SCI-145: Introduction to Meteorology
Lecture Note Packet 1
1. ATMOSPHERIC COMPOSITION AND STRUCTURE
I. Introduction

A. Meteorology: the study of the atmosphere and its phenomena
1. From book by Aristotle (340 B.C.) called Meteorologica which explored 
everything known about weather and climate at that time (as well as chemistry, astronomy and geography)
2. At that time, all substances that fell from the sky were called meteors 
3. Now we differentiate between falling objects from outside the 
atmosphere (meteoroids) and water and ice particles falling from clouds within the atmosphere (hydrometeors)

B. Meteorologist: a scientist that uses scientific principles to explain or forecast 

     atmospheric phenomena

1. Usually a person who has completed a college degree (B.S.) in 
    meteorology or atmospheric science

2. Only small percentage, about 5%, of the 9000 meteorologists and 

    atmospheric scientists in the U.S. do forecasts for radio and television  

    stations (broadcast meteorologists)
3. 50% do research and/or teach at universities and colleges (M.S. or PhD 
    usually required)

4. Most of other 50% work doing weather forecasts for the National 
    Weather Service, the military or private firms

C. Earth’s Atmosphere: life providing thin gaseous envelope

1. 99% of the atmosphere lies within 19 miles (30 km) of earth’s surface 
    (piece of paper covering a beach ball)
2. Shields surface inhabitants from dangerous radiant energy (e.g. 
ultraviolet from the sun) and onslaught of material from interplanetary space

3. Becomes thinner with increasing altitude, eventually merging with outer 
    space
II. Atmospheric Composition


A. 99% of dry air is composed of nitrogen (N2) and oxygen (O2)
1. These gases provide a constant background but are not active 
 
    ingredients for weather and climate

B. Variable and Trace Gases: Water Vapor (H2O)
1. Water vapor is an invisible gas – clouds are liquid water droplets and 
    ice crystals
2. Critical component of atmosphere in regard to weather and climate

a. Source of precipitation (rain, snow, etc.)

b. Water is only element that can exist as solid (ice), liquid (water), 
or gas (water vapor) at temperatures found in earth’s environment
1. “Latent heat”, an important source of energy that 
powers storms, is released during condensation of water vapor to liquid water

c. Critical “greenhouse gas”


3. Concentration in the atmosphere is highly variable in regard to both 
    place and time

a. Depends mostly on temperature, with near 0% in the arctic and  

    up to 4% in the tropics

C. Variable and Trace Gases: Carbon Dioxide (CO2)


1. Trace gas contributing only 0.039% of the volume of the atmosphere
2. However, very important in regard to climate since it is an important 
    “greenhouse” gas
3. Carbon Dioxide Cycle


a. Removed from atmosphere as dissolves in oceans

1. Oceans contain 50x the amount of CO2 than the 
    atmosphere

b. Removed by plants through photosynthesis

c. Enters atmosphere by evaporation from oceans, decay and 
    burning of plant matter, respiration and volcanic activity
d. This cycle creates an equilibrium that had maintained stable 
levels of CO2 in the atmosphere (280 parts per million [ppm]) for thousands of years

e. Since the start of the industrial revolution (early 1800s) we have 
increased the amount of CO2 in the atmosphere by 40% due primarily to the burning of fossil fuels



f. Upsetting the Balance





1. It takes millions of years for fossil fuels to form under 
pressure as plant matter decays and is buried by overlying earth

2. We have upset the balance created by the CO2 cycle by 
putting carbon dioxide into the air in minutes, through burning of fossil fuels, what took millions of years to create
3. As we shall see, this is having impacts in regard to recent 
    climate change

D. Other Trace Gases



1. Methane (CH4), nitrous oxide (N2O) are present in even more 
miniscule concentrations but still have significant impacts on the behavior of the atmosphere 
2. They are both significant greenhouse gases and, although naturally 
occurring, both are increasing in concentration due to human activities


3. Ozone (O3)
a. The vast majority (97%) is found in the stratosphere, above the 
    layer of the atmosphere where weather occurs
b. Critical to maintaining life on earth
1. Ozone absorbs harmful, high-energy ultraviolet rays 
    from the sun so that they do not reach earth’s surface


4. Chlorofluorocarbons (CFCs)

a. Manmade chemicals used for propellants, refrigerants and 
    solvents
b. Function as greenhouse gas but have a more important impact 
    in reducing ozone levels in the stratosphere
c. Release chlorine atoms which facilitate chemical reactions that 
destroy ozone, particularly in cold stratospheric clouds that form in winter



d. Result is an “ozone hole”, a reduction in ozone concentration 
over the polar regions, particularly in the southern hemisphere, which peaks in early spring
e. During spring and summer, the concentrations of ozone “mix 
out” with lower latitudes which has caused a decrease in ozone concentrations in middle latitudes (U.S.) as well
f. Production of CFCs has been eliminated but unfortunately 
    they breakdown very slowly

E. Liquids and Solids


1. Clouds



a. Remember, clouds are liquid water droplets, not water vapor

2. Aerosols
a. The atmosphere is also filled with numerous tiny solid or liquid 
    suspended particles of various composition, called aerosols
b. Examples include dust and soil picked up by the wind, salt from 
    sea spray, smoke from fires and ash from volcanic eruptions

c. These aerosols serve an important function as they act as 
surfaces which facilitate the condensation of water droplets to form clouds

F. Origin of the Atmosphere



1. Probably originally mostly hydrogen (H) and helium (He) the most 
    abundant gases in the atmosphere

2. These light gases easily escaped the gravitational pull of the earth into 
    space

3. Constant outpouring of gases (~ 80% water vapor, 10% carbon dioxide 
and less than 10% nitrogen) from earth’s hot interior via volcanoes and steam vents formed early atmosphere

4. Most water vapor condensed into bodies of water as the earth cooled 
    and most CO2 dissolved and was deposited as sediment in these oceans
5. Nitrogen, which is not chemically reactive, became the main 
    component of the atmosphere

6. As plant life developed and grew, oxygen was produced as a by-product 
    of photosynthesis
7. The end result was an atmosphere that is predominantly nitrogen and 
    oxygen with much smaller quantities of water vapor and carbon dioxide
III. Structure of the Atmosphere


A. Pressure and Density



1. Air density: number of air molecules within a given space (density = 
    mass/volume)

2. Air pressure: the amount of force exerted by the air molecules on 
earth’s surface due to gravity or the weight of a column of air above any given point
3. Air molecules are attracted to the earth by gravity, which decreases with 
distance from the earth, therefore, air density and pressure always decrease with height above earth’s surface

B. Atmospheric (Air) Pressure



1. At earth’s surface (sea level) a one inch square column of air weighs 
approximately 14.7 pounds (lbs.) or, in other words, the atmospheric pressure is 14.7 pounds per square inch (lbs./in2)

2. The standard measurement for atmospheric pressure used in 
meteorology is millibars (mb) although inches of mercury (Hg) is sometimes used in public forecasting

3. At sea level, average atmospheric pressure = 1013.25 mb (round off to 
    1000 mb) = 29.92 in Hg
4. Due to greater gravity near earth’s surface and compression of the 
molecules from above, atmospheric pressure decreases rapidly with height near earth’s surface and then more slowly at higher altitudes
5. At only 18,000 ft. above the surface atmospheric pressure is only ½ of 
    the pressure at the surface, or 500 mb
6. This means that at this height you would already be above ½ of the air 
    molecules in the atmosphere
7. At the height of Mt. Everest (29,000 ft.) the pressure is 300 mb which 
    means 70% of the air molecules are below you
8. This low air pressure and density is why it is difficult to get enough 
    oxygen to breath at this altitude
9. The atmosphere extends hundreds of miles up, becoming thinner and 
    thinner, eventually merging with outer space

C. Atmospheric Layers



1. Although pressure always decreases with height, temperature has a 
    more complicated vertical profile

2. Differences in vertical temperature profile at different altitudes results 
    in different atmospheric behaviors

3. Therefore, the atmosphere is divided into different “layers” based upon 
    these changing vertical temperature profiles


4. Troposphere




a. In the lowest levels of the atmosphere (up to about 36,000 feet 
– 5 miles – 11 kilometers) temperature decreases with height above earth’s surface (altitude) since, as we will learn in the next section, the sun heats the earth’s surface and the surface then warms the air next to it

b. With this type of vertical temperature profile, air can rise and 
    sink and mix freely

c. Since rising and sinking air causes weather, weather can occur 
    in this lowest layer


5. Stratosphere




a. Above the troposphere, in the next layer, called the stratosphere, 
    the temperature begins to increase with height 
b. This temperature profile is due to the presence of ozone which   

    absorbs ultraviolet rays from the sun, heating the surrounding air
c. This type of vertical temperature profile prevents the rising and 
sinking of air, serving as a “lid” on the rising and sinking air below, thus limiting all weather to the troposphere


6. Tropopause




a. The transition zone between the troposphere and the 

    stratosphere, is called the tropopause
b. The tropopause is not a well-defined “layer” but a transition 
    zone and varies in height from location to location

c. Commercial airlines prefer to fly just above the tropopause, in 
    the lower stratosphere, to avoid turbulent vertical motions


7. Mesosphere




a. Above the stratosphere the air is extremely thin and pressure 
    very low

b. Without the presence of ozone, the temperature profile resumes 
    its downward trend with height
c. This layer is called the mesosphere and extends up to about 50 
    miles above earth’s surface

d. The top of the mesosphere is the coldest part of the atmosphere 
    at about −130°F


8. Thermosphere




a. In the highest levels of the atmosphere, above about 50 miles, 
oxygen molecules absorb very high energy rays from the sun (e.g. gamma rays, cosmic rays and x-rays) heating the “air” to very high temperatures (e.g. 500° C)

b. This highest layer is called the thermosphere
c. Even though temperatures are very high, it would not feel “hot” 
    because there are so few molecules to bounce against your skin
IV. Weather and Climate


A. Weather: the state of the atmosphere at any given time and place
B. Climate: weather “averaged” over a long period of time
1. Perhaps a better definition of climate is: the weather that is typical of a 
particular region, including temperatures, cloud cover, types and amounts of precipitation and storms, as well as the frequency of these events

C. What Causes Weather?

1. Atmospheric Variables: In order to understand the changing weather  

    we only need to follow a few atmospheric variables……

a. Temperature: how hot or cold the air is
b. Pressure: the force exerted by the air above an area (which 
    depends on temperature differences)

c. Wind: the horizontal movement of air (depends on pressure 
    differences)

d. Moisure (humidity): amount of water vapor in the air

2. Differences in temperature from place to place results in pressure 
    differences 
3. The pressure differences cause wind 
4. Variability and changes in wind speed and direction at the surface 
(bottom of the troposphere) and tropopause (top) results in vertical (rising and sinking) motion of the air

