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Chapter 2: Energy and the Atmosphere
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 The structure of the atmosphere


In the interplanetary space just outside our atmosphere, temperatures range from over 1000°C in the sun to nearly absolute zero (-273°C) in the shade.  With air virtually nonexistent, this part of the universe is clearly inhospitable to life.  The envelope of gas, water, and dust that protects us from such conditions is only 700 km at its thickest.  Though this may appear to be a fairly substantial cover, consider that 90% of the mass of the atmosphere lies within only 10 km of the surface.  This bottom-most layer, called the troposphere, is one of four layers into which the atmosphere is commonly divided (fig. 2.1).  This division is made because of composition and variations in air temperature and pressure with altitude.  While pressure consistently drops with altitude, temperature either rises or falls with increasing altitude.  As seen in figure 2.1 the depth of each layer varies with latitude, with each layer being thicker at the equator than at the poles.

	[image: image1.wmf]
Figure 2.1 - Major layers of the earth’s atmosphere

	Thermosphere - The outermost layer of the atmosphere, the thermosphere derives its name from the high temperature of its upper reaches (500 to 1000°C depending on the amount of energy being produced by the sun).  Its composition varies from largely hydrogen (H) and helium (He) near its top, to oxygen  (O2) and nitrogen (N2) near its base. 

Mesosphere - Extends from 50 to 85 km.  Even though the composition of this layer is roughly the same as in the troposphere and stratosphere (78% N2 and 21% O2) air pressure and density is so low that pilots flying in mesosphere are quickly experience hypoxia or oxygen starvation if they don’t have proper breathing apparatus.  Air temperature decreases with altitude going from 0°C at the stratopause to -80°C at the mesopause. 

Stratosphere - Extends from 10 to 50 km and like the troposphere, is composed largely of N2 and O2 gas.  An important trace gas is ozone (O3) that absorbs incoming ultraviolet radiation from the sun.  Temperature in this stratosphere increases with altitude going from      -60°C at the tropopause to 0°C at the stratopause. 

Troposphere - The bottom layer of the atmosphere, the troposphere extends to an average altitude of 10 km.  This layer is composed largely of N2 and O2 with small amounts of CO2 and H2O.   Temperature drops to nearly -60°C and air pressure drops to nearly 0.05 atmospheres at the tropopause (the top of the troposphere).




Exercise  2.1 - Physical characteristics of the atmosphere

In this exercise we will use a computer simulation of a weather balloon launch to determine how air temperature and pressure vary with altitude.    This simulation will be presented in lecture to the entire class.   Your task as the simulation runs will be to record temperature and pressure in table 2.1.  Once the simulated launch is finished, plot temperature and pressure on the provided graphs  (fig. 2.2).  
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Figure 2.2 - Grids for plotting air temperature and pressure for simulated launch

Questions to ponder after plotting temperature and pressure
· What layers did the balloon go through?

· Where are the boundaries between layers?  These are called pauses.

· The rate that temperature changes as the balloon ascends?  This is called an environmental lapse rate?

· Why does air temperature and pressure change the way it does in each layer?

The physics of energy
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Weather exists because of the flow of energy through the atmosphere.  As energy flows through the atmosphere it warms soil, rock, and water, causes air to move, produces the evaporation of water, and even produces rainbows and lightening.  All this occurs because energy is the ability to do work.  Energy can either be either Potential (stored in matter and capable or doing work) or Kinetic (energy that is causing some kind of change).  Obviously the more potential energy an object has, the more work it is capable of doing.  Likewise, the faster something is changing the more kinetic energy it has.  Work is done whenever potential energy is converted into kinetic energy.  Despite the simplicity of this idea, it is more informative to think about work as the conversion of energy from one form into another.   An energy form is a type of potential or kinetic energy.  For instance, gravitational energy (GE) is a form of potential energy resulting from an attractive force between all matter.  Chemical energy (CE), is another form of potential energy that is released when bonds between atoms or molecules are broken.  Four major forms of kinetic energy are mechanical, thermal, electrical energy, and radiant.  Mechanical energy (ME) is the kinetic energy of large moving objects.  Thermal energy (TE) or heat is the kinetic energy of moving molecules.  Electrical energy (EE) is the kinetic energy of moving electrically charged particles (primarily electrons).  Finally, radiant energy (RE) is vibrations in the electrical and magnetic fields of force.    In meteorology, nearly all of these energy forms play some role in creating weather.  As explained in chapter 1, energy from the sun (largely radiant energy) that enters the atmosphere is either reflected or absorbed.  That which is absorbed is converted into thermal energy.  Differences in temperature produced by this conversion in turn cause air to move from place to place, a thermal to mechanical energy conversion.  Eventually all of the absorbed energy is converted back into a form of radiant energy and is lost to space.  Figure 2.3 shows this interaction of energy and the atmosphere as a highly simplified flowchart.


