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Preface 
 

This textbook is oriented toward a first or second year college science class, or an 

advanced high school course. Sixteen chapters are present which fits a 16-week 

college semester. These chapters may be divided into three sections: 

 

1. Atmospheric processes including structure, composition, energy balance, 

pressure forces, moisture, stability, and precipitation processes in Chapters 1 

through 5. 

2. Weather systems including global circulation, tropical and extratropical cyclones, 

thunderstorms, tornadoes, atmospheric optics, and weather forecasting in 

Chapters 6 through 10. 

3. Climate topics including classification, human influences on the atmosphere, 

natural climate variability, paleoclimate, climate change due to anthropogenic 

influences, climate projections, and a changing climateôs affect on extreme 

weather in Chapters 11 through 16. 

 

The book is written to build upon a personôs knowledge from Chapter 1 to the end. The 

chapters do not need to be used in a numerical order, but some knowledge ñgapsò may 

need to be filled for cohesiveness if a person skips around. 

 

At the end of each chapter there are review questions, which highlight many important 

topics in that chapter. At the end of the book is a references section which contains 

information on the origin of the materials used in this book. The efforts of many people 

went into creating the materials assembled in this book. This reference section 

highlights their efforts, and provides a person with easy access if more details on a topic 

are desired. 
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Chapter 1 - Introduction and 
Atmospheric Structure 

 
Overview 
 

This chapter covers the scientific method, basic techniques for interpreting weather data, an 
introduction to atmospheric pressure, and the composition and structure of the atmosphere. 
 
Chapter objectives: 

1. Understand the scientific method. 
2. Interpret basic weather data. 
3. Distinguish between permanent and variable gases in the atmosphere and list the major 

gases in each category. 
4. Describe how pressure is created. 
5. Identify and describe the layers of the Earthôs atmosphere. 

 

 

1.1 - Scientific Method  
 
At the core of science lies a problem-solving approach called the scientific method. The 
scientific method  is a scheme for answering scientific questions. The scientific method is used 
in all the sciences, and has six steps (Figure 1-1): 
 

1. Make an observation. 
2. Ask a question about this observation. 
3. Form a hypothesis, or testable explanation, 

to answer this question. 
4. Make a prediction based on the hypothesis. 
5. Test the prediction and analyze the results. 
6. Make a conclusion. 

 
Scientists in different fields ask different questions 
and perform different tests, but everyone uses the 
same core approach to find answers that are logical 
and supported by evidence. Each step in the 
scientific method can be repeated or redone as new 
understanding occurs. This method is not rigid and 
allows a scientist to move back and forth between 
the steps as needed. This diagram illustrates the 
scientific method. 
 
Here is an example of the scientific method. Say you live in a cold climate in Northern Europe.  
You have observed (step 1) that a pond nearby freezes faster than the ocean. Both the pond 
and ocean have similar weather, which raises the question (step 2), why does the pond freeze 

Figure 1-1: Steps used in the scientific method. 
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before the ocean? After pondering this question, you hypothesize (step 3) that the ocean has 
salt in it. The prediction (step 4) is that salt lowers the temperature at which the water will 
freeze. A good hypothesis must be testable, and the test must be repeatable (step 5). To test 
this hypothesis and prediction, other factors which could affect the water freezing must be 
removed. Other factors could be wind, waves, or boat traffic. If we were to take two containers 
of water, one with salt and one without, these other factors would be removed when testing the 
hypothesis. 
 
This example provides the means to design an experiment, run the experiment, analyze the 
results of the experiment, and then make a conclusion (step 6). While running the experiment, 
data could be gathered on what temperature each container starts to freeze. This information 
would allow a prediction with more detail than was originally proposed. The double pointed 
arrows in the diagram illustrate this ability to easily go between steps and adjust steps when 
warranted. 
 
When using the scientific method, these three precautions should be noted: 
 

1. The scientific method can only disprove hypotheses. A scientific theory can never be 
proven to be 100% correct, because new information may become available which 
contradicts previous tests and results. 

 
2. Correlation is not causation. A correlation is an analysis of data without any 

understanding of the conditions causing that data to occur. The best science tries to 
determine the cause behind what is being observed. 

 
3. Selective windowing should be avoided. Selective windows pick and choose which facts 

or data to examine, so a desired conclusion is achieved. The whole truth and all aspects 
of the tests should be present in the scientific method. 

 
 

1.2 - Units of Measure Used in Atmospheric Science  
 

This section reviews the units that will be used in this course. Most scientific fields use the 
metric system and atmospheric science is not an exception. However, the United States uses 
some English system units when measuring surface parameters. These exceptions are noted 
below.  
 
The information in section 1.2 does not need to be memorized, rather it is presented as an 
introduction to the notation and terms used throughout the course.  
 
Scientific Notation 
 

Long form   Scientific notation  Name Symbol  

1,000,000,000 = 109 giga G 

1,000,000 = 106 mega M 

1,000 = 103 kilo k 

100 = 102 hecto h 
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Long form   Scientific notation  Name Symbol  

10 = 101 deka da 

1 = 100   

0.1 = 10-1 deci d 

0.01 = 10-2 centi c 

0.001 = 10-3 milli m 

0.000001 = 10-6 micro µ 

 
Units of Length 
 

Unit  Symbol  Relationship  English system  

micron µ 106 µ = 1 m  

millimeter mm 1000 mm = 1 m 1 mm = 0.03937 in 

meter m  1 m = 1.0936 yd 

kilometer km 1 km = 1000m 1 km = 0.6214 mi 

 
Units of mass 
 

Unit  Symbol  Relationship  English system  

gram g  1 g = 0.03527 oz 

kilogram kg 1 kg = 1000 g 1 kg = 2.2046 lb 

 
Temperature 
 

Unit  Symbol  
Conversion 

equation  

degree Celsius oC 1oC = 5/9 (oF - 32) 

degree Fahrenheit oF 1oF = 9/5 (oC) + 32 

 
In the United States surface temperatures are reported in Fahrenheit, and everything aloft is 
reported in Celsius. Most other countries report all temperatures in Celsius. 
 
Speed 
 

Unit  Symbol  Relationship  English system  

meters/second m/s  1 m/s = 2.24 mph 

kilometers/hour kph 1 km/hr = 0.278 m/s 1 km/hr = 0.6214 mph 

knots kn 1 kn = 0.514 m/s 1 kn = 1.151 mph 

 
A knot is a nautical mile per hour and is not part of the metric system. Traditionally all wind 
speeds were reported in knots. With the advent of computers, wind speeds at the surface 
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frequently are given in miles per hour (mph) or kilometers per hour (kph). Winds aloft are always 
reported in knots in the United States. 
 
Pressure 
 

Unit  Symbol  Relationship  English system  

atmosphere atm 1 atm = 1013.2 mb 1 atm = 14.7 lb/in2 

millibar mb  1 mb = 0.6895 lb/in2 

kilopascal kPa 1 kPa = 10 mb 1 kPa = 6.895 lb/in2 

 
Most of the world, including the United States, uses millibar (mb) as the atmospheric pressure 
measurement. Some countries use kilopascal (kPa), which is essentially the same as millibar 
with the decimal moved one place to the left.  
 
Energy 
 

Unit  Symbol  Relationship  

joule (Newton meter) J (N m) 1 J = 0.239 calorie 

watt W 1 W = 1 J/sec 

 
Most energy measurements are based in the metric system. The defining unit of energy is the 
calorie. One calorie is the amount of energy required to raise 1 gram of water 1 degree Celsius.  
Food nutritional labels use the calorie as an indication of how much energy a person will get 
from this product. The watt is commonly used as a measurement when dealing with electricity.  
Light bulbs post their energy consumption in watts. 
 
 

1.3 - Using Maps 
 
Earth is almost a perfect sphere, which makes accurately representing it on a paper or 
computer screen difficult. Earth is three-dimensional while a piece of paper has two dimensions.  
Thus, all maps have distortions inherent in them. 
 
The first step in representing Earth on a 
map is to establish a coordinate system. 
This coordinate system uses longitude 
and latitude lines. Longitude lines (also 
called meridians) go from the North Pole 
across the equator to the South Pole. By 
convention, a Prime Meridian (Figure 1-2) 
was established as 0o. The Prime 
Meridian is situated on Greenwich, 
England. Traveling east or west of the 
Prime Meridian provides a degrees east 
or west longitude location. 
 

Figure 1-2: Prime Meridian location at 0 degrees longitude.  
East (right) of the Prime Meridian are east longitude and 

west longitude is towards the left.  The North Pole is at the 
top and the South Pole is at the bottom. 
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Latitude lines (also called parallels) are oriented east and west with the zero latitude being the 
equator. Latitude lines north of the equator increase up to 90oN at the North Pole. Likewise, 
latitude lines south of the equator are designated with a ñSò.  
 
The latitude-longitude coordinates provide a grid to create maps and place features on these 
maps. Since all maps have some distortion, many different map projections have been 
developed. Each map projection has 
advantages and disadvantages. Several types 
of maps used in this course are Mercator, 
Robinson, and Mollweide. 
 
The Mercator map projection (Figure 1-3) was 
originally developed for nautical navigation and 
places a route at a constant angle to the lines.  
Representation of features near the equator are 
good, while accurate representation near the 
poles is poor. Notice that Greenland is 
extremely large.  In actuality, Greenland is about 
three times the size of Texas. 
 
To reduce the distortion near the poles, a 
Robinson projection (Figure 1-4) was 
developed. This projection curves the longitude 
lines near the poles inward. The actual size of 
Greenland is now better represented. 
 
Following this approach further, the Wollmeide 
projection (Figure 1-5) was developed. This 
projection curves the longitude lines all the way 
into the pole. Greenland is even smaller in this 
projection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1.3.1 - Topographical Maps 
 
With the essentials about maps covered, data is ready to be placed on them. One type of data 
widely used on maps is elevation data. Maps with elevation data are called topographical maps.  

Figure 1-3: Mercator map projection. 

Figure 1-4: Robinson map projection. 

Figure 1-5: Wollmeide map projection. 