5. It is the rising and sinking (up and down) motion of the air that causes 
          “weather”
6. Rising motion results in the condensation of water vapor to form:
a. Clouds: a visible mass of tiny water droplets and/or ice crystals
b. Precipitation: any form of water, either liquid or solid, that falls 
    from clouds and reaches the ground
7. Sinking motion causes clouds to dissipate and clear weather to result
2. ENERGY AND HEAT

I. Temperature and Heat


A. Air is a mixture of countless billions of molecules all moving randomly in all 
     directions, darting, spinning, twisting and, occasionally, colliding 
B. The energy of this motion is called kinetic energy
C. Temperature: a measure of the average speed (kinetic energy) of the 
     molecules of a substance
D. The higher the temperature of a substance, the faster the molecules will be 
     moving
E. The total energy contained by a substance due to this molecular motion is 
     called thermal energy and can be transferred to cooler substances as heat
F. Important point: 
1. As air warms, its molecules move faster, collide more, and 
    
    start to move apart
a. Therefore, warm air is less dense or “lighter”
2. When air cools, the molecules slow down and crowd closer together
a. Therefore, cool air is more dense or “heavier”
II. Temperature Scales


A. Fahrenheit scale (°F): Water freezes at 32 and boils at 212 (180 equal 
  
     degrees)

B. Celsius scale (°C): Makes more sense and easier to use since water freezes at 
     0 and boils at 100 (100 equal degrees)

1. Each °C is 180/100 or 1.8 times bigger than a °F (an increase of 1°C 
    equals an increase of 1.8°F)

2. Conversion formula:     
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3. All of the world and the scientific community uses the Celsius scale 
    but the U.S. still uses Fahrenheit

C. Kelvin scale (°K): zero on this scale is the temperature at which all molecular 
 
     motion ceases, called absolute zero 
1. Each degree is the same size as a °C and a temperature of 0°K is equal 
    to −273°C
2. Conversion formula:
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3. This scale is used in scientific calculations and research because it is 
easier to use and fits equations better since there are no negative numbers
III. Phase Changes of Water: Heat Transfer via Latent Heat


A. Water is the only substance which can undergo a change of state from solid 
(ice) to liquid (water) to gas (water vapor) at temperatures found on earth

B. Exchanges of heat energy occur between water and the atmosphere when it 

     undergoes these phase changes (called latent heat), which are critical to 
     understanding weather
C. Water molecules are “polar” molecules (oxygen slightly negatively charged 
and hydrogen slightly positive) causing the molecules to be slightly attracted to each other by weak “hydrogen bonds”
D. Ice molecules become “locked” in a crystal lattice structure as the molecules 
can bond with each other since they are barely moving (low energy), the bonds are transient in liquid water as the molecules move faster (higher energy) and slide around each other, and water vapor molecules do not form bonds with each other as they move rapidly through space (highest energy)

E. Heat energy from the environment is required to increase the speed of motion 
of the molecules and thus change water from a lower to higher energy state (solid to liquid or liquid to gas)
F. This can be better understood by looking at the most common, and in regard to 
weather, the most important phase changes, those that occur between liquid water and water vapor (gas)

G. Energy from the sun heats a body of water, increasing the speed of the 
molecules so that some of the molecules near the surface escape to become water vapor (evaporation)
H. This energy from the sun was utilized to move water from a lower energy state 
     (liquid) to a higher energy state (gas)

I. The water vapor molecules are now carrying this energy they received from the 
     sun as latent heat
J. It is called “latent”, or hidden because it cannot be detected as sensible heat 
     (heat we can feel and measure with a thermometer)
K. As the water vapor rises and the air cools, the water molecules slow down to 
the point were they start to bond with each other to form liquid water droplets in the form of clouds (condensation)
L. As the water goes from the high energy state (vapor) to a lower energy state 
     (liquid) it releases the extra energy (latent heat) it had been carrying (which it 
     initially received from the sun) to the environment

M. This stored energy (latent heat) is released as sensible heat, warming the 
     cloud forming atmosphere

N. All of this occurs because of a basic physical law: conservation of energy
O. This process can result in the release of tremendous amounts of heat energy to 
the atmosphere with cloud formation and is responsible for powering storms such as hurricanes and thunderstorms
P. Essentially, energy from the sun is indirectly generating these powerful 
     storms
IV. Other Methods of Heat Transfer: Conduction


A. Conduction is the direct transfer of heat between adjacent molecules
B. Heat is transferred from warmer regions to cooler regions
C. The sun heats earth’s surface and this heat is transferred to the adjacent 
     atmosphere by conduction
D. However, air is such a poor “conductor” of heat that only a relatively thin 
     layer of air near the ground is heated by this method
E. Air, however, can carry this heat energy rapidly from one region to another by 
     another method…
V. Other Methods of Heat Transfer: Convection


A. Convection is the transfer of heat by the mass movement of air
B. This process occurs naturally as the sun heats the earth’s surface unevenly
C. The air adjacent a warmer surface will heat by conduction
D. Warmer air is lighter and thus will rise, displacing cooler air above which will 
     sink to replace it
E. This vertical exchange of heat is called convection
F. The rising “bubbles” of air are called thermals
G. Rising Air Cools and Sinking Air Warms


1. Think of air as rising and sinking in “baloons” (thermals) called air 
    parcels
2. As an air parcel rises in the atmosphere, the atmospheric pressure 
    outside decreases and the parcel expands to equalize the pressure

3. The molecules use some of their kinetic energy to expand the walls of 
    the air parcel

4. The kinetic energy of the air molecules in the parcel will, therefore, 
    decrease and so, by the definition of temperature, the air parcel cools
5. As an air parcel sinks in the atmosphere, the atmospheric pressure 
    outside increases which compresses the parcel 
6. The collapsing walls of the parcel cause the molecules to collide and 
    move with greater velocity
7. The kinetic energy of the air molecules in the parcel will, therefore, 
increase and so, by the definition of temperature, the air parcel warms
VI. Other Methods of Heat Transfer: Radiation


A. Radiation is energy traveling through space in the form of waves
B. This is the type of energy that we receive from the sun and that is responsible 
     for heating the earth
C. These waves have both electrical and magnetic properties so they are called 
     electromagnetic (EM) waves
D. All EM radiation travels at the same rate (the speed of light) 186,000 
     miles/second
E. The wavelength, the distance between wave crests, is very small and are 
measured in micrometers (μm) which are equal to one millionth (10-6) of a meter (m)

F. The shorter the wavelength of a type of EM radiation, the more energy it 
     carries
G. For example, ultraviolet (UV) radiation from the sun carries more energy than 
     visible light (visible light wavelengths are five times longer than UV)

H. In fact, UV is energetic enough that it damages living cells (Focus section on 
     p. 36)
I. Three Important Rules Regarding Radiation


1. All substances emit radiation
a. The energy responsible for this radiation originates from rapidly 
    vibrating electrons, billions of which exist in every object
2. The wavelengths of radiation that an object emits depends on its 
    temperature
a. The higher an object’s temperature, the shorter are the 
    wavelengths of emitted radiation
b. Wien’s Law: 
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3. The greater the temperature of an object, the greater amount 
    (intensity) of radiation it emits
a. Stefan-Boltzmann Law:
      [image: image4.emf]


Ε = σT4










    

J. Radiation Emitted by the Sun (Solar Radiation)
1. The surface of the sun is very hot (10,500°F) so that the majority of the   

    radiation it emits has relatively short wavelengths
2. The sun emits a maximum amount of radiation (λmax) near 0.5μm, 

within the visible region (our eyes are sensitive to radiation of this wavelength) of the electromagnetic radiation spectrum
a. The color violet is the shortest wavelength of visible light   

    (0.4μm)

b. Wavelengths just shorter than violet are called ultraviolet (UV)
c. The longest wavelength of visible light (0.7μm) is the color red

6. Wavelength just longer than red are called infrared (IR)
3. Ultraviolet (UV)


a. Even though the sun emits the greatest amount of its radiation in 
    the visible region, it does emit about 7% as higher energy UV

b. Fortunately, virtually all of the UV-C, the highest energy 
(shortest wavelength) and most harmful form of UV is absorbed by ozone in the stratosphere



c. Less energetic, but still dangerous (causes sunburn and skin 
cancer), UV-B penetrates the atmosphere to earth’s surface in small amounts but is absorbed and neutralized by the pigment in our skin (melanin)

d. Those with pale skin (little melanin) are at most risk from UV 
exposure and the recommendation is to add protection with sunscreen that absorbs UV rays

e. Caveat: Interestingly UV-B is necessary for production of 
    vitamin D, an essential nutrient by our skin

K. Radiation Emitted by the Earth (Terrestrial Radiation)


1. Most of the radiation emitted by the sun, with maximum as visible light, 
    has shorter wavelengths (due to its high temperature)
2. The earth, however, is much cooler (59°F) and emits almost all of its 
radiation at much longer wavelength (and less energetic) infrared (IR) radiation
3. For this reason radiation from the sun (solar radiation) is sometimes 
called shortwave radiation whereas radiation from the earth (terrestrial radiation) is called longwave radiation

L. Interaction of Radiation With Substances



1. Substances do not just emit radiation, they can also absorb some of the 
    radiation which is incident upon it

2. When radiation from the sun (mostly visible light) reaches the earth, it 
can interact with the atmosphere and earth’s surface in three different ways: 
a. Transmission 
b. Reflection 

1. Scattering
c. Absorption


3. The type of interaction depends on the molecular structure of the 
    substance

4. Most visible light passes through the atmosphere without interacting 
    with it (transmission)
5. Clouds and earth’s surface reflect some visible light (reflection)
6. The color of a substance depends on the portion of the visible light 
spectrum it reflects (e.g. grass reflects mostly green, blue and yellow light)

7. As we will see, because the molecules are so far apart, the atmosphere 
can “reflect”  a small amount of visible light in all directions (scattering)


8. Radiation Absorption



a. The visible light that is not reflected by earth’s surface is 
    absorbed
b. Absorption of radiation increases the kinetic energy of the 
    absorbing substance (molecules move faster)

c. Therefore ... temperature of any substance increases when it 
absorbs radiation (radiant energy is converted to thermal energy) 
VII. The Greenhouse Effect


A. Radiative Equilibrium



1. If the earth had no atmosphere, and was in radiative equilibrium, 
whereby it was only absorbing and reflecting solar (visible) radiation (only half the earth at a time) and continually emitting infrared radiation, the average temperature of earth’s surface would be 0°F
2. However, in reality, the average temperature on earth’s surface is 59°F
3. How does the atmosphere provide this warming?