Thermal energy


When matter absorbs radiant energy its thermal energy increases.  In most cases an increase in a heat produces an increase in temperature (the average velocity of molecular movement ).  When the substance loses heat energy to its surroundings its temperature usually goes down.  Changes in heat are generally determined by measuring temperature changes in specific substances.  For example, a calorie is the amount of heat energy required to raise the temperature of 1 gram of water 1°C at sea level.  However, in the case of water, temperature may not change as its heat energy changes. As water evaporates, increased heat produces a phase change rather than a temperature change.  In other words, the additional energy is used to convert water from a liquid to a gas by breaking the bonds between water molecules rather than increasing molecular velocity.  When water freezes the opposite takes place.  Heat energy lost to its surroundings allows water molecules to slow down enough to bond to each other, thus forming ice.  The heat energy needed to produce a phase change is called latent heat.  The energy that a substance releases to its surrounding during condensation or freezing is called sensible heat.  

Matter loses thermal energy to its surrounding via conduction, convection, and radiation.   

· Conduction - The transfer of heat from one molecule to another in a substance.  Figure 2.4 shows a hot metal block sitting inside a glass box.  Where the block is sitting on the bottom of the box the vibration of molecules in the metal are causing molecules in the adjacent glass to vibrate, which causes molecules further away from the block to vibrate faster, an so on.  Though this same process is occurring between the block and the air surrounding it, conduction is much more efficient when heat flows from a solid to a solid.  

· Convection - The transfer of heat by the mass movement of a liquid or a gas.  As heat is transferred from the block to the surrounding air, the air is warmed, expands, and rises.  When this hot air reaches the top of the box it loses its energy to the box lid, cools, condenses, and sinks, allowing the process to start all over again.  Convection is a major feature of the earth’s weather.  Most of the solar radiation absorbed by the earth is absorbed at the surface.  So as land or oceans warm, the air above the surface is warmed when it comes into contact with it.  As a result, the air rises, cools, sinks, and then warms again, causing the various air movements we see around us.

· Radiation - The conversion of thermal energy into radiant energy.  The block in the box, also loses heat energy by emitting a type of radiant energy called infrared.  This type of energy is like light but with a longer wavelength (more about this in the next section).  If the block were not sitting in the box, this radiant energy would escape unhindered out into space.   If you held your hand next to the block but did not touch it, you would feel warmth even though you were not in contact with it.  This happens because your hand is absorbing the infrared radiation emitted by the block where it is converted back into thermal energy.  Because the block is in a glass box, the infrared is not able to escape since glass is opaque to infrared, but not to visible light.  Hence we can see the block, but not feel its warmth.

	[image: image4.wmf]
Figure 2.4 - Heat transfer from a metal block to its surroundings ( a sealed glass box filled with air).  Panel “a” shows conduction, panel “b” convection, and panel “c” radiation.




Radiant energy


Energy enters and leaves the atmosphere in the form of radiant energy (RE).  Radiant energy, also called Electromagnetic radiation, is the transfer of energy by the vibration of electrical and magnetic fields.  These vibrations are traveling waves that have characteristic wavelengths (the distance between two waves) and frequencies (rates of vibration).    Electromagnetic radiation is actually a family of different types of energy that include light, radio waves, infrared radiation, x-rays, etc.  Each member of this family, called the electromagnetic spectrum, differs from the others by having a range of wavelengths and frequencies (Figure 2.5).  For instance visible light consists of waves having wavelengths between 0.4 and 0.7 micrometers (a micrometer is one ten thousandth of a meter).  Radio waves, on the other hand, are significantly longer, more than ten meters in length, and have a lower frequency than light.  Energy from the sun consists largely of visible light, with smaller amounts of ultra-violet and infrared.  Energy emitted from the earth is mainly infrared.  Hence satellites equipped with infrared sensitive cameras can see clouds, water vapor, etc. even on the back or “dark” side of the earth.
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Figure 2.5 - The electromagnetic spectrum with the energy spectrum for the sun (energy input to the atmosphere) and the earth (energy output from the atmosphere).  The numbers for wavelength are exponents of 10.  For instance -02 is actually 0.01 or 10-2.