12 
 

Understanding topographical maps lends itself to the process of interpreting weather maps.  
Thus, taking a quick look at topographical maps is useful. 
 
A topographical map of the Big Island in Hawaii is a good illustration. Since the Big Island is 
surrounded by water, the elevation at the coast is sea-level or zero. There are two high volcanic 
summits: Mauna Loa and Mauna Kea at 13,452 feet and 13,796 feet. Hence, the change in 
elevation on the Big Island is dramatic.  
 
A topographical map of Hawaii (right) gives a representation of elevation. The more contour 
lines, the greater the change in elevation. Note the two volcanic peaks on the contour map and 
compare them with the image of Hawaii taken from space (left). 

 
 
Each contour on the map is an isopleth , which is a contour connecting points of equal value 
("iso" translates to "equal" and "pleth" means "value"). In this case, the isopleths connect points 
of equal elevation above sea-level, and are drawn for every 1,000 feet of elevation above sea 
level. Isopleths can be drawn at any interval. The lower the interval between isopleths the higher 
the resolution of the map. 
 
 

1.4 - Weather Basics  
 

When weather data is collected or disseminated, a key component is the time stamp of the data.  
Everyone needs to know when the data was collected or when the forecast is supposed to be 
valid. Since there are 24 hours in a day, there are 24 time zones across the world. Each time 
zone is 15o longitude in width, although these boundaries are modified at a countryôs discretion.  

Figure 1-6: Modis satellite image of the Big Island, Hawaii.  
Credit: NASA 

Figure 1-7: Topographical map of the Big Island, 
Hawaii.  Contours are at 1000 feet intervals with the 

highest point at 13,000 feet. 
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Notice in Figure 1-8 China (a yellow country) has one time zone although covers over 60o 
longitude. 
 
The time stamp for weather data has been universally agreed upon as the time at the Prime 
Meridian. This time is referred to as a Coordinated Universal Time (UTC), Zulu (Z) or Greenwich 
Mean Time (GMT). All three of these acronyms refer to the time at the Prime Meridian. 
Additionally, a 24-hour clock is used with UTC rather than 12 hours in the morning (a.m.) and 12 
hours in the evening (p.m.) clock. 

 
To determine the UTC time at your current time zone, count the number of time zones between 
you and Greenwich (suburb of London), England. UTC is 5 hours (+5) ahead of New York City, 
6 hours (+6) ahead of Dallas, 7 hours (+7) ahead of Denver, and 8 hours (+8) ahead of Los 
Angeles when all of these cities are on standard time. Many local time zones also have daylight 
savings time, rather than standard time, which shifts the difference between local time and UTC 
by 1 hour. 
 

1.4.1 - Interpreting a Station 
Model  
 
Figure 1-9 contains a typical 
surface weather map with 
observation data. As you can 
see, placing weather data on a 
map with the ability to read all 
the data may be difficult. 
 

Figure 1-8: Time zones of the world. 

Figure 1-9: A typical map containing 
surface weather information at cities 

across the U.S. 



14 
 

Commonly, observations are 
arranged in a format called a 
station model. A station model  is a 
graphical template showing current 
weather conditions at a weather 
station. Key variables displayed in a 
station model are temperature, dew 
point, type of weather occurring, 
pressure, wind, and sky cover. See 
Figure 1-10. 
 
Temperature is the air temperature 
in degrees Fahrenheit. Dewpoint is 
a new term for most people.  
 
Dewpoint is the temperature at 
which water will start to condense 
out of the atmosphere. For 
example, in the station model 
diagram if the air temperature was cooled to 45 degrees, water would begin forming on nearby 
objects such as plants and cars. Dewpoint is a measure of humidity. This textbook has two 
chapters on atmospheric moisture, so humidity is examined in much more detail later. 
 
Pressure is a measure of the amount of atmosphere above the weather observation station and 
is reported in millibars (mb). To save space, the first digit of pressure is usually omitted from the 
station model.  Sea-level pressure on average is 1013.2 mb or about 1000 mb.  A pressure 
value is generally reported to a tenth (0.1) of a millibar. Combining this information gives us a 
pressure value of 99.8 mb. Since we know the pressure should be close to 1000 mb and the 
first digit may be omitted, the omitted digit must be a ñ9ò.  Inserting the missing digit gives an 
actual pressure of 999.8 mb. Another example would be if the pressure value in the station 
model was given as 046. In this example the missing digit(s) would be ñ10ò for a pressure value 
of 1004.6 mb. The missing digit will be a ñ9ò or a ñ10ò for surface pressure to get close to 1000 
mb. 
 
Sky cover simply describes the portion of sky covered by 
clouds. The circle at the center of the station model is filled 
in to represent this value. Clear skies have an empty circle.  
Clouds across the entire sky has the circle filled. Clouds 
are reported in one eighth (1/8) increments. 
 
Wind speed and direction is given in the lines attached to 
the sky cover circle. These lines are called a flag. The flag 
points in the direction the wind is coming from (see Figure 
1-11). The direction is always expressed as the direction 
from which the wind blows. If facing into the wind, the 
direction you are facing is the wind direction. Wind direction 
follows a compass with north as up, west to the left, east to 
right and south down. In the station model the wind is 
coming from the southeast or simply stated as a 
southeast wind. The smaller lines on the flag indicate 
wind speed. A long line indicates 10 knots and a shorter line 5 knots. In the station model 

Figure 1-11: A compass rose, or wind rose, 
indicates the direction wind is blowing from. 

Figure 1-10:  Station model used to place weather data on a map for 
each observation site. 
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diagram (figure 1-10) the wind speed is 15 knots. When a calm wind is occurring, that is no wind 
at all, the wind flag is omitted and a second circle is placed around the sky cover circle. 
 
Weather is a description of what is occurring. If the weather field is blank, no weather is 
occurring. In the station model diagram (Figure 1-10), the two dots represent that rain is 
occurring. A dot is the symbol for rain. Some other symbols are an asterisk for snow, commas 
for drizzle and horizontal lines for fog.   
 
A summary of the station model symbols is found in Figure 1-12. 

 

1.4.2 - Contour Maps 
 

Meteorologists use contour maps to see how weather variables (temperature or pressure, for 
example) change over large areas, but they also use them to estimate values of weather 
variables at individual points. To get us started on interpreting contour maps, revisiting the 
topographical map of Hawaii will help. 
 
How would a person determine the elevation of the point marked "P"?  First, the two contours 
that lie on either side of "Pò must be identified. In some cases, the contours needed are clearly 

Figure 1-12: Station model key containing the symbols used in the station model and their values. 
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labeled; however, in other instances, the contour 
interval (1,000 feet, in this case) is needed to 
"count" up or down from a labeled contour. On this 
map, point "P" lies between 3000 feet and 4000 
feet, so the elevation at point "P" is greater than (but 
not equal to) 3000 feet but less than (but again, not 
equal to) 4000 feet. Point "P" is not equal to either of 
these values because it does not lie on a contour 
line. 
 
Technically, all that can be accurately stated about 
the elevation at point "P" is it between 3,000 and 
4,000 feet. Often a single number is preferred 
instead of a range of elevations. An interpolation 
can be done between the two known elevations.  In 
this case, ñPò appears to be half-way between the 
contours so an estimated elevation of 3,500 feet is 
possible. Keep in mind that interpolation is only an 
estimated value. 
 
Two variables commonly contoured by meteorologists are temperature and air pressure. 
Isopleths of temperature are called isotherms  (contours of constant temperature), and isopleths 
of pressure are called isobars  (contours of constant pressure). Do not confuse the two! It would 
be incorrect to look at a map that shows contours of constant temperature and call them 
isobars. 
 
Figure 1-14 is an 
isobar contour 
analysis for the 
surface 
observation data 
shown previously.  
This map has the 
surface pressures 
in black and the 
contour values in 
blue. The contour 
interval is 4 
millibars (mb). As 
you can see, 
finding an area of 
higher pressure 
ñHò or lower 
pressure ñLò is 
much easier than 
looking at plotted 
data. 
 

Figure 1-13 Topographical map of the Big Island, 
Hawaii with a "P" placed on it. 

Figure 1-14: Surface pressure contour map. The pressure values are in millibars (mb). 
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An isotherm 
analysis for the 
same time is 
Figure 1-15. 
Again, individual 
station 
temperatures 
are in black, and 
the temperature 
contours are 
red.  The 
contour interval 
is 10o F. 
Similarly, the 
contours make 
finding warm 
and cold areas 
much easier. 
 
 
 
 
 

 
1.4.3 - Types of Weather  Satellite s 
 
The two types of 
satellite used to 
track weather are 
called polar orbiting 
and geostationary 
as illustrated in 
Figure 1-16. 
  
A polar orbiting 
satellite circles the 
Earth around the 
poles. These 
satellites are located 
closer to Earth and 
as such can obtain 
higher resolution 
imagery than 
geostationary 
satellites. As the 
Earth rotates a polar 
orbiter satellite 
travels from north to 
south or south to north and observes a strip of the planet. An observation of a polar orbiting 
satellite has an appearance as shown in Figure 1-17. 
 

Figure 1-15: Surface temperature contour map. Th temperature contours are in 10oF 
increments. 

Figure 1-16: Diagram depicting the path of polar-orbiting and geostationary satellites. 
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Geostationary satellites are 
established at a fixed location 
over the Earthôs equator. 
These satellites are at a 
higher orbit and generally 
provide lower resolution than 
polar orbiters. Since these 
satellites are at a fixed 
location imagery is always 
available for that region of the 
Earth. This aspect makes 
geostationary satellites the 
most widely used in weather 
analysis and forecasting. The 
United States has two GOES 
(Geostationary Orbiting 
Environmental Satellites); one 
located over the eastern U.S. 
and one over the West. The western satellite is typically referred to as GOES-West; the eastern 
one as GOES-East. Figure 1-18 is an image from GOES-West. 
 

Figure 1-17: Imagery from a polar orbiting satellite as it tracks across the 
poles. 