B. The Greenhouse Effect



1. Certain trace gases in the atmosphere act like panes of glass in a 
greenhouse because they are “selective absorbers”, transmitting (not absorbing) solar radiation but absorbing terrestrial radiation
2. Water vapor and carbon dioxide are strong absorbers of infrared 
     radiation and poor absorbers of visible (solar) radiation

3. Methane and nitrous oxide are less important selective absorbers

4. Ozone, which we discussed previously, present mostly in the 
stratosphere, is also a selective absorber but predominantly in the ultraviolet range


5. The sequence of events regarding the additional heating of earth’s 
    atmosphere and surface by these “greenhouse gases” is as follows:

a. The atmosphere is generally transparent to visible solar 
radiation so this radiation passes through the atmosphere with being absorbed



b. Visible solar radiation is absorbed by earth’s surface, 
    heating the ground
c. Earth’s surface emits infrared radiation
1. If there were no greenhouse gases, this infrared radiation 
would pass through the atmosphere back into space and it would be very cold here (0°F at the surface on average) 
d. Greenhouse gases, predominantly water vapor (60% of  

greenhouse effect) and carbon dioxide (26% of greenhouse effect), which had allowed the incoming solar radiation to pass and heat the earth, absorb the outgoing infrared radiation, heating the atmosphere
1. Remember, whenever a substance absorbs radiation its 
    temperature increases 



e. The greenhouse gases then emit infrared radiation in all 
  


    directions
1. Some of this radiation goes into outer space but some 
radiates down to earth’s surface and lower atmosphere,  

where it is absorbed, generating more heat



6. Greenhouse gases, therefore, essentially act like an insulating layer (or 

like panes of glass in a greenhouse), keeping earth’s surface warmer (59°F) than it would be without them (0°F)

7. The greenhouse effect is not only good, it is essential to life on earth
8. The Atmospheric Window


a. Note that water vapor and carbon dioxide do not absorb well in a 
    narrow range of infrared wavelengths between 8 and 11 μm

b. Infrared waves in this range pass through the atmosphere and 
    into space and thus, this is called the atmospheric window
c. Tiny liquid cloud droplets are also selective absorbers [absorb 
    terrestrial (infrared) and not solar (visible) radiation] 

d. However, unlike water vapor and carbon dioxide, these droplets 
absorb in the 8-11 μm range so the presence of clouds enhances the greenhouse effect by “closing” the atmospheric window


9. Clouds as Selective Absorbers

a. Even though clouds serve to enhance the greenhouse effect, they   

    do not always warm the earth
b. The presence of cloud cover at night does serve like an insulator 
by absorbing infrared radiation and re-irradiating it back to earth so that, all else being equal, cloudy nights are warmer than clear nights
c. However, since clouds are also good reflectors of solar 
radiation, there is not as much visible light to heat the earth on cloudy days so that, all else being equal, cloudy days tend to be cooler than clear days


10. Enhancement of the Greenhouse Effect



a. There is strong evidence that there has been a warming of 
    earth’s surface and atmosphere over the past 150 years
b. There is also strong evidence that the primary cause of this 
warming is due to a marked increase in the atmospheric concentration of greenhouse gases, particularly carbon dioxide (CO2), due to the burning of fossil fuels and deforestation
c. We will discuss this entire process in much more detail in the 
    section on climate change in the latter portion of the course
VIII. Warming the Troposphere from Below


A. The troposphere is heated from the ground upward
B. Once higher layers of the atmosphere absorb the higher energy radiation from 
the sun, particularly UV in the stratosphere, the primary remaining source of solar energy is visible light
C. Given the absorption qualities of its gases, this solar energy passes through    

the troposphere with little warming of the air, and reaches the ground where it is absorbed

D. Thus, earth’s surface is warmed by the sun
E. However, the troposphere is not heated directly by the sun since its energy 
     (visible light) was not absorbed by the air

F. The troposphere is heated indirectly by the sun as it is warmed from below 
by earth’s surface (which was directly heated by the sun), by the mechanisms of heat transfer previously discussed [(conduction, convection, latent heat and radiation (terrestrial/infrared)] in the following manner:

1.  Air molecules in contact with earth’s surface are heated by conduction 
 and pass this thermal energy to molecules above them in a similar    

 manner

a. However, air is such a poor conductor of heat that this process is 
    only important within a few centimeters of the ground
2. However, as this air near the surface warms, it becomes lighter (less dense), forming thermals that transfer heat upward and distribute it through a deep layer of the troposphere by convection
3. As these thermals rise, expand and cool, water vapor condenses into clouds, releasing latent heat, that warms the air further

4. Meanwhile, the earth constantly emits infrared radiation
5. Most of this radiation is absorbed by greenhouse gases, warming the atmosphere further

a. Since the concentration of water vapor (primary greenhouse gas)  

decreases rapidly above the earth, most of this heating occurs at low levels
IX. Earth’s Energy Balance


A. Solar Radiation



1. Sun’s radiant energy travels through space virtually unimpeded and 
reaches the top of earth’s atmosphere at a fairly constant rate (1367 W/m2)

2. Solar radiation, even though, it does not interact much with tropospheric 
gases, undergoes a number of other interactions once it enters the atmosphere
3. As we discussed, much of the higher energy (shortwave) radiation is 
absorbed at higher levels of the atmosphere, particularly ultraviolet (UV) by ozone in the stratosphere


4. Scattering




a. After this absorption of the higher energy radiation occurs, and 
mostly visible light remains, some of this visible light is scattered by air molecules (e.g. oxygen and nitrogen) and small dust particles

b. Scattering is when the light is deflected by the molecules in all 

    directions

c. As we will discuss in the optics section, since air molecules are 
smaller than the wavelength of visible light, they are more effective at scattering the shorter wavelengths of visible light (i.e. blue) which is why the sky appears blue


5. Reflection




a. Sunlight can also be reflected
b. As opposed to scattering, during reflection the light is sent 
    generally backwards back out into space

c. Albedo is a measure of the percent of radiation which is 
    reflected by a given surface

d. Snow and clouds have the highest albedo, whereas the albedo 
    of water surfaces are only 10% on average

e. Averaged over an entire year the earth and its atmosphere will 
reflect about 30% of incoming solar radiation back out into space (albedo of 30%)

B. Earth maintains an overall equilibrium temperature that changes little from 
           year to year

C. For this to occur, the earth and atmosphere must send off into space the same 
amount of energy they receive from the sun and earth’s surface must maintain a similar balance with the atmosphere

D. The exact numbers are not important but there are a few important points:

1.  Of a given 100 units of solar radiation reaching the top of the 
 atmosphere, 30 units are reflected (albedo) and 19 units are absorbed    

 by the atmosphere (mostly UV and clouds) leaving only about 50%  

 that is absorbed by earth’s surface
2. A large amount of the solar radiation that is absorbed by earth’s surface (23/41 = 45%) is utilized to evaporate water and then this energy is eventually released to the atmosphere as latent heat of condensation
3. Due to the greenhouse effect earth’s surface receives nearly twice as much infrared energy (longwave terrestrial radiation) from the atmosphere as visible light (shortwave solar radiation) from the sun
4. Due to the greenhouse effect combined with the fact that only 50% of earth’s surface receives sunlight at a time (day) while it emits infrared continuously (day and night), it emits much more infrared radiation (117) than the solar radiation it absorbs (51)
E. Note: This balance is estimated over many years, the balance is not 
maintained from year to year or place to place. Also, with the enhanced greenhouse effect, this equilibrium is being perturbed

F. Even though the entire earth maintains an energy balance, this balance 
    (equilibrium) is not maintained at each latitude
G. Low latitudes (tropics) tend to gain more energy than they lose (heat surplus) 
since they receive more direct sunlight and high latitudes lose more energy to space than they gain (deficit)
H. So that the temperature imbalance does not become extreme (unstable) 
atmospheric and oceanic circulations and storms redistribute heat by moving warm air and water poleward and cold air and water equatorward
X. Earth’s Seasons

A. Earth revolves around the sun on an elliptical orbit over ~365 days

B. The earth also spins on its own axis once every 24 hours while it is revolving 
     around the sun

C. Since earth’s orbit is not a circle, it is actually slightly closer to the sun in 
     January than July

1. Why then is it so much warmer in the Northern Hemisphere in July?

D. We have seasons because the earth is not oriented straight up and down but 
     is tilted on its axis 23½°
E. Why does this “tilt” cause different seasons?

F. Our seasons (essentially how warm or cold the air) are regulated by how much 
    solar energy is received at earth’s surface, which is determined by two things:
1. The angle at which sunlight strikes the surface
2. How long the sun shines (daylight hours) 

G. Solar Angle



1. Solar energy that strikes earth’s surface perpendicularly (directly) is 
more intense than the same amount of energy striking the surface at an angle
a. This is true because the amount of heat energy provided has to 
be spread over a much larger area when striking at an angle and therefore any given point will receive less heat
b. In addition, the lower the angle of the sun, the more atmosphere 
it must pass through providing more opportunity for scattering and absorption so less solar radiation reaches the surface and is available to be absorbed

H. Daylight Hours



1. Longer daylight hours mean that earth’s surface will receive more 
    solar energy for heating over the course of each day
2. We know from observation that on a summer day the sun is 
    higher in the sky and daylight hours are longer than a winter day

3. Both of these observations occur because of the tilt of earth’s axis

I. The Tilt of Earth’s Axis



1. Earth’s axis is tilted 23 ½ ° from the perpendicular (90°) drawn to 
    the plane of earth’s orbit
2. Earth’s axis points in the same direction in space all year long

3. Therefore, the Northern Hemisphere is tilted toward the sun in 
    summer and away from the sun in winter

J. Seasons in the Northern Hemisphere


1. Summer Solsitice 


a. June 21 – the “astronomical” first day of summer
b. On this day, the northern half of earth is directed toward the sun 
with the sun’s rays beating down more directly on the Northern Hemisphere than any other day of the year
c. The sun is at its highest position in the noonday sky, directly 
above 23½° north (N) latitude (Tropic of Cancer) so that if you were standing at this latitude at noon, the sun would be directly overhead
d. As the earth spins on its axis, half is in sunshine and the other 
    half in darkness
e. If the axis was not tilted, the noonday sun would be directly 
overhead at the equator and there would be 12 hours of daylight and 12 hours of darkness at every latitude for every day of the year
f. However, due to earth’s tilt, on June 21 the entire Northern 
    Hemisphere will have more than 12 hours of sunlight
g. This is the longest day of the year and the farther north one 
    goes, the longer are the daylight hours
h. From the Arctic Circle (66½°N) north daylight lasts for 24 
hours as this region never gets in the “shadow” zone as earth spins
i. At the north pole (90°N) the sun rises on March 20 and is above 
    the horizon for 6 months until it sets on September 22
j. Even though high latitudes have longer daylight hours than 
lower latitudes the surface air is still generally cooler at high  latitudes
k. This is because the sun stays low on the horizon (low solar 
    angle) so that the intensity of the sun’s rays are much lower
l. In addition, some of the solar radiation which reaches the surface 
    is utilized to melt snow and ice and thaw frozen ground