The Earth’s Energy Budget

Radiant energy from the sun travels at a rate of 300 million meters per second.  So it takes approximately 8 minutes for light leaving the sun’s surface to reach the top of the atmosphere. When it enters the atmosphere, 30% is either reflected or scattered by air (R1 on Figure 2.6), clouds (R2), or the earth’s surface (R3).  The remaining 70% is absorbed by the atmosphere (Ab2), oceans, or land surface (Ab1) and converted into heat.  Eventually, all of this absorbed energy is radiated back out into space as infrared.  Though the average temperature of any one place on the globe may vary significantly over time, the earth’s average temperature tends to vary very little.  This is because the atmosphere is generally loosing as much energy as it is receiving.  Even in the case of global warming, where increasing carbon dioxide or water vapor slows heat loss due to radiation, average global temperature will increase only to the point where new equilibrium temperature is reached.
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Figure 2.6 - Flowchart of energy flow through the atmosphere.




When averaged for the entire planet 6% is reflected or scattered by the atmosphere, 20% by clouds, and 4% by the earth’s surface.  Locally, reflection depends on the albedo of the reflecting material.   Albedo is a measure of reflectance, where the greater the albedo, the more light a surface reflects.  Generally, dark colored surfaces have low albedos, while light colored ones like snow have high albedos.  Scattering is the deflection of light by molecules and dust particles.  Unlike reflection, scattering is highly selective. For instance, during some sunsets the sky takes on a reddish color.  This is because white light is actually a mixture of colors (each color a type of radiation with its own unique wavelength).  As light from the sun passes obliquely through the atmosphere, shorter wavelengths (blue and green) are scattered out into space, leaving longer wavelengths (reds, oranges, and yellows) to reach your eye.  When the sun is high in the sky, the opposite occurs, blue light is scattered toward you and red light away from you.  


The 19% of the incoming radiation that is absorbed by the atmosphere itself is absorbed selectively.    To understand this, consider that the incoming solar energy is actually a mixture of different wavelengths of radiant energy.  As it passes through the various layers of the atmosphere various gases will absorb different parts of the sun’s spectrum.  For example, the stratosphere contains significant amounts of ozone, which is opaque to ultraviolet.  Carbon dioxide and water vapor, prevalent in both the stratosphere and troposphere, are opaque to both long wave and short wave ultraviolet.  So by the time the sun’s energy reaches the surface it is largely visible light, a minimal amount of ultraviolet, and some wavelengths of infrared radiation.  In general, all of the energy absorbed by the atmosphere and the surface is lost to space via radiation.  Much of this loss is indirect.   For example, approximately half of the energy absorbed by the surface is used to evaporate water, while a little over 10% is used to heat the atmosphere via convection and conduction.  Most of the remainder heats the atmosphere as the atmosphere reabsorbs radiation emitted from warm surfaces.  In each case heat energy is transferred, which will again become infrared.           

How and why air temperature varies

How daily air temperature varies with time of day and cloud cover

Figure 2.7 shows typical variations in air temperature during a cloudless day.  Air temperature is generally at its lowest slightly before sunrise, and reaches a peak in early afternoon (3 to 4 pm).   During the same time of year, a completely overcast day will show similar changes but the temperature range for the day (the difference between daily high and daily low) will be smaller.
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Figure 2.7 - Insolation (sunlight intensity), and air temperature for a clear and an overcast day during the same month.




Explanation


During a cloudless day, variations in temperature are caused by variations in sunlight intensity (insolation) and how the ground absorbs this energy.  From sunrise until noon, insolation steadily increases and then decreases to zero sometime after sunset.  One thing that is significant is that there is a time delay between maximum insolation and maximum temperature.  This is because most of the incoming solar radiation is absorbed by ground, converted into thermal energy, and then the ground loses this heat to the air above it.  The heating of the ground also explains why minimum temperature is just before sunrise.   Rock, soil, and water have high heat capacities.  Heat capacity is the ratio of the heat absorbed or released by a substance to its temperature gain or rise.  For a substance to have a high heat capacity means that its temperature will change less than a material with a low heat capacity, even though the same amount of thermal energy is being absorbed by both substances.  Having a high heat capacity also means that soil or water continues to provide heat to the air even after the sun goes down.  The temperature range is less on cloudy day because clouds act as both an insulator and a filter.  During an overcast day insolation is significantly reduced by cloud reflection.  At night, infrared emitted by the ground and the air is reflected back to the surface where it is reabsorbed rather than being lost to space.

How average air temperature varies with time of year

Table 2.1 shows average monthly air temperature for Portland Oregon.  Like most places in the Pacific Northwest January has the lowest average and August the highest.  Average monthly temperature for Sidney Australia shows a nearly opposite trend.

Table 2.1 - Average monthly air temperature for selected weather stations.

