CHAPTER 4
HEAT TRANSFER
OBJECTIVE

Determine the method of heat transfer acting in the atmosphere.
INTRODUCTION


Heat is transferred in the atmosphere by four primary mechanisms: radiation, conduction, convection, and advection.  Each of these is explained and related to the atmosphere.

INFORMATION
RADIATION PRINCIPLES

Radiation


Radiation is the transfer of energy by electromagnetic waves (have electrical and magnetic properties).  There are several aspects of radiation, which are important to understand: emission, absorption, reflection, scattering, attenuation, and the radiation budget.

Characteristics of Waves


Wavelengths are measured from crest to crest.  Wavelength is symbolized by the Greek symbol lambda (().  See Figure 4-1 for the parts of a wave.
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Figure 4-1.  Anatomy of a Wave
Electromagnetic Spectrum


Spectra of emitted radiation from the earth and sun cover different intervals of the electromagnetic spectrum.  Wavelengths important to weather are the short waves emitted by the sun called solar radiation (UV or ultraviolet), and long waves emitted by the earth called terrestrial radiation (visual and IR or infrared).  See Figure 4-2.

Figure 4-2.  Electromagnetic Spectrum
Blackbodies


These objects are both a perfect absorber and emitter.  It absorbs all radiation, which hits it and emits all possible radiation.  (Examples:  Earth and sun are assumed to be blackbodies).  Blackbodies are "ideal" objects.  Real objects are selective absorbers.  They absorb and emit only selected wavelengths.

Definitions


Emissive Power.  This is the measure of the total radiant energy emitted per unit time, per unit area.  A black body is a hypothetical body that emits and absorbs all energy incident upon it.


Emissivity.  It is the ratio of the actual amount of energy emitted at a specific wavelength and temperature to that of a black body at the same wavelength and temperature.


Absorptivity.  It is the fractional part of the incident radiation that is absorbed by the surface.  It is a measure of how efficiently an object absorbs energy.


Reflectivity.  It is the fractional part of the incident radiation that is reflected by a surface.


Transmissivity.  It is the fractional part of the radiation transmitted through a medium per unit of thickness along the path of the radiant beam.

Radiation Laws


Kirchoff's Law.  This law states that good absorbers of a certain wavelength are good emitters at that wavelength.  Poor absorbers of a certain wavelength are poor emitters at that wavelength.  The earth's surface and the sun a blackbodies because they are good absorbers as well as good emitters of radiation.


Planck's Law.  This law describes the amount of energy emitted by a blackbody at a specific temperature for each wavelength of the electromagnetic spectrum.  Figure 4-3 shows the Planck curves for blackbodies at several different temperatures.  Note each curve has the same distinct shape with a single peak, but the location of this peak differs for each object.  Also, note the height of the curve is greater for objects with higher temperatures.  

Figure 4-3.  Energy Spectrum


Stefan ‑ Boltzmann Law.  This law states that the amount of radiation emitted by an object is proportional to the fourth power of its surface temperature.  (E =  ( T4)  In other words, hotter objects radiate more total energy per unit area than colder objects.


Earth vs. sun.  The sun is approximately 20 times warmer than the earth (using Kelvin scale).  How much more solar radiation will the sun emit?  Answer:  The amount of radiation emitted is proportional to the fourth power of the temperature.  If the sun in 20 times warmer than the earth, it will emit 204 times more radiation. (20)4 = 1.6 x 105 more radiation emitted by the sun.


Wien's Law.  The wavelength at which the maximum amount of energy is emitted by an object (the most popular wavelength at which an object emits) is inversely proportional to the temperature of the object).

(max (


According to Figure 4-4, the hotter the radiating body, the shorter the wavelength of maximum radiation. 

Example.  If the sun is 20 times warmer than the earth, what is the relationship of temperature and wavelength?  

Figure 4-4.  Earth and Sun Emission Spectra
REVIEW EXERCISE 4-1
1.
Explain what (max means in Wein’s law. What is the relationship between (max and the temperature of an object?

2. 
Suppose planet A has a temperature exactly twice that of planet B.  Which planet would be emitting more radiation?  How much more radiation would be emitted?

Incoming Solar Radiation


This is energy from the sun.  It is also called short-wave radiation because the sun is hotter than the earth and emits shorter wavelengths of radiation.  These fall mainly in the ultraviolet and visible portions of the electromagnetic spectrum.


