zenith angle indicates the concentration of the Sun’s rays at a given instant. Maximum intensity of the Sun’s radiation occurs when the solar zenith angle is 0(, or directly overhead. 

The solar zenith angle is a function of time of day, time of year, and latitude. Figure 2.15 demonstrates typical paths that the Sun traces from sunrise to sunset. At local noon the Sun reaches the highest point on its path. Poleward of 23.5(N and 23.5(S latitude the Sun can never be seen directly overhead. Poleward of the Arctic and Antarctic Circles and between the spring and autumnal equinoxes, the Sun never sets. Instead the solar zenith angle remains approximately fixed throughout the day as the Sun circles the horizon.


The angle of inclination also affects how much atmosphere solar energy has to go through in order to reach the surface. Figure 2.16 depicts the Earth-Sun geometry on June 21, the northern hemisphere’s summer solstice. When the Sun is at a large zenith angle (for example, near the Arctic Circle on June 21), the solar radiation must pass through a thicker atmospheric layer than at the equator. A thicker atmosphere means that there is more chance for atmospheric absorption of solar energy. The surface, then, receives less energy.


The angle of inclination also defines the length of day for a given latitude. As Earth orbits the Sun it spins about its axis approximately once every 24 hours. This spinning explains our daily cycle of night and day and the resulting daily, or diurnal, variations in the amount of solar energy and in temperature. (Diurnal temperature changes are discussed in detail in the next chapter.) On June 21 the North Pole, because it is facing the Sun, experiences 24 hours of daylight, while the South Pole is in complete darkness. On the equinoxes each region of the globe has 12 hours of daylight. The equator always has 12 hours of daylight.

Solar constant represent the flow of solar radiation recieved at the top of the Earth’s atmosphere on a surface perpendicular to the incoming radiation at Earth’s mean distance from the Sun. 


The average amount of solar energy that reaches the outer limits of our atmosphere on a surface that is perpendicular to the solar rays' is referred to as the solar constant. The name is misleading, in that the energy output of the Sun is not constant. 


Let's put all these ideas together now as we look at the changing amounts of incoming solar energy striking the top of atmosphere at different latitudes over the course of a year. Figure 2.17 shows how the amount of energy incident at the top of the atmosphere varies with time of year for four latitudes, 70(N, 30(N, the equator and 70(S. During the late winter, 70(N receives no solar energy because the sun is below the horizon. The Sun finally appears above the horizon in late January and the energy input continues to increase until June 21, when the Sun reaches its smallest solar zenith angle.  This is also the day that the Sun appears directly overhead the Tropic of Cancer (23.5N) at noon. At the equator, the amount of solar energy at the top of the atmosphere is greatest at the equinoxes; when the Sun appears directly overhead at noon at the equator. The shape of the energy distribution at 70(S is opposite to the distribution at 70(N a minimum occurs in June and a maximum in December. Notice that during their respective summers, the incident energy at 70(S is greater than the amount at 70(N. This is because of the Earth's elliptical path around the Sun, which makes the Earth closer to the Sun in December than in June.

  Radiative Properties of the Atmosphere


But, before solar rays can reach the surface of Earth they have to pass through the atmosphere. 


Atmospheric gases are selective in the solar wavelengths that they absorb. Of the atmospheric gases, ozone and water vapor absorbs most of the solar energy. Ozone absorbs UV energy and a small amount of visible energy in the 0.4 -0.56 SYMBOL 109 \f "Symbol"m spectral region. Water vapor weakly absorbs radiation at several wavelengths between 0.7 and 4.0 SYMBOL 109 \f "Symbol"m. Carbon dioxide is a very weak absorber of solar energy as are methane and chlorofluorocarbons (or CFCs). Figure 2.18 summarizes the wavelength dependence of atmospheric absorption of solar radiation. Note that much of the visible energy from the Sun is transmitted to the surface, while radiation with wavelengths less than 0.28 (m does not reach the surface. The percentage of solar energy absorbed by the atmosphere basically depends on how much ozone and water vapor are present. 


Atmospheric gases are also selective in the wavelengths at which they emit terrestrial radiation (Figure 2.18). In addition to absorbing solar radiation, water vapor absorbs (and therefore emits) terrestrial energy at wavelengths between 5 to 8 microns and beyond 12 microns. Carbon dioxide and ozone emit and absorb energy at wavelengths near 15 microns and 9.6 microns, respectively. Atmospheric gases only weakly emit and absorb energy in the 10-12 micron region. This spectral region is referred to as the infrared (IR) atmospheric window because the atmosphere is transparent to infrared radiation emited by the surface at these wavelengths. 