Figure 1-18: Satellite image from the geostationary satellite GOES-west. 
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Imagery from satellites is an essential component of understanding weather and climate. 
Satellites can measure temperature, moisture, winds, and even precipitation estimates or 
wildfire intensity among other things. With the background on the different types of satellites 
covered, the next section focuses on interpreting this imagery. 
 

1.4.4 - Interpreting Weather Satellite Imagery  

 
The three types of imagery examined in this book are visible, infrared and water vapor. Most 
satellite images are animated showing a time sequence of images. This animation provides the 
motion and evolution of the clouds and their associated weather system. 
 
Visible imagery is what a person would see if they were sitting on the satellite. During the night 
visible images do not contain much information because it is dark. During the day, visible 
images depict the tops of the clouds. Figure 1-19 is an example of a visible image from GOES-
East. 

 
Infrared imagery depicts the temperatures sensed by the satellite. The ñinfraredò notation 
describes the wavelength of radiation observed by the satellite. More details on wavelength and 
radiation are in an upcoming section. The important detail to remember is that the imagery 
contains temperature data. Temperature data is available during the night!  Hence infrared 
imagery contains useful data 24 hours a day.   
 
If skies are clear over an area, infrared imagery will sense the temperature of the ground. Since 
temperatures decrease as altitude increases in the atmosphere, higher clouds have colder 
temperatures. This decreasing temperature aspect of the atmosphere is observed when a 

Figure 1-19: A visible satellite image from the geostationary satellite GOES-East. 
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person travels to a mountain top. The temperatures on the mountain are always lower than a 
valley location. Therefore, the height of a cloud can be inferred from its temperature. Figure 1-
20 is an infrared image from GOES-East for the same time as the previous visible image. 
 

 

Notice the color included in the infrared image. Since temperature data is present across this 
entire image, specific temperatures can be enhanced with color. The temperature scale for this 
infrared image is given in Figure 1-21. 

 
Figure 1-21: An infrared 
temperature scale for GOES 
imagery (Band 13). 
 

The temperature of the lighter blue clouds is about -35oC. Enhanced images allow any specific 
temperature to be assigned a color for fast and easy identification. The gray portions of this 
image contain temperature data too, although obtaining a temperature value from a gray scale 
is more difficult. 
 
Water vapor imagery is another type of infrared imagery that observes wavelengths sensitive to 
the humidity in the atmosphere. Water vapor images depict where dry and moist air is present.  
This example highlights the moisture in the mid layers of the atmosphere. Yellow and red areas 
are dry. White areas indicate clouds and higher humidity with the highest humidity in green.  
The bluish areas have intermediate moisture values which may or may not have clouds. All 
three of the images in this section are at the same time, so a person can compare the different 
aspects and details of each. 

Figure 1-20: An infrared satellite image from the GOES-East satellite. 
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1.5 - Atmospheric Composition  
 

The atmosphere is a cloud of 
gas and suspended solids 
extending from the Earth's 
surface outward many 
thousands of miles. The 
atmosphere becomes 
increasingly thinner with 
distance, but is always held by 
the Earth's gravitational pull. 
The atmosphere is relatively 
thin compared to the Earth. An 
analogy would be the 
atmosphere is like the skin on 
an apple. The atmosphere can 
be seen from this International 
Space Station picture (Figure 
1-23) taken over the Middle 
East. The light blue (called 
airglow) shown on the edge of the Earth is the atmosphere. The airglow is caused by light 
interacting with the atmosphere. 
 
 

Figure 1-23: The light blue (airglow) is Earth's atmosphere. 

Figure 1-22: A water vapor satellite image which depicts moisture in the mid-layers of the atmosphere.  The 
lowest humidity has the colors red and yellow.  Highest humidity is white and greenish. 
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The atmosphere surrounds the Earth and holds the air needed for life on our planet. It protects 
this life from outer space; and holds moisture (clouds), gases, and tiny particles. In short, the 
atmosphere is a protective bubble over Earth.  
 
The gases comprising the atmosphere can be divided into two categories: permanent and 
variable. The permanent gases are the most abundant and are relatively constant over time.  
The permanent gases and their volumes in a dry atmosphere are listed in this table. 
 

Gas - Permanent  Percentage of volume  Molecular symbol  

Nitrogen 78.08% N2 

Oxygen 20.95% O2 

Argon 0.934% Ar 

Neon 0.018% Ne 

Other permanent gases less than 0.009%  

 
Notice that when added together, the two largest permanent gases comprise over 99% of the 
atmosphere. Nitrogen is the most prevalent gas. Other than oxygen, the permanent gases 
generally do not interact with the Earth nor each other and change little over time. 
 
Since most of the atmosphere is ñtakenò with permanent gases, the remaining portion available 
for variable gases is small. The variable gases are listed in this table. 
 

Gas - Variable  Percentage of volume  Molecular symbol  

Water vapor up to 4% H2O 

Carbon dioxide 0.039% CO2 

Ozone 0.0015% O3 

Methane 0.00017% CH4 

 
While these gases are a small percentage of the atmosphere, they play an important role in 
keeping the planet warm. All these gases capture heat and are also called greenhouse gases. 
The variable gases are continually interacting with Earthôs surface, and do not stay in the 
atmosphere long. The average residence time in the atmosphere is about 100 years. 
 
Water vapor (water in a gas state) is nearly always present and can vary from near 0% up to 
about 4% of the total volume. In the Earth's deserts, the water vapor contribution to the 
composition of the atmosphere will be near zero. Water vapor contribution climbs to near 3% on 
extremely hot/humid days. The upper limit, approaching 4%, is found in tropical climates. As 
water vapor increases, the percentage of permanent gases decreases. Water vapor is 
extremely important in weather and will be examine in more detail. 
 
Carbon dioxide is a critical component in plant growth (photosynthesis) and has been increasing 
in the atmosphere for years. Much of this increase is from human caused activities 
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(anthropogenic) associated with combustion. An observatory at Mauna Loa, Hawaii has been 
measuring CO2 since 1959. Figure 1-24 (left side) depicts these carbon dioxide measurements. 

 

Ozone in the lower portion of the atmosphere near the surface is considered bad because it 
harms respiration systems and vegetation. However, higher level ozone is essential for life on 
our planet. Higher-level ozone absorbs lethal ultra-violet (UV) radiation. In the 1970s, a 
decrease in higher-level ozone over the South Pole was discovered. This ozone hole was 
expanding due to use of CFCs (chlorofluorocarbons). Subsequent legislation reduced the use of 
CFCs and this higher-level ozone layer appears to be slowly healing. 
 
Methane, also known as natural gas, has been steadily increasing in the atmosphere. Most of 
these increases are anthropogenic in nature, and include activities such as rice cultivation, 
raising livestock, burning of vegetation and fossil fuel (oil and coal) extraction. Global 
measurements of methane concentrations have a graph similar to carbon dioxide. Figure 1-24 
(right side) depicts the increasing levels of methane in the atmosphere. 
 

1.6 - Atmospheric Pressure  
 
Atmospheric pressure is the weight 

of an air column that extends from 

an area on the ground to the top of 

the atmosphere. This weight is 

caused by gravity pulling gas 

molecules towards the Earth (Figure 

1-25). At sea level, the weight of a 

column on one square inch of area 

is roughly 14.7 pounds, resulting in 

an air pressure of 14.7 pounds per 

square inch. Think about this value.  

An average human body has a 

Figure 1-25: Illustration of air pressure on Earth. 

Figure 1-24: Carbon dioxide measurements at Mauna Loa Observatory in Hawaii (left).  Global mean methane 
measurements (right). 
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surface area of about 3000 square inches. 

Thus, your body has force of over 40,000 

pounds of air pressure on it. Right now!  

 

One of the first instruments to measure air 

pressure was the mercurial barometer. A 

mercurial barometer has a dish of mercury 

with a vertical tube placed in it (Figure 1-26). 

As the atmospheric pressure changes, the 

force exerted on the mercury changes and 

the level of mercury in the tube changes.   

 

Since air is a compressible gas, the density 

of gas molecules in a valley (lower 

elevation) is higher than at mountaintop 

location. A valley location has more 

atmosphere over it and hence a higher 

atmospheric pressure. This characteristic is 

why physical exertion at a higher elevation will cause a person to breathe more. A body 

recognizes the lower density of oxygen molecules at the higher elevation. Figure 1-27 illustrates 

this change in atmospheric pressure with height. 

 

Pressure decreases about 

50% for every 5 km (16,400 

feet). Likewise, the density of 

air decreases as altitude 

increases. A person can think 

of air being thinner (less 

dense) on a mountain, which is 

correct. Pressure is much 

easier to measure than 

density, so pressure values are 

used universally in the 

atmospheric sciences. The 

graph in Figure 1-27 illustrates 

this decrease in atmospheric 

pressure with height. 

 

 

 

 

 

 

 

 

Figure 1-26: A diagram of a simple mercurial barometer to 
measure air pressure. 

Figure 1-27: A graph depicting the decrease in atmospheric 
pressure with height. 
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1.7 - Layers of the Atmosphere  
 
The atmosphere has five distinct layers defined primarily by their temperature. These layers, 
starting with the lowest, are called the (1) troposphere, (2) stratosphere, (3) mesosphere, (4) 
thermosphere, and (5) exosphere. Figure 1-28 illustrates these five layers. 

 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-28: The 
five different 
temperature 
layers of the 
atmosphere. 
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The troposphere extends from Earthôs surface about 12 kilometers (7.5 miles) in height. Yet this 
very shallow layer is tasked with holding all the air needed for plants and animals, and contains 
about 99 percent of all water vapor. In the troposphere, temperatures typically go down as 
altitude increases, since most of the heat found in the troposphere is generated by the transfer 
of energy from Earthôs surface. The troposphere is the densest atmospheric layer, containing 
about 85% of the atmosphereôs mass. Most of Earthôs weather happens in the troposphere, and 
this course focuses on the troposphere. 
 