2. Winter Solstice 


a. December 21 – the “astronomical” first day of winter
b. On this day, the northern half of earth is directed away from the 
sun with the sun at its lowest position above the horizon with the least direct sunlight on the Northern Hemisphere of any time during the year
c. The sun is at its highest position in the noonday sky, directly 
above 23½° south (S) latitude (Tropic of Capricorn) so that if you were standing at this latitude at noon, the sun would be directly overhead



d. This is the shortest day of the year and the farther north one 
    goes, the shorter are the daylight hours
e. From the Arctic Circle (66½°N) north nightime lasts for 24 
    hours as he sun does not rise above the horizon

f. At the north pole (90°N) the sun sets on September 22 and is 
    below the horizon for 6 months until it rises on March 20

3. Autumnal (Fall) Equinox



a. As the Northern Hemisphere goes from summer to winter 
solstice the sun gets lower in the sky and the days get successively shorter

b. On September 22, the autumnal equinox, which is the start of 
“astronomical” fall, day and night are of equal length (12 hours) everywhere in the world as the sun crosses the equator moving southward


4. Vernal (Spring) Equinox




a. As the Northern Hemisphere goes from winter to summer 
solstice the sun gets higher in the sky and the days get successively longer

b. On March 20, the vernal equinox, which is the start of 
“astronomical” spring, day and night are of equal length (12 hours) everywhere in the world as the sun crosses the equator moving northward

K. Seasonal Lag



1. The bottom line: Seasonal temperatures warm as 1) solar radiation 
    becomes more direct and 2) days become longer
2. Why then does the warmest time of the year in middle latitudes (July 
and August) occur after the summer solstice and the coldest time of the year (January and February) occur after the winter solstice?

3. This is because, although solar radiation is greatest (least) in June 
(December), incoming (outgoing) energy continues to exceed outgoing (incoming) energy for several weeks after the solstices

L. Astronomical vs. Meteorological Seasons



1. These astronomical “seasons” are based simply on the location of the 
    sun relative to particular latitudes
2. In the middle latitudes, the “meteorological” summer season is 
defined as the three months with the warmest temperatures; June, July and August and the winter season as the three coldest months; December, January and February with Autumn and Spring being the three month sets during the transition between these seasons

M. Seasons in the Southern Hemisphere



1. Seasons in the Southern Hemisphere are exactly opposite to those in 
    the Northern Hemisphere 

2. The summer solstice is on December 21 and with meteorological 
summer being December, January and February and the winter solstice is on June 21 with meteorological winter being June, July and August

3. The autumnal equinox is on March 20 and the vernal equinox on Sept. 
    22

N. Location of the Sun in the Sky



1. Note that the sun is generally in the southern part of the sky in the 
    Northern Hemisphere (northern in Southern Hemisphere)

2. For this reason, in middle latitudes, vegetation that requires warm, 
sunny conditions are planted on the south side of houses and large windows are positioned on the south side as well to reduce winter heating costs

3. Snow on north facing slopes will melt less quickly which is why ski 
    areas generally build their ski runs facing north

O. How High is the Sun in the Sky?



1. The noon angle of the sun can be determined in the following manner:
a. Determine the number of degrees between your latitude and the 
    latitude where the sun is directly overhead
b. Subtract this number from 90°
c. This result is the elevation of the sun above the southern horizon 
    at noon at your latitude
3. AIR TEMPERATURE
I. Introduction


A. Review


1. Air temperature: the average speed (kinetic energy) of the molecules 
    in the air
2. In cold air the molecules move slower and crowd closer together, in 
    warm air the molecules move faster and move further apart
3. For this reason, cold air is heavier (more dense) and warm air is lighter 
    (less dense)

B. Air temperature is a critical meteorological variable…..Why?
1. There are two main reasons:
a. In order for the human body to function properly, its internal 
    temperature must be maintained in a narrow range
1. Air temperature that is cold or hot can impact human 
    comfort AND even human health
b. As we will see subsequently, air temperature is critical in 
determining what type of weather (e.g., precipitation, storms) will develop
II. Daily Temperature Cycle


A. In the last section we discussed how changes in the amount of solar radiation 
reaching the ground over the course of the year results in an annual cycle of temperature, or seasons, in a given location
B. Over the course of the day, there is a similar “daily” temperature cycle as the 
     air temperature warms during the day and then cools overnight
C. Daytime Warming


1. As the sun rises in the morning, solar radiation is absorbed by the 
    ground, heating it
2. The air next to the ground is heated by conduction and this warm layer 
 

    is mixed with the air above by thermals (convection) and wind
3. On a calm (windless) day a substantial temperature difference can 
develop as thermals are not as efficient at mixing the warm layer near the surface with the air just above as are the turbulent eddies that are created by wind



a. Therefore, on sunny, windy days the temperature difference 
between the surface air and the air just above is not as great as it is on sunny, calm days
b. This is one of the reasons, all else being equal, a sunny, calm 
day is likely to record a lower high temperature (note: weather stations are usually located at least 3 meters above the ground[standardized location]) than a sunny, windy day


4. As the sun rises higher in the sky, more solar radiation is absorbed and 
    the air temperature continues to rise

5. Maximal incoming solar radiation is at noon, when the sun is 
    highest in the sky
6. However, the temperature continues to rise until later in the 
    afternoon
7. What is the reason for this temperature lag?

a. The reason for this daily temperature lag is the same as for the 
    seasonal lag

b. Remember that the earth radiates infrared radiation to space 
    continuously
1. Note that the amount of radiation given off by earth’s 
    surface is dependent on its temperature

c. As long as incoming solar radiation exceeds outgoing 
    terrestrial radiation, the temperature will continue to rise


8. When the maximum daily temperature occurs depends on multiple 
    factors
a. In summer, when the sun stays high in the sky and does not set 
until late in the evening, the high temperature usually occurs in the late afternoon (i.e. between 3 and 5 pm)
b. In winter, when incoming solar radiation is much lower and 
exceeds outgoing terrestrial radiation by a much lower amount, the daytime high temperature generally occurs in the early afternoon



c. However, as we shall see, the timing of the daily high 
temperature can be profoundly affected by the movement of weather systems
1. For example, if a cold front moves through in late 
morning, the high temperature may occur before its passage
2. The daily high temperature can even occur at night in the 
winter as warm air circulates northward in advance of an approaching winter storm


9. How warm the maximum temperature will be on any given day also 
    depends on numerous factors
a. As stated previously, all else being equal, it will tend to be 
    warmer on a windy day (although it won’t FEEL warmer)
b. Type of soil, its moisture content and vegetation cover are very 
    important factors
1. When the soil is a poor heat conductor (sand) heat 
energy is not transferred into the ground and the surface can get much warmer, warming the air above
2. If the soil is moist or covered with vegetation, much of 
the incoming solar radiation is utilized for evaporation, leaving less to heat the air



c. Humidity (Water Vapor)





1. When it is humid, haze and cloudiness lower the 
maximum temperature by preventing some of the solar radiation from reaching the ground
2. In deserts, where there is low humidity, the sky is usually 
    clear
3. For example, Phoenix, AZ, a city in a desert location 
where clear skies, low humidity and meager vegetation permit the air above to warm up rapidly, the average July maximum temperature is 105°F
4. In contrast, at the same latitude, humid Atlanta, 
    Georgia has an average July maximum of 87°F



d. Clouds

1. Clouds probably have the largest influence on the 
    maximum daytime temperature

2. Remember, that clouds, particularly thick clouds have a 
very high albedo (they reflect a large percentage of incoming solar radiation)

3. Therefore, all else being equal, on a cloudy day, 
particularly a day with a thick overcast, the maximum temperature will be much lower

D. Nighttime Cooling



1. As the sun angle lowers late in the afternoon, its energy is spread over a 
larger area, decreasing the amount that can be absorbed by the ground in any one place

2. Eventually, since the earth is continually emitting infrared energy to 
space, the earth’s surface and air above begin to lose more energy (outgoing) then they receive (incoming) and their temperature begins to fall
3. On a clear night, once the sun sets there will only be outgoing energy 
    and the temperature will continue to drop overnight

4. The overnight low temperature occurs, generally, just after sunrise, 
when the incoming (absorbed) solar radiation by earth’s surface once again exceeds outgoing (emitted) infrared radiation


5. Radiational Cooling




a. The overnight process by which the ground and adjacent air cool 
    by emitting infrared radiation is called radiational cooling
b. The ground is a much better radiator than the air above so the 
    ground cools more quickly

c. The air just above the ground, which is warmer, transfers 
some of its energy to the ground by conduction, which then radiates it away

d. Therefore, as the night progresses, the coldest air is next to the 
    ground with warmer air above


6. Radiation Inversion
a. This atypical vertical temperature profile in which the   

temperature increases with height instead of decreasing is called a temperature “inversion” 
b. In this case, since this profile is caused by radiational cooling of 
the surface, the resulting inversion is called a radiation inversion
c. The strongest radiation inversions, and thus the coldest  

overnight low temperatures near the surface, develop on calm, clear, dry nights during winter because:
1. If there is wind, it will mix the warmer air above with 
    the colder air near the surface

2. Clouds and water vapor will absorb much of the 
emitted infrared radiation (trying to escape into space) and re-irradiate it back toward the ground

3. The longer the night, the more time there is for 
    radiational cooling


7. How Cold Will It Get?

a. To summarize …. How cool the minimum overnight 
temperature will be on any given day depends primarily on the following factors:

1. Length of the night

2. Cloudiness

3. Wind

4. Moisture Content of the air

b. With the coldest temperatures occurring on clear, calm, dry 
    nights in winter


8. Cold Low Temperatures and Radiation Inversions: Practical Relevance



a. This discussion is of critical relevance in regard to agriculture 
    and air pollution
b. Many crops, particularly fruit trees, are susceptible to 
    damage from below freezing temperatures

c. Radiation inversions trap air pollutants near the ground 
where they can become concentrated and dangerous to human health



b. Agriculture
1. Frost Advisories are generally issued during the 
growing season when minimum temperatures of 32-350 F are expected for several hours

a. Under these conditions, frost can form on the 
leaves of vegetation and adversely affect the health of some plants

2. Freeze Warnings are issued when minimum 
temperatures around 300 F (or lower) are expected for several hours

a. Under these conditions, freezing temperatures can 
    kill all but the hardiest herbaceous plant