	 
	Jan
	Feb
	Mar
	Apr
	May
	Jun
	Jul
	Aug
	Sep
	Oct
	Nov
	Dec
	Ann

	Portland, OR
	4.2
	6.3
	8.5
	10.5
	13.9
	17.4
	20.1
	20.3
	17.3
	12.5
	7.8
	4.6
	11.9

	Sydney, Aus.
	22.8
	21.1
	18.9
	18.3
	15.6
	11.1
	10.0
	10.6
	12.2
	15.0
	18.3
	21.7
	16.3


Explanation


As the earth orbits around the sun, its axis of rotation is tilted 23.5° relative to its orbital plane (Fig. 2.8).  So during the winter in the northern hemisphere, the earth rotates with its north pole pointed away from the sun.  During summer, the pole is pointed toward the sun.  This has two impacts.  First, during winter nights are longer than days, while during the summer days are longer.  Second, during the winter sunlight in the northern hemisphere is more spread out than it is during the summer, due to the angle it is striking the ground (more about this in lab 2).  This does a pretty fair job of explaining what is going on in Portland, but what about Sydney.  Sydney is located in the southern hemisphere, so everything that has been said about the northern hemisphere is reversed here.
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Figure 2.8 - Seasons explained by the earth’s orbit and axial tilt

How average air temperature varies with location


At any given time of the year, air temperature varies according to elevation, latitude, cloud cover, and proximity to a large body of water.  Figure 2.9 is a map of average air temperature for month of January.   This means that the average daily temperatures for individual weather stations are averaged over the month of January, and then the averaged January temperatures are averaged over a period of say 30 years.  
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Figure 2.9a - Average monthly air temperature in degrees Celsius
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Figure 2.9b - Average daily sunlight intensity in Langleys
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Figure 2.9c - Typical January cloud cover

What causes these variations?


Latitude has a major impact on temperature.  Generally, higher latitudes are colder than latitudes closer to the poles.  This is largely a product of sun angle.  At high latitudes the sun is low in the sky, so sunlight striking the surface is more diffuse (see figure 2.9a).  In other words, the amount of sunlight per square meter is less at the poles than at the equator.  Of course sun angle changes as the earth moves through its orbit, causing temperature to change for any given location.  Another factor influencing temperature is proximity to a large body of water.  Water has a higher heat capacity than soil or rock.  Consequently, air temperature above land is much more variable than temperature above ocean.  Temperatures in the middle of a continent tend to be fairly extreme (very high summer and very low winter temperatures), while the annual range in temperature over ocean is much less.  


Oceans moderate temperatures around the globe, in part because of the heat capacity of water, but also because seawater flows.   Typically, coastal areas are be warmer in the winter and colder in the summer than areas at the same latitude that are in the interior of a continent.   However, two coastal cities at the same latitude at either side of an ocean basin can have very different annual temperatures.  This is due to ocean currents that bring warm water from the equator to higher latitudes and cooler water from high latitudes to the equator.  In this way, cities adjacent to warm currents will experience higher air temperatures (the air is heated by water below it) than will cities adjacent to colder currents.  In this way thermal energy is transported from zones of energy excess (low latitudes) to zones of energy deficit (high latitudes).  


Two other factors controlling air temperature at a given location are albedo and cloud cover.  Polar areas and other areas covered by snow have high albedo surfaces.  This means that a lower percentage of the incoming sunlight is absorbed at the surface.  So the low temperatures are higher latitudes are a product of both low sun angle and high albedo.  Cloud cover acts as a filter that reduces insolation.  Surprisingly enough, the highest temperatures on this planet are not found at the equator.  This is because of thick cloud cover that prevails throughout much of the year (see figure 2.9c).  

Lab:   Solar Radiation and Heat
Objectives

· To determine how the amount of sunlight striking a surface varies with its orientation (Part 1).

· To determine how season and latitude affects the amount of sunlight received at a given location on the earth’s surface (Part 2).

· To determine how albedo (Part 3) and heat capacity (Part 4) affect the temperature of a substance. 
Write-up


For your final write-up should include your data for all four parts of the lab, answers to the follow-up questions in parts 2, 3, and 4.  Also include a copy of the web page described in part 4 along with the graph you produced for that data.  Make sure to use complete sentences when answering questions, show any and all calculations that you do (don’t forget your units), and put a title on all sections (e.g. Part 1 – Intensity and angle).

_______________________________________________
Method

Part 1 - intensity and Angle

Materials:

· “Labquest” data logger with voltage probe

· Solar cell and protractor combination

· Flashlight

· Graph paper or a spreadsheet program
Procedure:
· On a piece of paper or using a spreadsheet program make a copy of Table 2.2.