The stratosphere is located between approximately 12 and 50 kilometers (7.5 and 31 miles) 
above Earthôs surface. This layer is perhaps best known as the home of Earthôs ozone layer, 
which protects the Earth from the Sunôs harmful ultraviolet radiation. Because of the heat 
generated by ozone interacting with UV radiation, temperatures increase with altitude in the 
stratosphere. The stratosphere is nearly cloud- and weather-free. It is also the highest part of 
the atmosphere that jet planes can reach. 
 
The mesosphere is located between about 50 and 80 kilometers (31 and 50 miles) above 
Earthôs surface. The mesosphere gets progressively colder with altitude. In fact, the top of this 
layer is the coldest place found within the Earth system, with an average temperature of about   
-85oC (-120oF). Most meteors burn up in this layer. Rocket-powered aircraft can reach the 
mesosphere. 
 
The thermosphere is located between about 80 and 700 kilometers (50 and 440 miles) above 
Earthôs surface.  The lower portion of the thermosphere contains what is called an ionosphere.  
The ionosphere can capture sub-atomic particles from the Sun to create an aurora. In this layer, 
temperatures increase with altitude due to the very low density of molecules found here. It is 
both cloud- and water vapor-free. The International Space Station orbits in the thermosphere. 
 
The exosphere is located between about 700 and 10,000 kilometers (440 and 6,200 miles) 
above Earthôs surface. The exosphere is the highest layer of Earthôs atmosphere and merges 
with the solar wind at its top. The solar wind consists of subatomic particles emitted by the Sun.  
Molecules found here are of extremely low density and can escape to space. The aurora 
borealis and aurora australis are sometimes seen in its lowest part. Most Earth satellites orbit in 
the exosphere.  Many times, when studying the atmosphere, the exosphere is omitted and is 
just considered as space outside the planet. 
 
Figure 1-29 illustrates the four lowest layers and their temperature profiles. Notice temperatures 
cool as altitude increases in the troposphere and mesosphere, while temperatures warm with 
altitude in the stratosphere and thermosphere. Each layer is separated by what is called a 
ñpauseò where the greatest change in thermal characteristics occur. These ñpauseò layers are 
given the prefix of the layer below it; that is tropopause, stratopause, and mesopause. 
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Figure 1-29: A graph of 
atmospheric temperature for the 

lowest four layers of the 
atmosphere. 
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Chapter 1 Review Questions  
 

1. Describe each step of the scientific method. 

2. Why are weather observations all taken at the same time? 

3. Draw a station model and label the locations of each observation parameter. 

4. Describe the advantages of geostationary weather satellites. 

5. Describe the advantages of polar orbiting weather satellites. 

6. Which type of weather satellite is most commonly used in weather operations? 

7. Describe the characteristics of visible, infrared, and water vapor satellite imagery. 

8. What are the three most predominate permanent gases? 

9. What are the three most predominate variable gases? 

10. Which of the variable gases capture heat? 

11. What is an isobar on a weather map? 

12. What causes atmospheric pressure? 

13. Why does the temperature in the stratosphere increase with altitude? 

14. List the temperature layers of the atmosphere from lowest to highest. 
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Chapter 2 - 9ƴŜǊƎȅ ŀƴŘ 9ŀǊǘƘΩǎ 
Energy Balance  

 

Overview 
 

This chapter covers the energy received from the Sun as electromagnetic radiation: how the 
atmosphere and Earth interact with the Sunôs energy and radiate heat back to space. Methods 
for transferring energy are presented. This chapter explores Earthôs energy balance from the 
perspective that the Earthôs temperature is constant. 
 
Chapter objectives: 

1. Identify the types of energy and how they are transferred. 
2. Understand the cause of Earthôs seasons. 
3. Explain how incoming solar radiation is affected by the atmosphere. 
4. Describe the Earthôs energy balance through incoming and outgoing radiation. 

 

2.1 - Types of Energy  
 
This section examines energy, specifically how energy is transferred from the Sun to the Earth.  
A good place to start with this topic is with definitions. Energy  is traditionally described as the 
ability to do work. The unit of energy is a joule (pronounced ñjewelò). One joule is equal to 0.237 
calories. This ñcaloriesò is the same ñcaloriesò found on the nutritional labels of food.  Eating 
food or calories provides energy for a person to do work. 
 
Radiation is the emission and transfer of energy via particles or waves. Many people think of 
radiation as coming from nuclear reactors or bombs. This type of radiation transfers energy with 
subatomic particles. In addition, an everyday light bulb, radio, and microwaves are all examples 
of devices that produce and use radiation. This type of radiation uses waves; there is no mass 
or charge but there is energy. The energy packets in the waves are called photons. The entire 
range of these waves is called the electromagnetic spectrum .   
 
How is the electromagnetic spectrum created? You probably know that the building blocks of all 
matter are atoms and molecules. Within these atoms and molecules are smaller particles which 
have positive and negative charges -- protons and electrons. These charged particles tend to 
oscillate or vibrate. Without getting into more detail, physics tells us that any charged particle 
like an electron has an electrical field surrounding it. Furthermore, moving charges also possess 
magnetic fields. Thus, when an electron oscillates, its surrounding electric and magnetic fields 
change. Like moving your hand rapidly back and forth in a pool of water, oscillating electrons 
send out ripples of energy (that is, "waves") that have both electrical and magnetic properties. 
Hence, the name electro - magnetic radiation. 
 
The last definition needed is thermodynamics. Studying the movement of molecules and their 
energy for an atmosphere is overwhelming. Instead, thermodynamics is studied.  
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Thermodynamics  examines the relationship between heat and energy.  Understanding aspects 
of thermodynamics helps in determining why at times the atmosphere is stable and at other 
times when it is not. 
 

2.1.1 - Looking at Energy and Thermodynamics  
 
Energy has many forms such as electrical, nuclear, or chemical. All forms of energy fall into the two 
categories of kinetic and potential. Kinetic energy is a result of motion. Some examples of kinetic 
energy are the Sun (electromagnetic radiation), moving water, electricity, the burning of fuel or the 
vibration of molecules which is measured as temperature. 
 

Potential  energy is stored and has the capacity to do work under the correct conditions. Some 
examples of potential energy are water behind a dam, gasoline, food, a battery, or firewood.  
Potential energy is frequently converted into kinetic energy when work is performed. 
 
Energy, heat and temperature are all related but not identical to each other. Thermodynamics helps 
define the relationship between them, and has two laws which are important. The First Law of 
Thermodynamics states that energy is a conserved property that is neither created nor destroyed.  
Essentially energy is converted from one form to another. This concept is also called the 
conservation of energy. 
 

Temperature is a measure of the heat of an object. At a molecular level, temperature measures 
how fast the molecules are moving or vibrating. Air with a high temperature has gas molecules 
moving much faster than colder air. The Second Law of Thermodynamic states that heat is 
always transferred from hot to cold objects. Hot objects tend to cool down and cold objects 
warm up.   
 
Two temperature scales are widely used, Fahrenheit and Celsius. Fahrenheit has the 
temperature at which water freezes as 32oF, whereas this temperature in Celsius is 0oC. The 
boiling point of water at a standard air pressure is 212oF and 100oC. 
 
Thermodynamics is an important concept when studying the atmosphere because the Sun 
transfers energy to the Earth. The Earth in turn transfers energy to the atmosphere in the form 
of heat. How does this transfer of heat occur? The next section examines this question.   

 
2.1.2 - Transfer of Heat Energy  
 
The primary heat source for our planet is the Sun. Energy from the sun is transferred through 
space and through the Earth's atmosphere to the Earth's surface. Since this energy warms the 
Earth's surface and atmosphere, some of it becomes heat energy. There are three ways heat is 
transferred into and throughout the atmosphere: conduction, convection, and radiation. 
 
Conduction  is the transfer of heat energy without the appreciable movement of molecules. The 
transfer of heat energy occurs by the kinetic energy translating from one particle to another 
within the materials. Have you ever left a metal spoon in a pot of soup being heated on a stove? 
After a short time, the handle of the spoon becomes hot. This is due to the conduction of heat 
energy from molecule to molecule within the spoon. Conduction is a very effective method of 
heat transfer in metals. However, conduction of heat through air is poor.   
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Convection  is the transfer of heat 
by the mixing of a fluid. An 
example of convection is the 
heating of water in a pot. As the 
water heats, water at the bottom 
becomes hot and rises. As the hot 
water rises, its space is replaced 
by cooler water from above. Both 
liquids and gases are considered 
fluids. Thus, the atmosphere 
behaves like a fluid. The mixing of 
heat in a fluid is associated with 
buoyancy, which in turn is related 
to density. Hot air rises because it 
is less dense than surrounding air.  
Cold air sinks because it is denser.  
As the Sun heats the Earthôs 
surface, the air molecules near the 
surface gain heat by conduction. This hot air then rises from the surface through convection.  
 
The type of radiation most important in studying the atmosphere is electromagnetic radiation.  
Electromagnetic waves travel from the Sun to the Earth through a vacuum and gives energy and life 
to everything on our planet. From this perspective, the best definition for radiation  is the transfer of 
heat without a transfer medium.   
 
Figure 2-2 illustrates these 
three methods of heat 
transfer on our planet. 

Electromagnetic radiation 
from the Sun travels to 
Earth through the 
atmosphere to heat the 
ground. As the ground 
warms, the gas molecules 
touching the ground warm 
and start to rise. The rising 
hot air mixes this heat 
throughout the 
atmosphere. 
 
The details associated with 
electromagnetic radiation 
are extremely important in 
warming the Earth, and are 
the primary topic of the 
next section. 
 
 
 
 
 

Figure 2-1: A pot of boiling water illustrates the transfer of heat 
by convection; the transfer of heat by the mixing of a fluid. 

Figure 2-2: Diagram illustrating the three methods of heat transfer on Earth. 
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2.1.3 - Characteristics of Electromagnetic Radiation  
 

Before examining electromagnetic radiation in detail, a general review of waves is useful.  
Waves have two important characteristics called wavelength and frequency, as is illustrated on 
the left side of Figure 2-3. 

Electromagnet waves have crests and troughs like ocean waves. The distance between the 
crests is called wavelength. The number of crests that pass a given point within one second is 
described as the frequency of the wave. Moving along the spectrum from short to long 
wavelengths, energy decreases as the wavelength increases. Consider a jump rope with its 
ends being pulled up and down. More energy is needed to make the rope have more waves as 
illustrated on the right side of Figure 2-3. 
 