3. The coldest air and lowest temperatures overnight are 
usually found in low-lying areas such as at the bottom of valleys and basins, particularly high mountain valleys

a. The reason for this is that cold air is heavy 
(dense) and will drain downhill and settle at the lowest point
b. For this reason, farmers will sometimes plant 
sensitive crops in “thermal belts” along the warmer hillsides
4. Crop Protection

a. Fruit trees, particularly their sensitive buds during 
spring, are particularly sensitive to damage from cold temperatures

b. Therefore, many methods have been employed to 
protect orchards during a potential freeze including orchard heaters and wind machines

c. However, these methods are not effective 
    if the cold layer is thick
d. The most effective system is to employ a 
sprinkler system that emits a fine spray of water that forms a thin layer of ice around the branches and buds

1. Latent heat is released during the 
freezing process which keeps the ice at 32°F

2. This temperature is usually above the 
temperature at which damage occurs to the plant



c. Air Pollution




1. As we will learn, since warm air is lighter than cold air, 
thermals that are rising can only continue to rise if they remain warmer than their surroundings

2. A radiation inversion acts just like the temperature 
inversion at the tropopause, forming a lid on rising pollution (instead of clouds), trapping it near the ground
III. Daily Temperature Range


A. Now that we have looked at the conditions which affect high and low 
temperatures, lets take a look at conditions that result in a high or low daily range of temperature (difference between the daytime high and the nighttime low)

B. Clouds probably have the largest impact on daily temperature range since, as 
previously discussed, cloudy conditions will result in cooler days and warmer nights, resulting in a small daily range and clear conditions result in warmer days and cooler nights, resulting in a large daily range

C. Humidity (Water Vapor)



1. Humidity (water vapor) will have a similar impact since clouds and 
haze will result in cooler days and water vapor will keep the minimum temperature high since it absorbs outgoing infrared radiation and radiates in back to the ground

2. Therefore, humid regions will tend to have a small daily temperature 
    range and dry regions will tend to have a large range
3. For example, in July the temperature range for Charleston, SC is 18°F 
    (90°/72°) whereas some deserts can have a range as high as 55°F

D. Bodies of Water



1. Along the same lines, places near large bodies of water usually have 
    smaller daily temperature ranges than inland locations
2. This is due primarily to the moderating effect of the adjacent body of 
    water, which changes temperature much more slowly than land
3. For example, Atlantic City, NJ has an average daily range of 
temperature in July of 11°F (81/70) when ocean water temperatures are in the 70’s whereas Denver, CO at the same latitude has a range of 33°F (88/55) 
IV. Urban Heat Island Effect


A. Temperatures measured in urban areas are at least several degrees higher 
     than rural areas for several reasons:
1. Building structures, such as concrete and asphalt absorb more solar 
    radiation than soil and vegetation
2. Waste heat from heating and air conditioning usage, automobiles and 
    industry are released to the surrounding air in urban areas
3. The cooling effect provided in suburban and rural areas by 
evotranspiration, evaporation from the soil and, in particular, plants is minimal or non-existent in urban areas

B. Concrete and asphalt structures also have a greater heat capacity, so they retain 
     much of their heat and release it slowly to the surrounding air overnight

C. There is also greater convection and wind during the day to mix the air near the 
    ground and remove some of the superheated air near the surface in urban areas

1. For these reasons, the urban heat island effect is more significant in 
regard to nighttime temperatures than daytime temperatures, thus there is a smaller daily temperature range in urban areas relative to their surrounding suburban and rural areas
D. Because of the urban heat island effect and in the interest of consistency 
     temperatures are usually recorded in outlying areas, such as airports
V. Mean (Average) Daily Temperature
A. The mean (average) daily temperature is the average between the recorded 
     high and low temperatures for the day
1. For example, if the high temperature is 80°F and the low is 60°F, the 
    mean (average) temperature for the day will be 70°F
VI. “Normal” Daily Temperature


A. What is considered the “normal” temperature for any given day is the 
           average of the daily mean temperatures for a 30 year period
B. However, there is no such thing as a “normal” temperature, only an average 
     of extremes
VII. Regional Temperature Controls (Climate)


A. Now that we have discussed the controls of temperature over the course of the 
day in a given location, let’s look at what determines how hot or cold any given region is over the course of the year, an important determinant of the climate of that region

Note: Lines on these maps are isotherms – lines connecting places that have the same temperature

B. Latitude


1. The main control of the temperature of a region is its latitude
2. We have already noted that the greatest factor in determining 
    temperature is the amount of solar radiation that reaches the surface

3. This amount is determined by the length of daylight hours and the 
    intensity of incoming solar radiation
4. Both of these factors are a function of latitude
5. Notice that, although it is always cooler at higher latitudes than lower 
latitudes, there is a greater north to south temperature difference (strong temperature gradient) in winter than summer at middle and high latitudes
a. This is because the difference, or gradient in solar insolation is 
    much greater at these latitudes in winter than summer


6. Also notice that there is a much greater range of temperature over the 
course of the year (annual range of temperature) at middle and high latitudes compared with tropical locations
a. This is because the sun is always high in the sky in the tropics 
whereas solar radiation reaching the ground at higher latitudes is much greater in summer than winter

C. Ocean and Land Distribution



1. Temperatures of oceans change much less over the course of the 
    year than continents
2. Oceans and coastal regions are thus warmer in winter and cooler in 
    summer than inland and continental locations

3. There are two reasons for this:

a. Solar energy can be distributed  and circulated through a much 
    deeper layer in oceans
b. It takes more heat to raise the temperature of water than land 
    (greater “specific heat” of water)


4. As such, continental locations have a much greater annual range of 
    temperature than oceanic and coastal locations

D.  Ocean Currents



1. As we will learn, atmospheric circulations and ocean currents also 
    influence the climate in a given region

2. For example, ocean currents bring cold water southward, generally 
along the western side of continents and warm water northward on the eastern side of continents
3. As a result, it is relatively cool year round in San Francisco which is 
under the influence of the California Current and relatively mild in England which is under the influence of the Gulf Stream/North Atlantic Drift

E. Elevation/Altitude



1. As we discussed, temperature decreases with height in the troposphere
2. As such, in a given region, temperatures at higher elevations will 
    tend to be lower than at lower elevations
3. Because of solar heating of the ground, the amount of change in 
temperature with elevation (lapse rate) will not be as great as for the free atmosphere (3.6°F per 1000 feet)
VIII. Applications of Temperature Data


A. Heating Degree Days



1. Utilized for estimating the consumption of heating fuel
2. Based upon the assumption that people will begin to use their furnaces 
    when the mean daily temperature drops below 65°F

3. Determined by subtracting the mean temperature for the day from 
    65°F

B. Cooling Degree Days



1. Utilized for estimating the energy necessary for air conditioning
2. Based upon the assumption that people will begin to use air 
    conditioning if the average temperature rises above 65°F

3. Determined by subtracting 65°F from the mean temperature for the 
    day
IX. Air Temperature and Human Comfort


A. The body’s perception of temperature, called sensible temperature is based 
upon the fact that body temperature must remain within a narrow range in order for it to function properly
B. There is a balance between our body’s heat production from chemical 
reactions (metabolism) and, to a lesser degree, absorption from the environment and heat loss to the environment, mainly through the skin by infrared radiation, conduction and convection
C. If this balance is upset, either by the loss of more heat than we absorb and 
produce by metabolism or vice versa causes our nervous system to warn of this imbalance by making us feel uncomfortable

D. Wind Chill Index



1. On a cold day, due to conduction from our body, there will be a thin 
    layer of warm air next to our skin
2. As the wind blows, it removes this insulating layer of warm air and we 
    continually lose heat from our body
3. The faster the wind blows, the quicker heat is removed from our body 
    and the colder we feel
4. How cold the wind makes us feel is expressed as a wind chill index

E. Frostbite

1. With high winds and below freezing air, heat can be removed from our 
    skin so quickly that it freezes, called frostbite
2. Frostbite occurs in the extremities first because they are farthest from 
    our body’s source of heat

F. Hypothermia



1. Since water conducts heat better than air, if skin is wet, particularly 
    if it is windy, it can cause an individual to feel even colder
2. In fact, in cold, wet and windy weather a person may actually lose body 
    heat faster than the body can produce it
3. If body temperature drops enough a condition known as hypothermia – 
the rapid, progressive mental and physical collapse due to abnormally lowered body temperature can occur
4. Death can occur with a body temperature below 80°F
X. Measuring Air Temperature


A. Liquid-in-Glass Thermometers



1. Liquid-in-glass thermometers used to be the standard thermometer 
    used in meteorology
2. They have a sealed glass bulb and tube set up which contains a liquid 
    that expands and contracts with small changes in temperature
a. As the temperature rises, the liquid expands and the column 
moves higher up the tube, when the temperature falls, the liquid contracts and the column falls
3. Mercury has been largely replaced by red-colored alcohol due to 
    toxicity issues with mercury
4. The liquid expands and contracts at a known and constant rate so the 
    thermometers can be calibrated for accuracy and consistency

B. Electrical Thermometers



1. Electrical thermometers are more sensitive and accurate than liquid-
in-glass thermometers and have largely replaced them for use in weather stations
2. Based upon the principle that the resistance to electrical current 
flowing through a metal wire changes linearly with temperature in some metals
3. A steady voltage sends a current through the wire (usually a platinum 
    wire) and the current is measured at the other end
4. A formula then is utilized to calculate the temperature based upon the 
    received current

C. Thermometer Shelters



1. In order that an air temperature reading be accurate, it must be 
    recorded in the shade
2. In the sun, the sensor will absorb solar energy, increasing the 
temperature of the sensor so that it will record a temperature that is much higher than the actual air temperature
3. Thermometers also need to be protected from precipitation as any 
evaporation from the sensor will cause the recorded temperature to be lower than the actual air temperature
4. Therefore, thermometers are stored in a white shelter that protects 
them from the sun’s direct rays, as well as snow and rain, but has louvered sides so that outside air is free to flow through it
4. MOISTURE AND CLOUDS
I. Introduction


A. I find the book’s use of the term humidity to describe the amount of water 
vapor in the air confusing since it is often confused with “relative” humidity which does not describe how much water vapor is in the air

B. Therefore, I will use the term atmospheric “moisture” as a generic description 
     of water vapor in the air
C. The concentration of atmospheric water vapor molecules is only a small 
     percentage (0–4%) of all the atmospheric gases
D. However, it is a critical component in regard to weather since it condenses to 
form cloud droplets and ice crystals which can subsequently grow in size and fall to the earth as precipitation
E. Water vapor is also a critical component because of the heat release to the 
     atmosphere that takes place as it  condenses to liquid or ice (latent heat)
1. Through this latent heat release water vapor acts to convert the energy 
    of the sun into the energy of weather
II. The Hydrological Cycle