Scattering.   This is the process of redirecting incident radiation in all possible directions.  (This is common with small particles suspended in the atmosphere.)  Scattering is a major source of attenuation.  

Radiation traveling through the atmosphere decreases in intensity as it moves further from the emitting surface.  Due to absorption and scattering by atmospheric constituents, the further the energy travels through the atmosphere, the more attenuation that takes place.


Types of Scattering.  There are three types of scattering.  The first type is Rayleigh/molecular scattering.  This occurs when the size parameter (x) is much less than 1 (m and caused by air molecules scattering out a portion of the electromagnetic spectrum.  This is why the sky is blue.  The blue wavelengths are scattered out of the visible spectrum during the day.  Rayleigh scattering is the least amount of atmospheric scattering expected.


The second type is called Mie/aerosol scattering.  It occurs when the size parameter is greater than 1 (m but will stop when the size approaches 10 (m.  Aerosols in the atmosphere cause Mie scattering.  It is forward scattering.  The last type of scattering is called geometric scattering.  This happens when the relative humidity is over 90%.  It is backward scattering as opposed to the forward scattering of Mie scattering.


Absorption.  Absorption is the process by which incident radiant energy is retained by a substance.  Gases are selective absorbers, meaning that they absorb strongly in some wavelengths, moderately in others, and only slightly in still others.  Substances tend to absorb in specific wavelength intervals called absorption bands.  The atmospheric window is a large "gap" between 8 and 11 (m in which none of the gases are effective absorbers of radiation.  


Continuum Absorption.  Continuum absorption varies slowly with wavelength, across broad regions of the electromagnetic spectrum.  Water vapor is the most significant absorber.  An increase in the concentration of waver vapor increases absorption.  The absolute humidity is a measure of the actual amount of water in the air, while relative humidity indicates how close the air is to saturation.  Desert areas may have a low relative humidity but a high absolute humidity.  Absorptivity is a measure of how efficiently an object absorbs energy.  Values lie between zero and one; one is a perfect absorber.  


Angle of Incidence.  The angle at which the sun's rays strike the earth's surface is the angle of incidence.  See Figure 4-5.  It is dependent on latitude.  Small angles near the equator where there is a large concentration of heating per unit area.  Large angles near the poles where there is a small concentration of heating per unit area.  The slanting rays will spread over a greater area and will pass through a greater thickness of atmosphere.  Only 1/2 the earth's surface is receiving solar radiation at any given time.  The earth emits radiation in all directions at ALL times (day and night).

Figure 4-5.  Angle of Incidence


Reflection.  Reflection is the process by which insolation "bounces" back towards the direction it came.  The energy does not interact with the surface off of which it reflects (i.e., no absorption takes place).  The amount of the incident radiation reflected varies with the type of substance.  The reflectivity or the albedo is the ratio of the reflected radiation measures this to the insolation.  The albedo represents the value as a decimal and the reflectivity is in percent. 

Albedo = amount reflected

amount incident

The albedo for many surfaces is greater for slanting rays than for direct rays (greater reflectivity).  Refer to Table 4-1 for examples for the albedo of various surfaces: water surfaces, clouds, snow cover.  A substance that is a good reflector, is a poor absorber because less radiation is available for absorption.

Reflectivity = amount reflected x 100%
      amount incident  

TABLE 4-1.  Common Magnitudes of Albedo






Large Thunderstorm

92%






Fresh Snow


88%






Sand



27%






Forested Areas

12%






Water



  9%

REVIEW EXERCISE 4-2

1. Discuss the three types of scattering.

2. Discuss the absorption process in the atmosphere.

3.
What assumption can be made about the amount of radiation absorbed by a substance with a high albedo?

.

Terrestrial Radiation  


This is energy from the earth.  It is also called long-wave radiation because the cooler temperatures of the earth and its atmosphere emit longer wavelengths.  These fall in the infrared portion of the electromagnetic spectrum.


Greenhouse Effect.  Gases in the troposphere (CO2 and water vapor) strongly absorb most of the long-wave radiation emitted from the earth's surface.  These substances then reemit the long-wave radiation in all directions including back towards the ground.  A portion of this energy reaches the surface of the earth and is reabsorbed by the ground (heating it).  This causes the surface temperature to be greater than if no water vapor or CO2 existed in the atmosphere.  The absorption varies with the wavelength of the radiation.  Some long-wave radiation passes through the atmosphere and out to space.  CO2 and water vapor absorb very little radiation with wavelengths of 8(m to 11(m.  This range is called the atmospheric window since radiation in these wavelengths is radiated out to space.  