Clouds are good reflectors of solar energy.  Clouds are also good emitters and absorbers of longwave energy. Clouds also emit and absorb radiation in the 10-12 micron IR atmospheric window. So, when clouds are present, the window is effectively shut. The surface of Earth emits radiation in the 10-12 micron region, and when the atmosphere is transparent (i.e., no clouds), much of this radiation escapes to space. 

Greenhouse effect is the heating of the planet that results from the fact that the atmosphere absorbs and emits infrared radiation.


The spectral selectivity of absorption by atmospheric gases is the fundamental cause of the greenhouse effect. Much of the shortwave, or solar, energy passes through the atmosphere and warms the surface. While the atmosphere is transparent to shortwave radiation, it is efficient at absorbing terrestrial or longwave radiation emitted upward by the surface. So, while carbon dioxide and water vapor comprise only a very small percentage of the atmospheric gases, they are extremely important because of their radiative properties,(i.e. their abilities to absorb this longwave radiation and emit it throughout the atmosphere. 


What happens when the atmosphere absorbs longwave radiation emitted by the surface? The atmosphere gains energy through absorption, but does not accumulate this energy continually. Instead, the atmosphere loses energy by emitting longwave radiation in all directions. Some of this longwave energy is emitted towards the Earth and absorbed by the surface. The Earth's surface is heated by shortwave and longwave absorption emitted by gases in the atmosphere. If the atmosphere did not absorb and emit longwave radiation, the surface of Earth would be approximately 33(C (60(F) cooler than it is today!

  Greenhouse Warming: The Basics


Greenhouse warming or the enhanced greenhouse effect are the terms used to explain the relationship between the observed rise in global temperatures and an increase in atmospheric carbon dioxide. In this chapter we have considered one aspect of the enhanced greenhouse effect, absorption and emission of radiation by certain atmospheric gases. How does this play a role in the enhanced greenhouse effect? Let's use carbon dioxide as an example.

Increasing the carbon dioxide concentrations in the atmosphere does not appreciably affect the amount of solar energy that reaches the surface. However, since carbon dioxide absorbs longwave radiation, the amount of longwave energy emitted by the surface and absorbed by the atmosphere increases as the atmospheric concentration of carbon dioxide rises. The increased absorption increases the temperature of the atmosphere. The warmer atmospheric temperatures increase the amount of longwave energy emitted by the atmosphere towards the surface which increases the energy gain of the surface, warming it. Thus, increased concentration of carbon dioxide may result in a warming of Earth’s atmosphere and surface.

Greenhouse gases are gases that are effective absorbers of infrared radiation and ineffective at absorbing solar radiation.


Gases that are transparent to solar energy while absorbing terrestrial energy will warm the atmosphere because they allow solar energy to reach the surface and inhibit longwave radiation form reaching outer space. These radiatively active gases are called greenhouse gases. In addition to carbon dioxide other important greenhouse gases are water vapor, methane (CH4) and CFCs. Methane and CFCs are important because they absorb terrestrial radiation in the 10 to 12 micron IR atmospheric window. The concentration of these latter two gases has also been increasing. 


Water vapor is the most important greenhouse gas because it absorbs longwave energy emitted by the surface. Water vapor is the most effectively of all the greenhouse gases. A warmer atmosphere can mean more water vapor in the atmosphere and possibly more clouds.  We will revisit the enhanced greenhouse effect in Chapter 4 after we discuss how the amount of water vapor in the atmosphere varies with temperature and how clouds form and dissipate.

  The Global Average Energy Budget: heat is transferred from the surface to the atmosphere


A major difference between transferring heat by radiation and other methods of transport is that radiative transfer does not require matter. The only way Earth can exchange energy with its environment, space, is by radiation. 

The radiative properties of the atmosphere help to make the Earth inhabitable. Because radiation is so consequential, it is important to understand the radiation budget at the top of the atmosphere. This radiation budget is the total amount of radiation going out to and coming in from space, and includes incoming solar energy, solar energy reflected back to space by the earth, and terrestrial energy emitted out to space. It is useful to first consider the global radiation budget averaged over a year. The radiation budget will then be investigated as a function of latitude.


When you balance your checkbook you are concerned with withdrawals and deposits. Deposits represent a gain to the account and withdrawals a loss. Gains are positive and withdrawals are negative. In energy budget studies we are also concerned with gains and losses.