A. There is an unending circulation of water in the atmosphere which is called the 
     hydrological cycle
B. 70% of earth’s surface is covered by oceans so it can be assumed that this is 
     the major source of water vapor in the atmosphere
C. The sun’s energy transforms liquid water (from all bodies of water, but 
     mostly oceans) into water vapor in a process called evaporation
D. The water vapor then rises in the atmosphere where it changes back into liquid 
     drops, forming clouds, in a process called condensation
E. Winds can also transport the water vapor and clouds to other regions 

F. Under the right circumstances the liquid water droplets or ice crystals can grow 
    in size and fall to the ground as precipitation (e.g. rain, snow)

G. If the precipitation falls over the oceans it is ready to begin the cycle anew
H. If, however, the precipitation falls over land, it will undergo a complex 
     journey back to the oceans
I. Some of the precipitation runs off into lakes, streams and rivers which 
     empty back into the oceans
J. Some water soaks into the soil or is absorbed by plants which eventually 
return the water back to the atmosphere as water vapor via evaporation and transpiration (evaporation from vegetation)

K. Evaporation and transpiration from continental (land) areas accounts for only 
           about 15 percent of the water vapor in the atmosphere
L. Evaporation from oceans creates the bulk of the atmospheric water vapor (85 
     percent)
III. Measuring Water Vapor


A. Vapor Pressure



1. Let’s enclose a volume of air (about the size of a large balloon) in a thin 
    elastic container and call it an air parcel
2. The air pressure inside the air parcel is the pressure the moving air 
    molecules exert on the wall of the parcel when they collide with it 
3. This pressure will equalize with air pressure outside the balloon, which 
    near sea level is about 1000 millibars (mb)
4. The pressure being contributed by the water vapor molecules would be 
proportional to the concentration of these molecules relative to the other air molecules
5. In other words, since only about 1–2% of the air molecules are water 
vapor molecules, the pressure being exerted by these molecules, the so-called “vapor pressure” would only be about 10–20 mb


6. Another way to look at this is to recall that air (atmospheric) pressure 
    is, essentially, the “weight” of the air in a given volume
7. The vapor pressure, then, is the weight of the water vapor molecules in 
    that given volume
8. Since we know the weight of each water vapor molecule (molecular 
weight), the vapor pressure (VP) is a measure of the absolute amount of water vapor (molecules) in the air or the air’s water vapor content

B. Saturation Vapor Pressure



1. The air can only “hold” a certain number of water vapor molecules 
before they become so crowded together that they start sticking together to form liquid water droplets
a. In reality, they need a surface to stabilize them (hold them still) 
so they can stick together, which is provided by the billions of microscopic particles of dust, smoke and salt in the air called condensation nuclei
2. When the air reaches this point it is said to be “saturated”


3. The amount of water vapor molecules (vapor pressure) that the air can 
“hold” before this saturation occurs, or the air’s water vapor capacity is called the saturation vapor pressure (SVP)
4. In warm air, the molecules are moving fast, so they collide and readily 
    bounce off each other, making it difficult for them to stick together

5. In cold air, the molecules are moving slow, making it easier for them to 
    stick together when they collide
6. Therefore, saturation vapor pressure is dependent upon, in fact is 
determined solely by the air temperature, with cold air being able to hold less water vapor before becoming saturated (lower saturation vapor pressure) than warm air

a. For example, at 86°F, the saturation vapor pressure is 42 mb and 
    at 50°F it is only 12 mb
1. In other words, if we have a parcel of air at 86°F with 12 
    mb of water vapor in it, it is not even close to saturation

2. However, if we cool it down to 50°F, the air will become 
    saturated and condensation will begin

C. Relative Humidity



1. Relative humidity does not measure the actual amount of water vapor 
    in the atmosphere
2. It is a measure of how close the air is to being saturated
3. Relative Humidity (RH) is the ratio of the amount of water vapor 
actually in the air to the maximum amount of water vapor required for saturation at that particular temperature
4. In other words, RH is a ratio of air’s water vapor content to its 
    capacity:
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5. For example, air with 50% RH contains only half the amount of 
water vapor necessary for saturation and air with 100% RH is fully saturated


6. What Causes a Change in Relative Humidity?




a. If we look at the formula, we can see that we can change RH in 
    two ways:

1. By changing the water vapor content of the air (VP)

2. By changing the air temperature (changes SVP, which 
    is determined solely by air temperature)


7. Daily Variation




a. Commonly, the water vapor content (VP) does not change over 
    the course of the day but the temperature (SVP) does

b. Normally the highest RH occurs in the early morning (coolest 
temperature, lowest SVP) and the lowest RH during the afternoon (warmest temperature, highest SVP)


8. Evaporation Rates




a. Relative humidity can have important impacts because of the 
effect on evaporation rates from vegetation and other wet surfaces

b. If the RH is low, evaporation rates are high and if RH is high, 
    evaporation rates are low

c. Therefore, watering the lawn or garden in the morning or 
evening may be more effective than during the afternoon as more water will be absorbed by the soil and vegetation and less will evaporate


9. Dry Indoor Winter Air




a. Relative humidity can become extremely low indoors in 
    winter
b. To understand this, once again look at the formula…

c. If it is very cold outside, the SVP of the air will be very low and, 
    therefore, the VP will be low, even if the air is almost saturated

d. If we move that low VP air inside and warm it up, the SVP will 
    rise but the VP will not change
e. Therefore, the RH can become very low:
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10. Human Health




a. Rapid evaporation of moisture causes skin to dry and crack

b. Drying of mucous membranes make airway infections and 
    asthma attacks more likely

c. House plants suffer due to increased evaporation from leaves 
    and soil

d. A humidifier can correct this problem by adding water vapor to 
    the air causing a rise in VP, and thus RH:
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D. Dew Point



1. Dew point is the temperature to which air would have to be cooled in 
order for saturation to occur (the point at which dew will form or condensation will occur) 
2. It is also a measure of the actual amount of water vapor in the air, 
    just like vapor pressure (VP), but is much easier to measure

3. We can see that by looking at Fig. 4.5 that, for example, that at 50°F the 
    SVP is 12 mb

4. By definition of “dew point” we know that the air becomes “saturated” 
at this temperature [VP = SVP; (RH = 100%)] so the VP will always be 12 mb (12 mb of water vapor in the air) if the dew point is 50°F 


5. This means that if the dew point is 50°F there will always be 12 mb 
(VP) of water vapor in the air, no matter what the relative humidity or temperature is
6. In other words, lets say that it is 86°F outside in the afternoon and the 
dew point is 50°F, if it cools down overnight to 50°F the air will become saturated and the water vapor in the air will begin to condense (dew will form)
7. If the afternoon temperature is 68°F or 104°F, if the dew point is 50°F, 
there will still be 12 mb of water vapor in the air and dew will still form at 50°F 

a. Note: the closer the air temperature is to the dew point 

    temperature, the closer the air is to saturation



9. This example is also an illustration of the fact that if we know two of 
the following quantities, we can find the third: temperature, relative humidity and dew point
a. For example, if the temperature is 68°F and the relative 
    humidity is 80% (VP/SVP = 0.8)

b. Since we know the temperature, we know SVP = 23 mb
c. Therefore VP = 23 mb x 0.8 = 18.4 mb and therefore the dew 
    point is 60°F 


10. Dew point is therefore a better measure of how moist or dry the air is 
     than relative humidity
a. For example, cold air has a low capacity for water vapor so you 
may have relative humidity near 100% and the air would still be “dry” (low dew point) whereas if it is hot you could have a low relative humidity and it could be very “moist” (high dew point)


11. Because warm air has a greater capacity for water vapor (high SVP) 
than cold air (low SVP) the air contains more water vapor, in general, in the summer than in the winter
a. Note that in January dew points are very low in the United 
States, generally less than 50°F (and even below zero in the far north) whereas in July the dew points, in general, are greater than 50°F (and even in the 70s along the Gulf Coast)
IV. Heat, Humidity and Human Discomfort


A. Dew point is a better measure of human discomfort than relative humidity 
   
     because it takes into account both temperature and relative humidity
B. As we discussed, body temperature must be maintained in a narrow range in 
     order for it to function properly
C. If one’s body temperature rises above 106°F proteins that catalyze reactions in 
     the body “denature” and heatstroke and, eventually, death results

D. The main mechanism the body utilizes to cool itself is evaporation of sweat
E. Therefore, if the air temperature is high and the relative humidity is high, 
sweat cannot evaporate at a great enough rate to cool the body temperature sufficiently


F. In order to draw attention to this critical health hazard, the National Weather 
Service (NWS) developed a scale (based upon the concept of dew point) called the heat index that combines the combined effects of temperature and relative humidity to determine an apparent temperature (what the air feels like) 
1. This is similar to the wind chill scale which combines the effect of cold 
    and wind to determine an apparent temperature
V. The Weight of Moist vs. Dry Air


A. Believe it or not, moist air is lighter than dry air
B. This is a very important concept relative to weather because lighter air will 
     rise in the atmosphere and it is rising air that results in clouds and precipitation

1. Note the difference in anatomic weight between water vapor (H2O = 18) 
    and the rest of the air (N2 = 28 and O2 = 32)

C. In moist air, lighter water vapor molecules replace heavier nitrogen and oxygen 
     molecules and a given volume of air will be lighter (lower density)
VI. Measuring Moisture


A. Moisture in the atmosphere is presently measured by determining dew point 
     with an electrical dew point hygrometer
1. The surface of a mirror is cooled until condensation occurs

2. The sensor detects this occurrence due to a decrease in light being 
    reflected by the condensed mirror

3. The temperature at which this occurs is the dew point
4. The air temperature is usually being recorded by the same station and, 
therefore, relative humidity can be determined once the temperature and dew point are known
VII. Dew and Frost


A. As we have discussed, on a calm, clear night “radiational cooling” occurs 
     with the coolest air adjacent to earth’s surface
B. Objects on the ground, such as grass, cool rapidly by emitting infrared 
     radiation, and the adjacent air cools by conduction

C. When the air temperature immediately adjacent to the ground reaches the “dew 
point”, water vapor begins to condense into liquid water droplets which form on the ground, which is called dew
D. If the dew point is below freezing, the water vapor can change directly to 
     solid ice crystals (deposition) which form on the ground, which is called frost
E. Dew and frost only form on calm, clear radiational cooling nights, not on 
     cloudy and/or breezy nights, thus the following folk-rhyme:

   “When the dew is on the grass, rain will never come to pass.                        
    When grass is dry at morning light, look for rain before the night.”
F. Frost will usually begin to form when the “observed” temperature is above 
     freezing, say 35°F, because the air adjacent the ground is colder

1. For this reason, if the dew point is freezing or below, a frost warning 
may be issued even if the low temperature is expected to drop into the mid 30s
VIII. Fog