Wavelength is associated with the type of radiation. Types of radiation are gamma ray, X-ray, 
ultraviolet, visible, infrared, microwave, and radio. Figure 2-4 illustrates the types of radiation 
and their relative wavelength. The types of radiation (such as radio waves, infrared, visible light, 
etc.) are also referred to as bands. Shorter wavelengths (gamma rays at 10-23m) transfer higher 
energy than longer wavelengths (radio waves at 10 to 100m). 

 
Figure 2-4: The types of radiation and their associated wavelengths.  Shorter wavelengths have higher energy 

and vice versa. 

Figure 2-3: (left side) The frequency and wavelength characteristics of waves. (right side) Energy contained in a 
wave decreases as the wavelength increases. 
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As mentioned previously, electromagnetic waves have both electrical and magnetic properties.  
Electromagnetic waves are formed when an electric field (which is shown in red arrows) couples 
with a magnetic field (which is shown in blue arrows). Magnetic and electric fields of an 
electromagnetic wave are perpendicular to each other and to the direction of the wave. 
 

 
 

 
 
 
 

This NASA video on YouTube provides a 5 minute overview of electromagnetic 
radiation with examples of its uses. 
 

 
By understanding the fundamentals of electromagnetic radiation, this knowledge is used to 
examine the energy transferred from the Sun to the Earth. The Sun transfers energy in the 
ultraviolet (6.7%), visible (46.8%) and the near infrared (46.5%) bands. The Earth absorbs this 
energy and radiates energy (heat) in the far infrared band. Figure 2-6 describes the incoming 
wavelengths from the Sun and outgoing wavelengths from the Earth. This figure also depicts the 
entire electromagnetic spectrum wavelengths and bands. 
 

 
Electromagnetic radiation travels at the speed of light (186,000 miles/sec) in space. With the 
Earth being 92,900,000 miles from the Sun, energy from the Sun takes 8 minutes and 20 
seconds to arrive at the Earth. 

Figure 2-5: Electromagnetic 
waves have both electrical and 
magnetic properties which are 
oriented perpendicular to each 

other. 

Figure 2-6: Incoming wavelengths from the Sun and outgoing wavelengths (as heat) from the Earth. 

https://www.youtube.com/watch?v=lwfJPc-rSXw
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2.1.4 - Laws of Radiation  
 
A blackbody  is a theoretical object which absorbs all radiation falling upon it. Likewise, 
blackbodies can also emit a maximum amount of radiation. Both emission and absorption can 
be applied using the blackbody concept. The emissions from a blackbody are directly related to 
its temperature. The concept of a blackbody is useful because the Sun and Earth are close to 
blackbodies, and follow the laws of radiation. 
 
Scientific laws are generally expressed as mathematical equations. The equation reflects the 
conditions that occur without exception. Assuming an object has blackbody properties simplifies 
these equations, which in turn makes understanding them easier.   
 
The single variable which determines how much energy a blackbody emits is temperature.  The 
Stefan-Boltzmann Law is expressed as  
 

I = ůT4 
 
The intensity of radiation (I) equals a constant (ů) times temperature (T) to the fourth power.  
The constant (ů) is 5.67 x 10-8 watts/m2K4. The temperature is given in degrees Kelvin.  
Basically, this equation indicates that the higher the temperature the more energy (in watts) an 
object emits.   
 
Putting some numbers into the Stefan-Boltzmann Law, the average temperature of the Earth is 
289oK (16oC or 61oF). Therefore, the Earth emits about 395 watts/m2. The Sun has a much 
higher average temperature of 5800oK. This temperature gives an emission value of about 64 
million watts/m2. 
 
Weinôs Law is another useful law of radiation and states that the wavelength of an objectôs peak 
emission is inversely related to its temperature. The equation expressing this relationship is  
 

ɚmax = c / T 

 
The wavelength of energy emitted with the greatest intensity is ɚmax. The other side of the 
equation has a constant (c = 0.0029 for wavelengths measured in meters) and temperature (T), 
which is in Kelvin. Weinôs (pronounced ñweensò) Law physically states that hotter objects emit 
shorter wavelengths. Placing numbers into this equation gives the wavelength of peak emission 
of the Sun at 0.5 µm and the Earth at 10 µm. 
 
These laws of radiation are applied in extracting information from weather satellite imagery.  
The satellite measures the intensity of radiation emitted from a cloud top. This intensity can be 
translated to temperature through the Stefan-Boltzmann Law. All infrared satellite imagery, like 
Figure 1-20, uses this law to extract and display detailed temperature information. 
 
Applying the blackbody concept and these laws of radiation to the Sun-Earth interactions 
produces this graph in Figure 2-7 Notice the energy output scale is different for the Sun (left 
side) and Earth (right side). Both emission curves assume blackbody properties. These energy 
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scales are as expected from the 
Stefan-Boltzmann Law. The Sun puts 
out a lot of energy. The shorter 
wavelengths associated with the Sun, 
and the longer wavelengths from the 
Earth follow Weinôs Law. As a cooler 
object, the Earth emits longer 
wavelengths. 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

2.1.5 - How Radiation Interacts with the Earth  
 
Previous sections described how electromagnetic radiation behaves and what is emitted by both 
the Sun and the Earth. A missing piece of information is how the Earth interacts with the 
radiation received from the Sun. Additionally, we need to know how the atmosphere interacts 
with incoming radiation from the Sun, and outgoing radiation from the Earth. The graphs in 
Figure 2-8 are an expansion of a previous diagram and provides some of these details. 
 

 

Figure 2-7: Graph of blackbody radiation for the Sun (T=6000 K) 
and Earth (T=303 K). 

Figure 2-8: Top portion is the radiation received from the Sun (yellow) and emitted by the Earth (blue).  The gray 
portion of the lower graph is the percentage of radiation absorbed by the atmosphere. 
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To simply the terminology describing this physical process, all wavelengths less than 4 µm are 
referred to as shortwave  radiation . Longwave radiation  are wavelengths greater than 4 µm.  
Hence, all incoming radiation from the Sun is shortwave radiation. All outgoing radiation from 
the Earth is longwave radiation when using this terminology. 
 
The gray portion of the bottom graph is what the atmosphere absorbs from the incoming and 
outgoing radiation. Thankfully, the incoming radiation from the Sun is not absorbed by the 
atmosphere, and largely passes through to the surface where people live. This situation is good 
in that the energy from the Sun is needed to sustain life on our planet. Notice on the outgoing 
side, the atmosphere behaves very differently and absorbs much of the energy being emitted by 
the Earth. The area centered around 10 µm has minimal absorption by the atmosphere, and is 
called a window. Radiation with wavelengths around 10 µm can pass through this window to 
space and leave the Earth. This absorption aspect of the atmosphere is good! If the Earth were 
to lose all its heat to space, our planet would be in perpetual winter.  
 
What causes this absorption of radiation in the atmosphere? The short answer is the gas 
molecules composing the atmosphere. The atmosphere is mostly transparent to shortwave 
radiation from the 
Sun, and opaque 
to longwave 
radiation from the 
Earth. Most of the 
absorption of 
outgoing radiation 
is due to the 
variable or 
greenhouse gases 
(GHGs).  Water 
vapor is the most 
abundant GHG 
and carbon 
dioxide is a distant 
second. The other 
greenhouse gases 
of ozone and 
methane also 
contribute to this 
absorption. Figure 
2-9 illustrates the 
absorption by 
these atmospheric 
gases. Notice the 
absence of 
absorption by 
permanent gases, 
since the total 
absorption is 
essentially the 
sum of the GHG 
absorptions.  
 

Figure 2-9: Top graph is the radiation received from the Sun (red) and emitted by the 
Earth (blue).  Bottom portion is the total absorption by the atmosphere followed by 

the individual absorption of each greenhouse gas (GHG). 
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The last categories in Figure 2-9 are nitrous oxide and Rayleigh scattering. Nitrous oxide is a 
by-product of combustion, and is frequently observed as a brownish pollution layer over 
metropolitan areas. Rayleigh scattering is not a gas, but rather how light interacts with gas 
molecules. More details on Rayleigh scattering are given later in this chapter (Section 2.3.2). 
 
While the bulk of the Sunôs electromagnetic radiation is in the visible and infrared bands, the 
Sun can transmit radiation across the entire electromagnetic spectrum. How does the 
atmosphere interact with wavelengths other than short and longwave radiation? Figure 2-10 
answers this question. In Figure 2-10 the purple and red lines extending from the top of the 
atmosphere to the Earth indicate that the atmosphere is transparent to that band of radiation. If 
the purple or red lines stop within the atmosphere, absorption is occurring. Gamma, X-ray and a 
portion of the ultraviolet spectrum are absorbed in the mesosphere and stratosphere. The far 
infrared (longer) wavelengths and longer radio waves are also absorbed by the atmosphere.  
This figure further illustrates the protective shell the atmosphere provides us, since the higher 
energy portions of the electromagnetic spectrum (purple) are detrimental to life. 

Figure 2-10: Absorption by the atmosphere across the entire electromagnetic spectrum.  When the red or purple 
lines reach the surface, little absorption is occurring. Lines ending in the atmosphere are absorbed. The 

temperature layers of the atmosphere are given on the left side. 
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2.2 - Causes of Earthôs Seasons  
 
During the year, seasons are observed with winter being colder and summer being hotter. What 
causes these seasons? The Earthôs orbit around the Sun and the tilt of the Earthôs axis are 
looked at to answer this question. The answer is the tilt of the Earthôs axis causes the seasons. 
Seasonal solar radiation conditions across the globe are then examined to determine why winter 
is colder and summer is hotter. These details allow a person to further hypothesize why weather 
occurs on our planet. 
 