The globally averaged, total amount of solar energy incident on each square meter of area at the top of the atmosphere is 342 W (Figure 2.19). This is an energy gain for the planet. The annual average albedo of the planet is 30%. So approximately 30% or 107 W of the incident solar energy at the top of the atmosphere is sent back out to space. The solar energy reflected back to space is considered a loss of energy. 70% (235 W for each square meter of area) is absorbed by the atmosphere and surface. Solar radiation absorbed by each square meter of the atmosphere is 67 W. Each square meter of the surface absorbs 168 W.

To maintain an energy balance, the solar energy absorbed by Earth must be balanced by its energy losses. Of the 235 W/m2 of solar energy gained by absorption, the atmosphere absorbs approximately 67 W (20% of the incoming solar energy) and the surface 168 W/m2 (50% of the incoming solar energy at the top of atmosphere). In the atmosphere, water vapor, clouds, aerosols and ozone absorb solar energy. 


The Earth’s surface also gains energy due to atmospheric emission of longwave energy but loses its own longwave energy at the same time by emission to the atmosphere. On average each square meter of Earth's surface emits 390 W. Some of the surface-emitted energy escapes to space and the rest is absorbed by the atmosphere.  Only 40 W per square meter area of the Earth's surface is transmitted through the atmosphere directly to space. The atmosphere absorbs 350 W. The atmosphere emits radiant energy out to space and towards the surface. On average, each square meter area of the atmosphere emits 195 W to space and 324 W to the surface. The surface longwave energy losses exceed the gains and overall the surface loses 66 W (324 W - 350W - 40 W) per each square meter of area. The atmosphere's infrared energy losses (324W + 195 W169 W/m2) are larger than gains (350 W) from the surface. The net terrestrial radiation to space is 235 W for each square meter of area, and so at the top of the atmosphere the solar radiation energy gains and infrared losses are balanced. When we add the net solar energy gains to the net longwave energy losses we see that the surface has a net gain of radiant energy (168 W  - 350W - 40W + 324W  W = 102 W) and the atmosphere experiences a net loss of radiant energy (67 W + 350 W - 324 W - 195 W = -102 W ). 

Sensible heating is the transfer of energy by a combination of conduction and convection.


A loss of 102 W for each square meter area of the atmosphere is equivalent to the atmosphere cooling more than 200(C over the course of a year! We do not observe this large cooling because energy is transferred from the surface to the atmosphere through ways beside radiation. The transfer of 102 W/m2 is accomplished by two kinds of heat transfer: sensible and latent heat transfers. Sensible heat transfer represents the combined processes of conduction and convection, and amounts to a total of 24 W. Latent heating transfers 78 W from the surface to the atmosphere. Evaporation from oceans and lakes and sublimation from glaciers cools the surface. Some of the water that evaporates into the atmosphere condenses to form clouds and precipitation, releasing latent heat.


When globally averaged over a year, Earth's net energy gains balance energy losses, or nearly so. But this is not the case when the radiation gains and losses are averaged in relation to latitude (Figure 2.20).Tropical regions gain radiant energy while the polar regions are losing energy through radiation processes. Box 2.2 discusses the NASA program that strives to understand Earth’s radiation budget.


Since the tropics are not observed to be continually heating and the polar regions continually cooling, energy must be transported from the tropics to the poles. This transportation is accomplished by the atmosphere and ocean currents and is the reason we have weather! 


If through large scale human activity we modify the net energy budget of the planet, then the atmospheric and oceanic heat transport required to maintain an energy balance may also change. Human activity can change the energy budget of the planet by modifying the surface (e.g., large scale deforestation or the building of cities) or the composition of the atmosphere (e.g., burning large amounts of fossil fuels). 

  Summary


Conduction, convection, advection, radiation, and latent heating are the important processes that transfer energy in the atmosphere. Conduction is a near surface phenomenon; convection and latent heating are important heat transfer mechanisms throughout the troposphere. Latent heating represents the heat released or absorbed from the environment when water changes phases. Advection moves heat horizontally. Radiative processes transfer heat throughout the entire atmosphere and into space.


The Earth gains energy from the Sun. The Sun is the energy source of Earth’s weather and climate. Solar energy streams through space as electromagnetic waves. Most of this solar radiation has wavelengths between 0.2 and 4 microns. Earth intercepts a portion of this energy, the total amount intercepted is determined by how far the Earth is from the Sun. While Earth is closer to the Sun in January than the July, Northern Hemisphere temperatures are warmer in July because Earth’s axis of rotation is pointed towards the Sun. The seasons are a result of the tilt of Earth’s spin axis as it orbits the Sun.