A. If a deeper layer of air cools to the dew point temperature, water vapor may 
begin to condense on tiny floating solid particles (e.g. dust, sea salt) called “condensation nuclei”
B. If enough of these tiny water droplets form, and they grow large enough, they 
     will form what is essentially a cloud resting near the ground, called fog
C. Fog can create a major safety hazard, as the droplets grow in size and 
concentration to the point where visibility becomes limited (< ¼ mile visibility = dense fog)

D. Fog can form in one of two ways:
1. Cooling – air is cooled below its dew point (i.e. saturating the air by 
    lowering the saturation vapor pressure without changing the vapor pressure)
2. Evaporation – water vapor is added to the air by evaporation (i.e., 
saturating the air by increasing the vapor pressure while the saturation vapor pressure remains unchanged)

E. Radiation Fog


1. Radiation fog is fog produced by earth’s radiational cooling
2. It forms best on clear nights with calm or light winds in which there is a 
    moist, shallow layer of air near the ground
3. The moist, lower layer cools to the dew point, becomes saturated and 
    fog forms
4. The longer the night, the greater chance that saturation will be reached 
and fog will form so this type of fog is most common in late fall or winter and forms over land


5. Cold, heavy air drains downhill so radiation fog tends to form in 
    valleys, particularly river valleys, which have high moisture content
6. As the sun rises, this type of fog will tend to “lift” or “burn off” as the 
solar radiation warms the ground, which heats the adjacent air by conduction and convection
7. This heating will cause evaporation of the fog droplets by raising the 
    saturation vapor pressure (air becomes unsaturated)

G. Advection Fog


1. Another type of fog that forms due to cooling of air to its dew point 
    (saturation point) is called advection fog
2. This type of fog forms when warm, moist air moves over cooler land 
    and/or water, cooling the air moving over it to its dew point 

a. The term “advection” essentially means that wind is carrying a 
    property of the atmosphere (e.g. temperature, moisture)

3. Whereas radiational fog tends to form in calm conditions over inland 
areas, advection fog tends to form in breezier conditions along coastlines
4. This type of fog is very common along the Pacific Coast in summer, 
    with San Francisco being the classic example

a. The surface water near the coast is much colder than the surface 
    water further offshore

b. Warm, moist air from the Pacific Ocean (away from the coast) 

is carried (advected) over the cold California Current (close to the coast) by westerly winds

c. The air is cooled from below until it reaches its dew point, 
    becomes saturated, and fog forms
d. As the fog is blown inland, away from the coast, it is heated 
    from below by the sun warmed land
e. The air temperature rises above the dew point, the air becomes 
    unsaturated, the water droplets begin to evaporate and the fog  

    eventually dissipates
f. Therefore, the weather along the Pacific Coast in summer is 
frequently foggy right along the shoreline, with low clouds slightly inland, and clear skies further inland


g. Because of the scarcity of rain in California during the summer, 
drip from this fog, absorbed by the Coastal Redwood Tree’s shallow root system, is critical for the survival of these beautiful trees



5. Advection fog is also very prevalent along the northeastern North 
    American coastal regions such as Newfoundland and Maine 
a. Here there is a cold ocean current adjacent a warm ocean current
b. Warm moist air over the warm Gulf Stream current is blown 
    over the cold Labrador Current
c. The air is, once again, cooled to its dew point, becomes saturated 
    and fog forms
6. Advection fog can also form over land, usually in the winter
a. Examples include the Gulf Coast of the U.S. and England 
    where London is famous for its “pea soup” fog
b. In this situation, warm moist air which forms over a warm 
ocean current (Gulf stream, North Atlantic Drift) is blown over cold land which cools the air to its dew point, saturation occurs and fog forms

H. Upslope Fog



1. The last fog type that occurs due to cooling of air to its dew point is 
    called upslope fog
2. Upslope fog is common in the western Great Plains, on the eastern 
    side of the Rocky Mountains in winter and spring

3. As warm, moist air from the Gulf of Mexico and eastern Great Plains is 
drawn westward by easterly and southeasterly winds it is lifted by a rise in elevation of several thousand feet
4. Rising air cools and when it reaches its dew point, fog forms

I. Evaporation Fog



1. We discussed three types of fog that is formed by cooling of the air to 
    its dew (saturation) point [radiation, advection and upslope]
2. Fog can also form by adding water vapor to the air by evaporation, 
    until the air becomes saturated


3. Steam Fog



a. The most common form, which occurs when colder air overlies 
warmer water, is often called steam fog since the condensing water vapor looks like steam rising from the water 
b. This commonly occurs over lakes in autumn, particularly in 
the early morning hours, when cold air moves over water that is still warm from summer


4. Precipitation (Frontal) Fog




a. “Warm” rain falling through cold, moist air can form fog, 
    called precipitation fog
b. As the rain falls through the layer of cold air, some of the water 
    from the rain drops evaporates
c. If enough water vapor is added to the air it can become 
saturated, resulting in condensation into very tiny water droplets (fog)
d. This most commonly is associated with warm fronts in winter 
when warm air rises over cold air which is why this type of fog is sometimes called frontal fog
IX. Clouds


A. Cloud: a visible aggregate of tiny water droplets or ice crystals suspended in 
     the air (fog away from earth’s surface)
B. Clouds exist in a virtual limitless variety of forms, however, in order to utilize 
clouds to understand the weather that is occurring and that may occur in the near future we classify clouds into ten basic types

C. The first classification scheme was proposed in the early 1800s using Latin 
terms to describe four different types of clouds: stratus (Latin for “layer”) sheet-like clouds; cumulus (“heap”) a puffy cloud; cirrus (“curl of hair”) a wispy cloud; and nimbus (“violent rain”) a rain cloud

D. This formed the basis for the classification scheme (10 types) developed in 
     1887 that is still used today
E. The 10 cloud types are divided into 4 different groups
F. Three groups are identified by the height of the clouds base above earth’s 
    surface
G. The fourth group contains clouds that show vertical development
H. Within each group the clouds are identified based upon their appearance

I. High Clouds



1. High clouds generally form above 20,000 feet
2. The air at this elevation is quite cold and dry so that high clouds are 
    composed entirely of ice crystals and are quite thin
3. They usually appear white
4. Types of high clouds


a. Cirrus



1. These are the most common type of high cloud

2. Thin, wispy clouds that are blown into long streamers 
    called “mares tails”



b. Cirrocumulus





1. Less common than cirrus or cirrostratus

2. Small, rounded, white puffs that occur individually or 
    in long rows

3. Rippling appearance that distinguishes it from other 
    high cloud types

4. Resembles fish scales which is why “mackerel sky” is 
    used to describe them



c. Cirrostratus

1. Thin, sheet-like clouds that frequently cover the entire 
    sky

2. So thin that the sun or moon can be clearly seen 
    through them
3. The ice crystals in them will frequently form a ring or 
    “halo” around the sun or moon

4. Frequently form well in advance of an advancing 
mid-latitude cyclone (storm system) so can be used to predict rain or snow within 12 – 24 hours, particularly if followed by middle-type clouds

J. Middle Clouds


1. Middle clouds generally form between about 6000 and 23,000 feet
2. Composed mainly of liquid water droplets, however, when cold 
    enough (i.e. winter) they can be composed of ice crystals as well
3. Types


a. Altocumulus



1. Gray, puffy masses, sometimes in parallel waves or 
    bands

2. Usually one part of the cloud is darker than another 
    which helps differentiate from cirrocumulus

3. The individual puffs are usually bigger than 
    cirrocumulus as well



b. Altostratus





1. Gray cloud than often covers the entire sky
2. Sun or moon frequently is dimly visible but without a 
    halo (distinguishes from cirrostratus)

3. As an approaching storm system gets closer in middle 
    latitudes, cirrostratus clouds (which appear first)  

    thicken and lower to become altostratus
4. Eventually, the altostratus thickens and lowers to the 
    point that precipitation begins to fall

5. These clouds are then called nimbostratus (rain) clouds

K. Low Clouds



1. The bases of low clouds usually lie below 6500 feet
2. Almost always composed of liquid water droplets, however, in winter 
    they also contain ice crystals and snow
3. Types

a. Nimbostratus



1. Dark grey cloud layer associated with more or less 
    continuously falling rain or snow
2. The intensity of the precipitation is usually light or 
moderate, not the heavy type of precipitation associated with thunderstorms

3. The base of the cloud is usually ill-defined due to the 
    falling precipitation

4. If the air below the cloud becomes saturated, a lower 
    layer of clouds (stratus) or fog may form



b. Stratus





1. Uniform grey cloud with a very low cloud base that 
    covers the entire sky
2. Resembles fog that does not reach the ground (actually, 
    as thick fog begins to lift, the resulting cloud is stratus)

3. Can be distinguished from nimbostratus because 
precipitation does not fall from status, although mist or drizzle is very common

4. Also, stratus clouds have a more uniform base than 
    nimbostratus



c. Stratocumulus

1. Low, lumpy cloud layer that appears as grey, 
    rounded cloud masses with intervening blue sky
2. Common along coastlines and over oceans

3. Not associated with precipitation

4. Can be differentiated from altocumulus because the 
    cloud masses are larger
a. Hold hand at arms length and point to the cloud, 
stratocumulus clouds will be as large as your fist and altocumulus as large as your thumbnail

L. Clouds with Vertical Development



1. These clouds develop in warm weather and their “vertical” 
    development is due to rising, relatively warm, “thermals” 
2. If enough development occurs showery type precipitation can occur
3. Types


a. Cumulus



1. Appears as floating cotton with sharp outlines and a 
    flat base
2. Base is usually grey and the top, in the form of rounded 
    towers, is white and denotes the limit to the rising air

3. These clouds are “detached” from each other with a 
great deal of blue sky in between (which is one way they can be differentiated from stratocumulus)

4. Stratocumulus also have flatter tops than cumulus
5. Cumulus clouds with only slight vertical growth are 
called cumulus humilis and are associated with fair weather (fair weather cumulus)
6. Over the course of the day, these clouds can grow 
vertically and develop into towering cumulus, also called cumulus congestus, and can be associated with showery precipitation
7. If these clouds continue to grow vertically they can 
    become cumulonimbus (thunderstorm clouds)



b. Cumulonimbus





1. Cumulonimbus (thunderstorm) clouds extend from 
low levels to the tropopause where a flat, horizontally spreading “anvil” forms, since the cloud can no longer extend vertically
2. At low levels these clouds contain only water droplets, at 
mid-levels there are water droplets and ice crystals mixed with only ice crystals in the anvil
3. These clouds contain all forms of precipitation from 
    large raindrops to snowflakes to, occasionally, hailstones