2.2.1 - Earthôs Orbit Around the Sun  
 
The Earth orbits the Sun on a flat plane called the ecliptic (or orbital) plane. The average 
distance from the Sun to the Earth is 150 million km.  Since this orbit is elliptical, the nearest 
point from the Earth to the Sun is 147 million km and is called perihelion. The farthest point from 
the Sun is 152 million km and is called aphelion. Since the closest distance to the Sun occurs in 
our winter, these variations in distance to the Sun are not  the cause of the seasons. 

 

2.2.2 - Earthôs Rotation and Axis Tilt  
 
The Earth has a spinning motion called rotation . A complete rotation occurs about every 24 
hours. This rotation is not perpendicular to the ecliptic plane of the Earthôs orbit around the Sun.  
Rather the axis is tilted at 23.4o. This axis tilt is also called obliquity . The tilt does not change 
as the Earth orbits the Sun. Thus, a hemisphere (Northern or Southern) is tilted towards the Sun 
for half a year and away from the Sun the other half of the year. This tilt is what causes the 
seasons!  Figure 2-12 illustrates the Earthôs rotation and axis tilt. 
 

Figure 2-11: Elliptical orbit of the Earth around the Sun.  The Earth is closest to the Sun on January 2 and furthest 
from the Sun on July 2. 
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Additionally, the spherical shape of the Earth causes beam spreading at higher latitudes.   
Beam spreading  is an increase in the surface area over which radiation is distributed. At higher 
latitudes, the Sun has a lower angle in the sky, and sunlight is spread out over a larger area.  
This sunlight also passes through more atmosphere before reaching the Earth. These 
characteristics cause the poles to be cold and the equator hot. Additionally, beam spreading can 
occur at any location on the Earth whenever the sun angle is low like sunrise or sunset. 

 
 
 

 
 
 

 

2.2.3 - Earthôs Orientation for Solstices and Equinoxes  
 
Summer in the Northern Hemisphere is when the Earthôs axis is tilted towards the Sun and it 
receives more sunlight. The name given this position is the summer solstice and it occurs 

Figure 2-12: 
Earth's rotation 
and axis tilt. This 

tilt does not 
change as the 
Earth rotates 

around the Sun. 

Figure 2-13: Red lines on 
the Earth indicate the 
spreading of sunlight 

over the surface, which is 
called beam spreading.  
Beam spreading at the 

pole is much more 
pronounced than at the 

equator. 
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around June 21. Likewise, this time of year is winter in the Southern Hemisphere because it 
receives less sunlight. Figure 2-14 illustrates the summer solstice in the Northern Hemisphere. 
During the summer solstice, days are longer and the angle of the Sun is higher in the sky. The 
North Pole experiences 24 
hours of daylight. The 
Southern Hemisphere has the 
reverse of these conditions 
with the South Pole 
experiencing perpetual night. 
Labels have been placed at 
important latitudes to highlight 
these daylight conditions. The 
Arctic Circle is at 66.6oN and 
the Antarctic Circle is at 
66.6oS. From the Circles to 
the pole, this region 
experiences either 24 hours of 
day or night depending on 
which solstice is occurring. 
 
The Tropic of Cancer at 23.4oN is where the Sun is perpendicular to the Earth (directly 
overhead) during the summer solstice. Therefore, the Tropic of Cancer is getting the most 
intense sunlight during the summer solstice. Beam spreading and absorption of incoming solar 
radiation by the atmosphere is minimal.   
 
Figure 2-15 illustrates the 
winter solstice for the Northern 
Hemisphere. This solstice 
occurs around December 21. 
The Southern Hemisphere 
receives substantially more 
sunlight. The Sun is overhead 
at the Tropic of Capricorn 
(23.4oS) which is getting the 
most intense solar radiation.  
Days are shorter in the 
Northern Hemisphere and the 
incoming shortwave radiation 
is less intense because the 
Sun angle is lower. 
 
The spring and fall equinoxes 
are when the Sun is directly 
overhead at the equator.  
Every location on Earth gets 12 
hours of day and night. These 
equinoxes occur around March 
22 and September 22. 
 
 
 

Figure 2-14: Summer solstice in the Northern Hemisphere. 

Figure 2-15: Winter solstice in the Northern Hemisphere. 

 
Figure 2-16: Fall 

and spring 
equinoxes for 

both hemispheres. 
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The angle at which the Sunôs rays strike the Earth is important and has specific terminology 
associated with describing it. The solar noon  is when the Sun is highest in the sky or the sun 
angle is highest. Solar noon is not necessarily at noon (12:00 pm). Solar noon is when a person 
can get sunburned the fastest.   
 
The solar declination  is the latitude the Sun is directly overhead at noon. The solar declination 
varies between -23.4oS and 23.4oN. For the summer solstice, the solar declination is the Tropic 
of Cancer. For the equinoxes, the solar declination is the equator. 
 
The angle of the Sun above the horizon varies throughout the day. In the early morning and late 
evening, the Sun angle is at the horizon or near zero. The highest sun angle during the day is at 
solar noon. The sun angle at solar noon for any location can be found by (1) subtracting the 
location latitude from 90o and (2) adding the current solar declination latitude. For example, the 
sun angle at solar noon during the summer solstice at Denver, Colorado is (90o ï 39.7o) + 23.5o 
= 73.8o. 
 
A solar calculator with information on the Sun for any location on the 
Earth for any day can be found at 
https://www.esrl.noaa.gov/gmd/grad/solcalc/index.html. 
 

2.2.4 - What Causes Weather?  
 
The changing orientation of the Earth with respect to Sun (because of the axis tilt) affects the 
incoming solar radiation received in three ways: 
 

1. The length of day (sunshine) at a location. Summer days are longer than winter days. 
 

2. The angle at which the Sun strikes the Earth. The summer Sun has higher sun angles 
than winter. 

 
3. The amount of atmosphere sunlight must penetrate to reach the Earth changes with the 

seasons. Lower sun angles cause the radiation to pass through more atmosphere before 
reaching the surface. 

 
These effects cause the poles 
to have a ñdeficitò of incoming 
shortwave radiation and the 
tropics to have a ñsurplusò of 
radiation. In other words, the 
poles are cold and the tropics 
are hot. The atmosphere tries 
to equalize these 
temperatures differences 
across the Earth with 
weather. Warm air from the 
tropics is transported north 
and cold air from the poles is 
transported south. Figure 2-
17 from NASA illustrates the 
radiation imbalance between 
the poles and tropics. 

Figure 2-17: Net solar radiation received over the Earth. Notice the highest 
amounts at the equator with the poles being much lower. 

https://www.esrl.noaa.gov/gmd/grad/solcalc/index.html
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2.3 - Atmospheric Influences on Insolation  
 
Another word for incoming solar radiation is insolation . Since shortwave radiation comes from 
the Sun, insolation can also be thought of as incoming shortwave radiation. Section 2.1 
examined details of electromagnetic radiation as it exits through the atmosphere. The variable 
gases were important in these analyses since they absorb heat. However, a definition of 
ñabsorbò has never been given. This section corrects that omission, along with examining the 
reflection and scattering characteristics of the atmosphere. Additionally, this section completes 
the knowledge needed to understand how the atmosphere interacts with shortwave and 
longwave radiation. 
 

2.3.1 - Absorption and Reflection  
 
Absorption is when the atmosphere intercepts radiation, gains energy, and warms. The gas 
molecules in air are not all equal in absorbing every wavelength. As covered previously, most of 
the insolation reaching the Earthôs surface passes through the atmosphere. However, the 
atmosphere does absorb some incoming radiation as is shown in Figure 2-18.   

 
In Figure 2-18 the yellow area is insolation at the top of the atmosphere. The red area is what is 
received at the surface. Water vapor (H2O) has the largest absorption of insolation in the near 

Figure 2-18: The solar radiation spectrum received at the top of the atmosphere (yellow) and at the surface after 
traveling through the atmosphere (red). 



43 
 

infrared band (greater than 780 nm). You may notice that the Sun does not feel as hot on humid 
days, because water vapor is absorbing some of the Sunôs infrared energy. Additionally, carbon 
dioxide absorbs a little in the near infrared wavelengths and of course ozone (far left) absorbs 
ultraviolet. 
 
Reflection occurs when radiation strikes an object and is redirected away from it. The best 
analogy of reflection is a mirror. All objects reflect some light which enables us to see them.  
Clouds are both an absorber and a reflector as illustrated in Figure 2-19.   
 

 
Albedo  is the percent of insolation reflected by an object. Fresh snow has the highest albedo at 
75 to 90%. Asphalt has one of the lowest at 5 to 10%. The following table contains the various 
albedos of objects. Notice that Earthôs average albedo is 30%. Hence, 30% of incoming 
shortwave radiation is reflected by the Earth. 
 

Surface  Albedo  

asphalt road 5 ï 10% 

Cities 14 ï 18% 

Forest 14 ï 20% 

crops and grassland 10 - 25% 

lakes and ocean 
10 ï 60% 

varies with Sun angle 

fresh snow 75 ï 90% 

Earth as an average 30% 

 
 

2.3.2 ï Scattering  
 
Scattering  is the dispersion of radiation in multiple directions when it strikes an object. Figure 2-

10 illustrates the scattering of light in the atmosphere. 

Figure 2-19: A cloud photo illustrating the reflection of incoming insolation and the absorption of outgoing heat. 
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The characteristics of this scattering are 

determined by the size of the suspended 

atmospheric particles. Three general categories of 

scattering are: 

 

1. Rayleigh (pronounced ñray-leeò) 

scattering happens with the smallest 

size particles like molecules. 

2. Mie (pronounced ñmeò) scattering 

occurs with medium size particles like 

dust. 

3. Nonselective scattering happens with 

the largest size particles like water droplets. 

 

Rayleigh scattering occurs when the object is smaller than about 1/10 the wavelength of the 

incoming shortwave radiation. The gas molecules in air fit this category. Rayleigh scattering 

affects shorter wavelengths more than longer wavelengths, and is more effective with visible 

light. Shorter wavelengths are the blue and violet colors, although our eyes see blue much 

better than violet. The wavelengths of light are illustrated in Figure 2-21. 