Since any object that has a temperature emits radiation, the planet is losing energy to space as longwave or terrestrial radiation. This energy emitted to space is characterized by wavelengths of 4 to 100 micron. Both the surface and atmosphere emit longwave radiation. 


Approximately 50% of the solar energy reaching the planet passes through the atmosphere and is absorbed by the surface of the earth. The surface also absorbs longwave energy emitted by the atmosphere. This warming effect of the atmosphere is called the greenhouse effect. The atmosphere is losing radiant energy, while the surface of the Earth has a surplus of radiation energy. Conduction, convection, evaporation and condensation transfer energy from the surface of the Earth to the atmosphere. 


Averaged over many years, the tropical and subtropical regions of the planet gain more solar energy than these regions lose to space by longwave radiation. Polar regions lose more longwave energy than they receive from the Sun over a year. This energy imbalance, net energy losses at the pole and net energy gains in the tropics, is the driving force of atmospheric circulations. 


Changing the characteristics of the land or the atmosphere may change the energy budget of the planet. Changing the energy budget of the planet may affect atmospheric circulation patterns indirectly by changing the amount of energy that needs to be transported to energy deficit regions.

  Terminology 

You should understand all of the following terms. Use the glossary and this Chapter to improve your understanding of these terms.

Acceleration

Air parcel

Advection

Albedo

Calorie

Conduction 

Convection

Energy

Equinox

Evaporation

Heat

Heat budget

Latent heat

Longwave radiation

Potential Energy

Radiation

Shortwave radiation

Solar radiation

Solstice

Specific Heat

Temperature

Terrestrial Radiation

Ultraviolet radiation

Watt

Wavelength

Work

  Review Questions

1. Why, at noontime, is your shadow longer in winter than in summer?

2. To keep warm when sleeping on a cold winter night, some animals burrow into snow. How does this keep them warm?

3. I was walking through a store one day and came across an advertisement of an object that claimed to defrost a one inch steak in less than 10 minutes. Made of some sort of metal, the object was about the size of a cookie sheet and was not electric. When I touched it, it felt very cold. The salesperson demonstrated the 'super defroster' by placing an ice cube on it (she could not afford steaks). The ice cube melted before my very eyes in a matter of minutes. How could something that felt so cold melt ice so quickly?

4. Why, in the northern hemisphere, are ski slopes built on north facing slopes rather than south facing slopes?

5. Why will covering a soil with a white powder, such as lime, reduce the soil’s daytime temperature?

6. In extremely cold weather birds fluff up their feathers to keep warm. In terms of energy losses, what is the bird doing to keep warm?

7. Observations of the radiative energy budget made by NASA are available on the Web site and CD-ROM. Plot, as a function of month, the albedo, the emitted terrestrial energy, and the net radiation budget at the top of the atmosphere for the latitude and longitude where you live. Explain why these three parameters vary the way they do.

8. Use the book’s web page or CD-ROM to calculate the amount of radiation entering the top of the atmosphere at your latitude on the equinoxes and the winter and summer solstices.

9. Evaporation is a cooling process. Consider a puddle of water that is evaporating. The faster molecules escape leaving behind those with less energy. Thus, during evaporation, the average energy of the molecules in the water decreases as molecules continually leave. The water temperature should be lowered; however, the temperature of a puddle often isn’t much different that the surrounding air. Explain why the temperature of the puddle does not continually decrease.

10. Differentiate between the term “heat” and “temperatute”?

11. What is the relationship between temperature of a blackbody and the radiation it emits?

12. What are the major mechanisms for transferring energy in the atmosphere?

13. What is the cause of the seasons?

14. Describe the major characteristics of how the Earth orbits the Sun.

15. Compare solar and terrestrial radiation.

16. How would the length of day vary with latitude if the Earth’s angle of inclination was zero degrees?

17. Describe the energy budget of the atmosphere.

18. What is an atmospheric window?

19. Why is it convenient to separate the radiative properties of the atmosphere into solar and terrestrial radiation?

  Web Activities

Animation of Earth orbiting the Sun

Animation of Convective plumes

The UV Index

More on Transmission, Reflection and Absorption

Animation of the Radiation Budget of the planet

Animation of rising air, the reasons for cooling

Wavelength and energy

Sun-Earth Geometry

Equilibrium Temperature of the Planet

The surface energy budget

Potential Temperature

Introduction to the Thermodynamic Diagram

Practice Exams

 Box 2.1 -- Ozone 

Stratospheric ozone (O3) is produced by the combination of an oxygen atom (O) with an oxygen molecule (O2). The basic steps to formation are:




This reaction is written in chemical equation as

O2 + UV ( O + O

2O + 2O2 + third molecule ( 2O3 + third molecule

Net Reaction: 3O2 + UV ( 2 O3
UV radiation is also involved in the destruction of O3.
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This destruction is expressed as

O3 + UV ( O + O2
O + O3 ( 2 O2
Net Reaction:  2O3 + UV ( 3O2

In 1970 Dr. P. Crutzen proposed the following catalytic reaction that results in the destruction of O3 by molecules like chlorine.

X + O3 ( XO + O2
O3 +UV ( O2+O

O + XO ( X + O2
Net Reaction: 2O3 + UV ( 3 O2
In this sequence of reactions, X is an atom or molecule that acts as a catalyst to convert O3 to O2. Note that X does not change in the net reaction and so it can continue to destroy O3 molecules. 

There is a delicate balance between the production and destruction of O3, resulting in what is referred to as an O3 shield that protects us from high energy UV radiation. This natural balance has recently been disrupted by human activities causing ozone depletion (meaning that the destruction of O3 exceeds the creation of O3.) How has this happened?


One molecule that can serve as the catalyst molecule X is chlorine (Cl). But how does Cl get into the stratosphere?  In the 1930s useful chemical compounds known as chlorofluorocarbons (CFCs) were produced for use in refrigeration, air conditioning, solvents, aerosol spray cans, and StyrofoamTM puffing agents. They are very stable in the troposphere with lifetimes of approximately 100 years. This long lifetime allows CFCs to eventually make it into the stratosphere where they are split, or dissociated, by UV light to produce chlorine atoms. The destruction of O3 then occurs with the following chemical reactions:





Stratospheric clouds composed of ice particles exist over Antarctica but not over the mid-latitudes or tropical regions. Chemical reactions involving chlorine and other ozone depleting molecules occur on the surface of these ice particles that accelerate the depletion of O3. Destruction is so rapid over the south pole region in the southern hemisphere spring time (e.g., October) that it has been termed a “hole in the ozone layer.”


Fortunately chlorine alone does not remain for centuries in the stratosphere. If the use of CFCs and other ozone-destroying chemicals are banned, it is hoped that ozone depletion may be reduced. 


In 1995 Drs. Paul Crutzen, Mario J. Molina and F. Sherwood Rowland won the Nobel prize in chemistry for their work concerning the formation and decomposition of ozone.

 Box 2.2 --  Monitoring the Earth’s Energy Budget


NASA’s Earth Radiation Budget Experiment or ERBE (pronounced er bee) is a multisatellite system designed to measure the radiation budget—how much heat is lost and gained—between space and Earth. On each of three satellites are instruments that measure how much solar energy the Earth absorbs and how much energy our planet emits. Observations from ERBE have improved our understanding of how clouds influence the energy budget of our planet.


Just because a given region of Earth is receiving more radiative energy than it is losing to space does not mean that the region's temperature is increasing. The atmosphere and ocean may move this excess energy to a different region of the globe, perhaps to one that is losing more energy than it is receiving.


The determination of Earth's radiation budget is essential for atmospheric modeling and climate studies. A major research problem addressed with the ERBE program is how clouds affect the radiative energy budget of the planet, and thereby influence climate. Clouds generally reduce the radiation emitted to space and thus result in heating the planet. At the same time, clouds also reduce the absorbed solar radiation, due to a generally higher albedo (or brightness) than the underlying surface, and thus result in a cooling of the planet. The effects clouds have on solar and terrestrial energy off-set each other in terms of the energy budget of the planet. The latest results from ERBE indicate that, on average globally, clouds tend to cool the planet.


The picture depicts Earth net radiation budget for July as determined by ERBE. Notice the net energy gains over the oceans and the net energy loss over Greenland. The ERBE data are available on the book’s Web page.
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 Table 3.1. The specific heat of a substance is the amount of heat required to increase the temperature 1(C. Water has a high specific heat which means a lot of energy is required to change the temperature of water.

Substance
Specific heat

Water
1.0

Ice
0.50

Air
0.24

Sand
0.19
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