M. Unusual Clouds



1. Mammatus Clouds



a. As rising air tries to pass through the tropopause in a 
cumulonimbus it will sink back down creating rounded clouds on the inferior surface of the anvil
b. These clouds are named for their “breastlike” appearance (latin: 
    mammary)


2. Lenticular Clouds




a. Form along the crest of waves caused by air flowing over 
    mountains
b. They are frequently lens shaped which is why they are called 
    “lenticular” clouds
c. They can form one above another like a stack of pancakes and, 
given their unusual appearance, “UFO sightings” are common when these clouds are present


3. Contrails




a. Cirruslike trail caused by condensation of water vapor in the 
exhaust of jet aircraft flying at high altitudes as the hot exhaust mixes with the extremely cold surrounding air
b. Will evaporate quickly if surrounding air has low humidity but 
    can persist for hours
5. LIGHT, COLOR AND ATMOSPHERIC VISUAL EFFECTS

I. Visible Light


A. Most of the radiation reaching earth’s atmosphere from the sun is in the form 
     of “visible” light
B. This means that as beings living on this planet we have developed an 
adaptation to “see” this radiation so that we can be aware of, and interact with, our environment

C. The organ of adaptation is our eyes and, more specifically, specialized 
     receptors located on a layer of cells called the retina at the back of the eye
D. These special receptors consist of two types of cells: 
1. “Rods” respond to all the wavelengths of light, and can only 
    differentiate between light and dark
2. “Cones” respond to specific wavelengths within the visible spectrum 
and our brain interprets the signals from cones activated by longer wavelengths as red and those by shorter wavelengths as blue with those in between as green
E. Seeing objects (Colors)
1. Remember, at the temperature of things on earth, objects only emit 
    lower energy infrared radiation 

2. So, how can we see things that don’t emit visible light?
3. The color of the object is based upon the wavelength of visible light 
    that is reflected by the object
4. For example, an object that appears blue is absorbing all wavelengths 
    of visible light except blue (which is reflected to our eyes)

5. An object that reflects all wavelengths appears white and one that 
    absorbs all wavelengths appears black
II. Scattering (of visible light from the sun)
A. Very small objects, such as air molecules, dust particles and cloud droplets can 
     “reflect” incoming visible light in all directions, which is called scattering
B. Which wavelengths of visible light are scattered by these small objects  

depends on the size of the object, with very small objects, such as air molecules, only scattering the shortest wavelengths (i.e. blue)

C. Clouds

1. Cloud droplets are large enough that they scatter all wavelengths of  

    visible light equally which is why clouds appear, generally, white
2. As a cloud grows thicker, less light can penetrate all the way through  
a. Therefore, there is less light to be scattered by the lowest part of 
    the cloud and the cloud base will appear dark
b. If there are large cloud droplets or rain drops near the cloud 
base the cloud will appear even darker since these drops are large enough that they absorb (and do not scatter) what little light penetrates to the cloud base

B. Blue Skies

1. The sky appears blue because that is the only wavelength of light that  

    is reaching our retina from the atmosphere above us
2. This is because oxygen and nitrogen (~98% of the atmosphere’s 
constituents) are so small that they only scatter the shortest wavelengths (blue)
3. Therefore, blue light is scattered to our eyes from all directions and the 
    entire sky (atmosphere) appears blue

C. Hazy Skies



1. When larger particles such as dust and pollutants are present in the 
atmosphere, particularly when water vapor condenses on them to form tiny water droplets (called “haze” particles), they are large enough to scatter all wavelengths of light
2. The sky then takes on a milky white appearance
3. The more of these particles, the more scattering, and the whiter the sky 
    appears
4. Crepuscular Rays


a. When the sun shines between breaks in the clouds; particles, 
    water droplets or haze beneath the clouds can scatter the sunlight
b. This creates bright white light beams which are referred to as 
    crepuscular rays

D. Red Sun, Sunrises and Sunsets



1. The sun at midday appears white (don’t look at it) as all wavelengths of 
    light are able to reach the eye
2. Near sunrise or sunset, however, the sun’s rays must pass through an 
    atmosphere that is 12 times thicker than when it is overhead
3. By the time the light from the sun reaches an observer all of the shorter 
wavelengths of light have been scattered out and only the longer wavelengths; yellow, orange and red remain


4. The more particles that are in the air, the more the yellows and, 
eventually, the oranges are scattered out and the redder the sun, sunrise or sunset will be
5. The remaining long wavelengths (yellow, orange and red) that penetrate 
the atmosphere can then be scattered and reflected off the bases of clouds near the horizon to give very colorful sunsets
III. Refraction


A. As light travels through substances of different density, it changes speed
B. This change in speed results in a “bending” of light, called refraction
C. Light that travels from a less-dense to a more-dense medium loses speed 
and bends towards the “normal” (a line that intersects any surface at a right angle), whereas light that enters a less-dense medium increases its speed and bends away from the normal

D. Refraction of light within the atmosphere creates a variety of visual effects

E. When light from heavenly bodies (stars, moon, sun) near the horizon travels 
from very low density outer space into our higher density atmosphere refraction of the light makes that body “appear” to be located higher in the sky than it actually is

F. For this reason, the sun and moon “rise” two minutes earlier and set two 
     minutes later than they would if there was no atmosphere
G. Twinkling Stars (Scintillation)

1. As starlight enters the atmosphere it will pass through regions of 
    differing air density before reaching the ground

2. For example, we know that cold air is denser than warm air 
3. The changing density will change the amount of refraction with cold, 
    dense pockets refracting more and warm pockets less

4. As the air in the atmosphere flows and moves these pockets, the 
“apparent” position of the star will change with the star appearing to flicker or “twinkle”

5. This phenomena is called scintillation

H. The Mirage



1. Scintillation (star “twinkling”) is a type of mirage, where an object 
    “appears” in a location displaced form its true position



2. Inferior mirage

a. Another type of mirage involves shimmering light along the top 
    of a hot surface such as a black asphalt road or a desert

b. This type of mirage can give the appearance of a watering hole 
    in a dry desert
c. This type of mirage, called an inferior mirage, is caused by 
light from the sky above the horizon, that is traveling inferiorly toward the ground, being refracted away from the “normal” by the low density hot air near the surface, up toward our eyes, giving the appearance that it is located below the horizon
d. Objects in the mirage will be inverted as light rays coming from 
the top of the object will see a greater change in air density and be refracted more that the more inferiorly located parts of the object

e. We still see the actual image coming from above the horizon 
    due to the direct light coming towards our eyes from the object


3. Superior mirage




a. In polar regions, where the air gets very cold close to the 
    ground, the opposite effect occurs
b. Here, objects can appear to be projected superiorly from their 
    actual location 
c. This type of mirage is called a superior mirage 
d. This type of mirage occurs as cold, dense air refracts light 
    toward the normal, down toward our eyes

I. Halos



1. Halos, circles of light surrounding the sun or moon, form when light 
    is refracted by ice crystals in high thin clouds (cirriform clouds)
2. The hexagonal, column shaped crystals (all orientations) refract the 
    light most commonly at a 22° angle
3. A 46° halo, formed by small crystals within a narrow size range are less 
    common
4. Because cirriform clouds frequently are present when a storm system is 
    approaching, the presence of a halo can indicate impending bad weather
IV. Refraction and Dispersion

A. All wavelengths of visible light are not refracted equally
B. Shorter wavelengths (blue) slow down more than longer wavelengths (red) 
     and thus are refracted more
C. This separation of light into a colorful “rainbow” spectrum (commonly seen 
     with glass prisms) is called dispersion
D. In some halos, due to refraction and dispersion color can be seen with blue 
light on the outside (refracted most) and red light on the outside (refracted least)

E. Sun Dogs



1. When there are platelike ice crystals in the cirriform clouds overlying 
    the sun, they tend to fall slowly with a horizontal orientation
2. This orientation prevents a full circular halo from forming (occurs with 
    column shaped crystals in all orientations)
3. However, the crystals act like small prisms, refracting and dispersing 
    the sunlight
4. When the sun is near the horizon so that it, the ice crystals, and the 
observer are all on the same horizontal plane, a small, brightly colored spot of light will appear on either side of the sun (at a 22° angle from the sun)

5. These spots of light, called sundogs, will be red on the inner portion 
    and blue on the outer portion (just like the halos)

F. Sun Pillars



1. Sometimes at sunrise or sunset a vertical shaft of light can be seen 
    extending upward or downward from the sun
2. This shaft of light is called a sun pillar
3. Unlike the other visual effects created by ice crystals in cirriform clouds 
(halos and sundogs), which are created by refraction, sun pillars are created by reflection of sunlight off horizontally oriented hexagonal platelike or pencil-shaped ice crystals
V. Rainbows


A. Rainbows are probably the most commonly seen and most spectacular of all 
     the atmosphere’s light shows

B. They are seen when we face falling rain with the sun shining at our back
C. What we are seeing is sunlight that has entered the rain drops and then is 
     redirected back to our eyes

D. This occurs via a combination of refraction, dispersion and reflection by 
     the drops
E. Sunlight is refracted and dispersed as it passes through a raindrop
F. Most of this light passes through the back of the drop unseen by the observer
G. However, if light strikes the back of the drop at an angle greater than 48° it 
     will be reflected back towards our eyes
H. Violet light emerges from the “front” side of the raindrop at a 40° angle and 
     red at 42° (different angles due to dispersion)
I. Primary Rainbow


1. This process occurring in millions of falling drops will create a brilliant 
    primary rainbow
2. The colors of a primary rainbow change from red on the outside (top) 
    to violet on the inside (bottom)
3. This is because the color red is reaching our eyes from the higher 
    drops and violet from the lower drops

J. Secondary Rainbow



1. Sometimes a second larger and dimmer rainbow can be seen outside 
    the primary rainbow
2. This secondary rainbow occurs when the sunlight undergoes two 
    internal reflections before returning to the observers eyes
3. Each reflection weakens the light intensity so that this rainbow will be 
    dimmer
4. The color scheme is the opposite of the primary rainbow due to the 
second reflection, with red coming from the lower drop and violet from the upper drop

K. Moving Rainbow?



1.  You might notice that as you move, the rainbow “moves” with you
2. The rainbow itself is not moving
3. Every time the observer moves their eyes receive light from different 
raindrops, always at the same angle, giving the appearance that the rainbow is moving
4. In effect, all observers see a “different” rainbow
λmax= wavelength maximum 


T    = temperature





E = energy intensity


σ = constant


T = temperature





RH = Relative Humidity


VP = Vapor Pressure


SVP = Saturation VP





DEWPOINT COMFORT SCALE  


Under 50    =  Very Dry       


50 - 59        =  Comfortable       


60 - 64        =  Slightly Humid       


65 - 69        =  Humid       


70 - 74        =  Oppressive       


75+             =  Awful








PAGE  
19