 

 

Light from the Sun consists of all wavelengths. As this light interacts with the atmosphere, blue 

light is scattered more than the other colors. This scattering is 

why the sky is blue. The question now is why are sunsets and 

sunrises sometimes red? The answer to this question is that 

the light is passing through more atmosphere with a low sun 

angle at sunrise and sunset. The more atmosphere affecting 

the scattering of the light, the more the shorter wavelengths are 

scattered. Eventually only the predominate red and orange 

colors are left in the light.    

 

Mie scattering occurs when atmospheric particle diameters are 

larger than the wavelength of the radiation. Most atmospheric 

particles of this size fall in the aerosol (dust) category. Mie 

scattering disperses light predominately forward, rather than 

omnidirectional like Rayleigh scattering. Figure 2-22 illustrates 

Mie scattering of sunlight. 

 

Figure 2-20: Illustration of the scattering of 
light in the atmosphere. 

Figure 2-21: The entire visible light spectrum and the wavelengths (in nanometers) associated with each color.  
Rayleigh scattering affects the shorter wavelengths more than the longer ones. 

Figure 2-22: Mie scattering 
disperses light in a forward 

direction. 
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Mie scatters do not favor any wavelength and tend to amplify the existing light. When Mie 

scattering is occurring a whitish or grayish color is present. Many times, Mie scattering can be 

observed when looking towards the Sun in the morning and noticing a haze is present. Turn 

around so the Sun is at your back and the haze disappears. Landscape photographers are 

aware of this visual aspect and prefer the Sun behind them for a clearer picture. 

 

Nonselective scattering occurs with all particles larger than aerosols, like cloud droplets. Non-

selective scatters reflect all wavelengths equally, and clouds are the most important particle in 

this category. The reflection of incoming shortwave radiation due to clouds is due to 

nonselective scatters (Figure 2-23). The scatters tend to be white or gray in color.  

 

An interesting aspect of nonselective scattering is when clouds occur during the night. Do you 

remember Figure 2-8 from section 2.1.5? (See the left side of Figure 2-24) During the night, 

outgoing longwave radiation (heat) primarily escapes to space through the 10 µm window. 

Figure 2-23: Clouds are an example of nonselective scattering.  

Figure 2-24: The graphs (a portion of Figure 2-8) on the left are the longwave energy absorbed by the 
atmosphere (bottom) and the energy emitted to space (top). The diagram on the right depicts clouds closing this 

atmospheric window. 
 



46 
 

 

 
As clouds come overhead, their nonselective scattering property closes this 10 µm window.  

Outgoing longwave radiation is greatly reduced, which in turn increases the temperatures during 

the night. The right side of Figure 2-24 illustrates the change in nighttime temperatures 

associated with cloud cover. A simple way to remember this concept is ñclouds act like a blanket 

at nightò. 

 

2.4 - Earthôs Energy Balance ( Shortwave and Longwave Radiation)  
 
For the Earth to remain at a constant temperature the incoming radiation must equal outgoing 
radiation. If incoming exceeds outgoing, the Earth will warm. If outgoing exceeds incoming, the 
Earth will cool. This section exams Earthôs energy balance from the perspective of keeping the 
Earth at constant temperature in that incoming equals outgoing (See figure 2-25). 

 
 
This NASA video introduces the concept of Earthôs energy balance. 
 
 

2.4.1 - Incoming Radiation  
 
For simplicity, the amount of radiation entering the atmosphere is designated as 100 units. If 
100 units are incoming, then 100 units should be outgoing to maintain a constant temperature.  
An incoming shortwave energy analysis reveals: 
 

¶ 19 units are absorbed by the atmosphere 

¶ 4 units are absorbed by clouds 

¶ 23 units are reflected by clouds 

¶ 7 units are reflected by the Earthôs surface 

¶ 47 units are absorbed by the Earthôs surface 

Figure 2-25: Incoming solar radiation balances outgoing heat for the Earth to remain at a constant temperature. 

https://www.youtube.com/watch?v=82jE-yvB8xU
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Adding these numbers gives us 100 units. The Earthôs 
albedo is 30%, so the analysis should have 30 units 
reflected. From the above numbers, adding 23 (reflected 
by clouds) and 7 (reflected by surface) gives an albedo of 
30. Yay! These numbers are all consistent with our 
previous knowledge. Figure 2-26 summarizes these 
numbers. Satellites are the largest source of data 
associated with tracking Earthôs energy balance. 
 
 
 
Here is another video from NASA 
on energy balance with more 
details. 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.4.2 - Outgoing Radiation  
 
Outgoing longwave radiation is more complicated than incoming. However, to keep the Earth at 
a constant temperature, 100 unit should be emitted to space from the Earth. An analysis of 
outgoing energy going directly to space has: 
 

¶ 49 units emitted by the atmosphere 

¶ 9 units emitted by clouds 

¶ 12 units emitted by the surface going directly to space 
 

Adding these units together (49 + 9 +12) equals 70. This analysis at first glance seems to be 
short 30 units. Looking back at the incoming shows that 30 units were reflected into space 
before entering the atmosphere. Therefore, the requirement to have 100 units going to space is 
satisfied (70 + 30 incoming reflected = 100). 
 
Now looking at the lower right portion of the outgoing energy diagram (Figure 2-27) indicates 
some large numbers of 98, 116 and 104. If we started with 100, where do these large numbers 
come from? The answer to this question is the atmosphere is storing heat. These numbers 
indicate the amount of heat residing in the atmosphere prior to receiving the 100 units of 
insolation. However, these numbers should still balance, so the Earthôs temperature does not 
change. In other words, the 47 units originally absorbed by the surface should be emitted by the 
surface. Looking at the units emitted by the surface, 116 is emitted by the surface. Twelve (12) 

Figure 2-26: An analysis of energy 
coming from the sun into the 

atmosphere and to Earth. 

https://www.youtube.com/watch?v=zE3x2wjslt0
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units go directly to space, leaving 104 in the atmosphere. Of this 104 in the atmosphere, 98 
goes back to the surface from the atmosphere. This process leaves 6 units residing in the 
atmosphere (104 ï 98 = 6). The diagram has 24 units of latent heat and 5 units of sensible heat.  
More details on latent and sensible heat are in the next section. For now, these two types of 
heat are processes occurring at the surface to release heat other than emitting longwave 
radiation (116 units). Summarizing the energy emitted by the surface: 
 

¶ 24 units latent heat 

¶ 5 units sensible heat 

¶ 6 units emitted by the surface remain in the atmosphere (104 ï 98) 

¶ 11 units go directly to space from the surface 
 

Adding these numbers gives 47 units, which is exactly what was originally absorbed by the 

surface. These numbers are all balanced! Our accounting is good and the Earth has a balance 

of incoming and outgoing energy. Figure 2-27 summarizes all these numbers associated with 

Earthôs energy balance.  

 

Figure 2-27: A summary of Earth's energy balance. Blue arrows are incoming shortwave energy from the sun.  
Red arrows are energy emitted and absorbed by the atmosphere. The yellow arrows are energy (heat) emitted 

by the Earth. 
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The storage of heat in the atmosphere is called the greenhouse effect, and is a result of 

greenhouse gases. More on the greenhouse effect upcoming in section 2.4.4.   

 

2.4.3 - Sensible and Latent Heat 
 
Sensible heat  is the transfer of heat from one substance to another that results in a change in 
temperature. For the Earth and the atmosphere, the substances are land, water and air. If you 
go outside on a hot day, the increase in the temperature you feel is your body gaining sensible 
heat. Sensible heat transfers by conduction.   
 
Associated with this heat transfer is another term called specific heat. Specific heat  is the 
amount of energy required to produce a temperature change. Different substances have 
different specific heats. For example, Figure 2-28 illustrates the differences between the specific 
heat of water and soil.  
 
Water has a higher specific heat than 
soil; more energy is required to raise 
its temperature. This difference in 
specific heat between water and soil 
is important! If the Sun is shining 
equally on an ocean (water) and 
nearby land (soil), the land will heat 
up faster and to a higher temperature 
than the ocean. The higher specific 
heat causes water bodies to generally 
cool slower than land during the night 
too. 
 
Latent heat is the energy required to 
change the phase (gas, liquid or solid) 
of a substance. Water is the 
substance of most interest in the 
atmosphere. One gram of water 
requires 1 calorie to raise its 
temperature 1oC. For 1 gram of water 
to go from 0oC to 100oC requires 100 
calories. The phase change for 1 gram of 
water to freeze (or melt) requires 80 
calories. The phase change for 1 gram of 
water to evaporate (or condense) requires 
a whopping 540 calories. 
 
 
 
 
 
 

Figure 2-28: Illustration of the differences between the specific 
heat of water and soil.  The same amount of energy (4190 
joules) raises the temperature of water 1oC, whereas soil is 

raised 5.2oC. 

Figure 2-29: The latent heat of water 
as it changes phase (ice, liquid, and 

gas). 
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Additionally, water can skip the intermediate step of being a liquid and go straight from a solid to 
a gas (water vapor), which is called sublimation. The reverse of going from water vapor to ice is 
deposition. The latent heat associated with these changes is either taken from the atmosphere 
or released to the atmosphere. For rain to occur, water vapor must condense. The latent heat 
associated with condensation releases a lot of heat into the atmosphere. Most people do not 
think of rain as heating the atmosphere, but from a thermodynamic perspective this is occurring.  
The latent heat of condensation will be referenced repeatedly in this textbook, because it 
dramatically affects atmospheric stability. 
 
 

2.4.4 ï Greenhouse Effect  
 
The name "greenhouse effect" was dubbed in the early 1800s when it was thought that 
greenhouses stayed warmer because the panes of glass allowed solar radiation to enter, but 
prevented radiation emitted from plants and other objects inside the greenhouse from escaping. 
Actually, the reason why greenhouses stay warmer inside has to do with the fact that the air 
inside cannot mix with cooler air outside. The warm air in a greenhouse essentially gets trapped 
inside the panes of glass. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
The atmospheric ñgreenhouse effectò is all about the absorption and emission of radiation by 
atmospheric gases. The physical processes in a greenhouse are much different than the 
atmospheric ñgreenhouse effectò. The variable gases associated with capturing heat are now 
referred to as greenhouse gases (GHGs), which indicates that the greenhouse terminology will 
be used for decades. 
 