· Set up the Labquest and solar cell as shown in the lab introduction video.

· Begin this experiment with the solar cell set to 90° and the flashlight shining directly on the cell.  This will be the maximum light intensity measured by the meter.  Read the voltage on shown on the meter scale.  Record this number in Table 2.2.

· Repeat this procedure every 10°.  Record each voltage reading in Table 2.2.

· Calculate the % maximum intensity for angles 0° through 90° using the following formula.

% maximum intensity = (Voltage at each angle ÷ Voltage at 90°) x 100

· Make a graph that looks like Figure 2.11.  Use the graph to plot % maximum intensity vs. angle.  After you have plotted the points, draw a best-fit line through the data.  I explain how do this in the video lab introduction.
	Table A – Make a copy of this table for recording your data for part 1
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Figure 2.11 - Make a copy of this graph for plotting your data for part 1 or use a spreadsheet program to record and graph your data.



Part 2  - Solar Intensity and Season


In this experiment you will use the results from experiment 1 to estimate the % maximum intensity at selected locations on the globe at different times of the year.  To accomplish this do the following:

· [image: image18..pict]Determine the angle that a sunray will strike a flat surface at locations A, B, C, and D.  You can do this by measuring the angle between the surface line drawn at each location and the dashed reference line.  Refer to figure 2.12 for details. Record your results in table 2.3.

· Determine the amount of solar energy falling on locations A, B, C, and D in  % maximum intensity by comparing the sun angles for each locations with your data from part 1.   Record your results in table 2.3.

· Repeat this procedure for each of all three seasons represented (winter solstice, equinox, and summer solstice).
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              Day side         Night side

Figure 2.13 - The earth and incoming sunrays during summer solstice (June 21 - longest day of the year in the northern hemisphere, shortest day in the southern).
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              Day side         Night side

Figure 2.14 - The earth and incoming sun rays during equinox (days and nights of equal length)
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  Day side         Night side

Figure 2.15 - The earth and incoming sun rays during winter solstice (December 21 - shortest day of the year in the northern hemisphere, longest day in the southern).

Follow-up questions

1. How does  sun angle and the earth’s tilt help explain the average temperatures that occur during different seasons?

2.  On the basis of your results from part 2 explain why the seasons in southern hemisphere are reversed relative to those in the north?
Part 3 - Temperature and albedo

In this experiment you will be determining the impact of color on temperature.  The question is which color has the highest albedo.  With the exception of black, the colors chosen are natural surface colors (white = snow, brown = soil, and green = vegetation). 

· Construct the apparatus shown in figure 2.16.

· Make a table having five columns, one for time in 30-second intervals, a second for a white plate temperature, a third for black plate, a fourth for brown plate, and a fifth for green plate.  Your table should have enough room for 5 minutes worth of data at 30 seconds per reading.

· Turn on the spot lamp and record the temperature of each plate every 30 seconds for 5 minutes.  Make sure to record the starting temperature of each plate.

· Make a single graph for plotting the temperature of all four plates.  The horizontal axis should be time in seconds. The vertical axis should be temperature in degrees Celsius.

Part 4 - Temperature and heat capacity

In this part of the lab, you will be using the Internet to obtain the data from an experiment that I have already run.  The experiment involves a two metal containers, one filled with water, another with sand, which are placed in front of a spot lamp.  Each container has a probe inserted into it that is attached to a computer.  The computer is set up to measure and record the temperature of the substance in each container.  The purpose of this experiment is to test the temperature response of each substance as radiant energy (light from the lamp) is absorbed and converted into thermal energy by the material in the containers.   For our purposes we can assume that equal amounts of radiant energy are absorbed and converted into thermal energy by each container.  The particulars of the experiment are explained on the web page. 

· Using the data on the page make a graph with time on the horizontal axis and temperature on the vertical axis.   The vertical axis should be labeled “temperature (°C)” and numbered from 0 to 30.  The horizontal axis should be labeled “Time (minutes)” and numbered from 0 to 60.    Plot the temperature at the times listed on the table on the web page.  Plot both sets of temperatures (container with sand and container with water) on the same graph.  Make sure to label each plot

· Finally, make a table showing the starting, ending, maximum, and minimum temperatures for each container.  Also record in your table the temperature change and time of maximum temperature for each container.

· Follow-up questions
1) How do the results of part 3 help explain why the polar ice caps stay cold?

2) Based on the results of part 4 where would you expect to find the highest surface temperatures  - an equatorial ocean or an equatorial desert?  Make sure to justify your answer. 

3) Based on your results for part 4, make a prediction as to which of the two areas described in the previous question will have the greatest drop in temperature at night.
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