Radiation Budget. The earth as a whole is not heating or cooling with time.  Therefore, on a global scale the incoming radiation must equal the outgoing radiation.  On smaller time scale, the incoming radiation does not equal outgoing.  In the daytime incoming is greater than outgoing.  And at night, incoming is less than outgoing.


 Solar radiation enters the top of atmosphere.  Clouds and the earth's surface reflect a certain amount.  The atmosphere absorbs some.  The rest makes it through to the surface of the earth and is absorbed.  For energy leaving the surface of the earth: terrestrial radiation is emitted by the surface of the earth.  Some is absorbed by the atmosphere and reemitted in all directions and the atmosphere radiates some.  The rest makes it through to the top of the atmosphere and is emitted to outer space.  Also, latent heat and sensible heat are transferred from the surface to the atmosphere.  See Figure 4-6.

Figure 4-6.  The Energy Balance
REVIEW EXERCISE 4-3

1.
What is terrestrial radiation?

2.
Why are carbon dioxide and water vapor called selective absorbers?

3.
What happens to the angle of incidence, with respect to Biloxi, as we go from winter to summer?  How does this affect our daily temperature?

4.
Which will show the greatest increase in temperature on a clear, sunny day, a plowed cornfield or a snow covered field? Explain.

5.
Assuming all other factors equal, would you expect warmer nighttime temperatures on a clear night or an overcast night?  Why?

6. 
If the earth’s surface continually radiates energy, why doesn’t the surface temperature steadily decrease?

7.
At 1200L on a day in mid-June, the observation at Scott AFB, IL showed clear skies.  To the east at Wright-Patterson AFB, OH observations showed overcast skies.  At which base will the highest maximum temperature be observed?  Why?

.


CONDUCTION


Conduction is the transfer of energy by molecular motion.  The transfer of heat is always from hot to cold.

Heat Conductivity


Heat conductivity is the ability of a substance to conduct heat.  [It is related to molecular structure (heat capacity) and density of a substance].  Air is a poor conductor of heat.  Soil is approximately 10 times better and water is approximately 100 times better than air.  Because air is a poor conductor, conduction is important as a heat transfer mechanism only in the molecular boundary layer.  

Atmospheric Significance


The surface of the earth heats and cools by absorption and emission of radiation.  Conduction links the surface to the air directly above it.  It influences low-level stability and air-mass modification.  Conduction is important in transferring heat between the surface and the atmosphere, but dominates only in the molecular boundary layer (the layer closest to the ground-more later on that).  Other mechanisms (convection, advection) must act to transport heat to and from other places in the atmosphere.

CONVECTION


Convection is the vertical transport of atmospheric properties (heat and moisture).  This is a more efficient method of heat transfer than conduction.  Associated with upward vertical motion which can be initiated by surface heating, low level convergence, orographic effects, frontal lift and other methods of forcing convection are introduced in Dynamics (i.e, upper air forcing).  The vertical extent of convection is influenced by the stability of the atmosphere.  A stable atmosphere suppresses convection.  An unstable atmosphere enhances convection.  Much of the moisture at upper levels of the atmosphere is transported upward by convection.  Convection occurs in the troposphere (the stable stratosphere acts to "cap" convection).  See Figure 4-7.

Figure 4-7.  Initiation of Convection

ADVECTION


Advection is the horizontal transport of atmospheric properties.  Temperature advection deals with the horizontal transport of heat (already covered in Chapter 1).

Figure 4-8.  Types of Heat Transfer
SUMMARY  


In this chapter, you learned about the ways heat is transferred.  We applied it to satellite.  Later in the course you will learn how these heat transfer mechanisms affect atmospheric stability, cloud development and development of storm systems.  Figure 4-8 summaries the types of heat transfer.

REVIEW EXERCISE 4-4

Use the following diagram to answer questions 1 through 3.






COLD AIR




______________________________




////////////////////////////////////////////////////////





WARM GROUND

1.
In the above diagram, we would expect heat to be transferred from 
__________________ to the


 ______________.

2.
What effect does this have on air temperature?

3.
How does this affect the stability of the air?

4.
The East Coast of the United States is under easterly flow.  Moist air moves onshore and is forced


up the eastern slopes of the Appalachian Mountains.

5.
Observations in the area report overcast skies and rain.  What initiated this convection and at what level did it form?

6.
What is the difference between convection and advection?
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