 

  

Figure 2-30: Photo 
of a greenhouse 

depicting warm air 
being trapped 

inside. 
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Chapter 2 Review Questions  
 

1. What does the Stefan-Boltzmann Law quantify? 

2. In what form is most of the energy from the Sun transferred to the Earth? 

3. Once the Earthôs surface is heated by the Sun, how is this energy transferred to the 

atmosphere? 

4. Electromagnetic radiation is divided into types (like gamma rays and radio waves). What 

is the characteristic that defines these types of radiation? 

5. What type of radiation has the shortest wavelength?  Longest wavelength? 

6. What are the wavelengths of the visible light spectrum? 

7. How long does light take from the Sun to reach the Earth? 

8. Why is summer a warmer season than winter? 

9. What causes weather? 

10. At what time of day is beam spreading greatest? 

11. At what latitude is the Sun directly overhead on the summer solstice? During an 

equinox?  On the winter solstice? 

12. Why is the sky blue? 

13. What is albedo? 

14. What is the Earthôs albedo? 

15. What is the greenhouse effect? 

16. How much energy is required to change 1 gram of liquid water at 100oC into water 

vapor? 

17. Does condensation warm or cool the atmosphere? 

18. What gas is an efficient absorber of longwave radiation between about 5 and 7 microns? 

19. What is an atmospheric window? 

20. What wavelengths does carbon dioxide absorb? 

21. What is the most abundant and important greenhouse gas in the atmosphere? 
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Chapter 3 ς Pressure and Wind  
 

Overview 
 

This chapter examines space weather, which is associated with everything other than 
ultraviolet, visible and infrared radiation that the Sun sends to the Earth. Space weather is the 
concluding topic associated with the Sunôs energy. 
 
The remainder of this chapter discusses air pressure and wind. Wind is a result of differences in 
pressure. Obviously, wind is a fundamental concept associated with weather, which makes 
pressure a fundamental concept too. The forces associated with pressure are examined and 
how these forces combine to create the wind we all experience. 
 
Chapter objectives: 

1. Describe impacts associated with space weather. 
2. Explain how surface pressure is measured and compared at multiple locations. 
3. Understand how pressure gradients in the upper atmosphere are mapped. 
4. Explain the forces that affect wind speed and direction. 
5. Describe the vertical motions associated with cyclones and anticyclones. 

 
 

3.1 - Space Weather Essentials  
 

What is space weather? Space weather is activity on the Sun that sends pulses of subatomic 
particles and full spectrum electromagnetic radiation to Earth. These solar storms can impact 
everyday technology like Global Positioning Systems (GPS), satellites, and electric power grids.  
Space weather is a consequence of the behavior of the Sun, the nature of Earthôs magnetic field 
and atmosphere, and our location in the solar system. Outbursts from huge explosions on the 
Sunðsolar flares and corona mass ejections (CMEs)ðsend space weather storms hurtling 
outward through our solar system. The Sun also emits a continuous stream of radiation in the 
form of charged particles that make up the plasma of the solar wind. 
 
A dramatic example of the effects of space weather occurred in March 1989 when a solar storm 
knocked out power in Quebec for up to 36 hours. The Hydro-Quebec electrical utility went from 
full operating capacity to blackout status in 92 seconds. Six million people were plunged into 
cold and darkness. 
 
 

3.1.1 - Features of the Sun  
 

The Sun is a gas ball of hydrogen and helium. The Sun's enormous mass is held together by 
gravity, producing immense pressure and temperature at its core. The Sun has six regions: the 
core, the radiative zone, and the convective zone in the interior; the visible surface, called the 
photosphere; the chromosphere; and the outermost region, the corona.  Figure 3.1 illustrates 
these six regions. The Sun is not featureless, but has storms much like the Earth has weather. 
 



53 
 

 
Figure 3-1: Features of the Sun. 

 
At the core, the temperature is about 27 million degrees Fahrenheit (15 million degrees 
Celsius), which is sufficient to sustain thermonuclear fusion. This is a process in which smaller 
atoms combine to form larger atoms and in the process release staggering amounts of energy. 
Specifically, in the Sunôs core, hydrogen atoms fuse to make helium. The energy manufactured 
is 3.8 x 1023 kilowatts (kilojoules/sec). One second of the Sunôs energy could power the United 
States for 9 million years.  
 
The Sun is constantly releasing subatomic particles, predominately protons and electrons, into 
the solar system. These particles are called the solar wind . A solar storm can release larger 
quantities of high energy charged particles, which are accelerated close to the speed of light. 
These particles may arrive at the Earth between 30 minutes and several days after leaving the 
Sun. These particle events and similar electromagnetic radiation bursts are associated with 
sunspots, solar flares and corona mass ejections (CMEs). 
 

3.1.2 - Sunspots, Solar Flares and Corona Mass Ejections  
 

Sunspots  are visible spots on the surface of the Sun that are cooler than their surrounding area 
(4500oC versus 5800oC). These cooler areas appear as dark spots on the Sun . See Figure 3-2. 
As the Sun rotates, sunspots on its surface appear to move from left to right. The Sun takes 27 
days to make one complete rotation; whereas the Earth takes 24 hours to complete a rotation.  
Sunspots occur when strong magnetic fields emerge through the solar surface and allow the 
surrounding area to cool slightly. 
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Sunspot activity is not constant, but has a quasi-periodic variation of eleven years. An increase 
in sunspots corresponds to an increase in solar activity, such as solar flares and CMEs.  
Sunspots were recorded as early as 325 B.C. The sunspot cycle going back to the 1930s is 
shown in Figure 3-2 with a peak in 2024 and 2025. 

 

 
 
This NASA video describes how sunspots occur and are tracked along with the 
solar cycle. 
 
 
Solar flares are huge explosions on the Sun. A flare appears as a sudden, intense, brightening  
region on the Sun typically lasting several minutes to hours. An image of a solar flare is shown 
in Figure 3-3. Flares produce bursts of electromagnetic radiation in the optical and radio 
wavelengths. The primary source of their energy is the tearing and reconnection of strong 
magnetic fields. The electromagnetic emissions produced during flares travel at the speed of 
light, taking 8 minutes and 20 seconds to reach the Earth; thus, rapidly affecting the dayside 
portion of our planet. 
 
Corona Mass Ejections (CMEs) are explosive outbursts of plasma from the Sunôs outer 
atmosphere, the corona. The blast of a CME typically carries roughly a billion tons of material 
outward from the Sun at speeds as fast as hundreds of kilometers per second. A CME contains 
particle radiation (mostly protons and electrons) and powerful magnetic fields. An image of a 
CME is shown in Figure 3-3. In contrast to solar flares, CMEs are not particularly bright, may 
take hours to fully erupt from the Sun, and typically take 1-4 days to travel to Earth. The 
subatomic particles in a CME have mass, which is why they take days to reach the Earth. 
Figure 3-3 (right side) captures a relatively minor CME. With Earth at 7900 miles in diameter, 
this eruption is about 20 times the diameter of our planet.  
 

Figure 3-2: (left side) Cooler temperatures on the Sun are seen as darker areas called sunspots. (right side) 
Graph containing the number of sunspots occurring back to the 1930s.  Sunspots have a cyclic nature with a 

maximum occurring about every 11 years. 

https://youtu.be/rx9m6H6GeLs
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Figure 3-3: (left image) A solar flare as seen as a bright area on the sun.  (right image) A corona mass ejection 

(CME) leaving the Sun.  Notice the relative size of the Earth in this image. 

 
 
This short video from NASA discusses CMEs, solar flares and the Sunôs 
magnetic fields involved in these events. 
 

3.1.3 - Interactions with  Earthôs Magnetic Field  
 
Surrounding Earth is a giant magnetic field called the magnetosphere. Its shape is defined not 
only by the planet's north and south magnetic poles, but also by the solar wind from the Sun. 
The magnetosphere is buffeted by this wind and can change shape dramatically when a CME 
occurs. 
 
The solar wind interacts with Earthôs ionosphere. Most of the ionosphere resides in the lower 
portion of the thermosphere and upper 
portion of the mesosphere. The 
atmosphere frequently absorbs these 
particles without noticeable effects.  
During a CME the increased solar wind 
excites the gas molecules in the 
ionosphere and causes them to glow.  
This light is referred to as an aurora or 
aurora borealis in the Northern 
Hemisphere (Figure 3-4). The charged 
gas molecules tend to align themselves 
with Earthôs magnetic field, which gives a 
wavy appearance to an aurora. Auroras 
usually occur between 60 and 80 
degrees latitude, although in 1909 an 
aurora was seen in Singapore (1.3oN). 
 

Figure 3-4: A photo of an aurora.  Notice the wavy 
appearance as the charged molecules align themselves to 

the Earth's magnetic field. 

https://www.youtube.com/watch?v=P8jwTpG-26E
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A large CME can also strengthen the ionosphere by increasing the number of charged gas 
molecules (ions). During normal activity, radio waves can be bounced off the ionosphere to 
extend their transmission range. However, a strengthened ionosphere, as depicted in Figure 3-
5, will absorb or dampen radio signals and can cause transmissions to fail. 
 

 
Figure 3-5: A comparison of radio signals in a normal ionosphere (left) and an ionosphere strengthened with 

more charged molecules (right). 

 
Other problems associated with storms from the Sun are induced electrical current in long metal 
pipelines or electrical power transmission lines. Remember, electrical and magnetic fields are 
closely tied together. Changing the magnetic field surrounding a metal conductor changes the 
electrical properties of the conductor. All these impacts are associated with space weather. 
 
 

3.1.4 - Space Weather Effects  
 
Space weather can impact seven aspects of modern society: 
 
Electric Power 
Large currents in the ionosphere can induce currents in power lines. Surges from these induced 
currents can cause massive network failures and permanent damage to electric grid 
components. 
 
Navigation Systems 
Disturbances in the ionosphere can cause degradation in GPS range measurements and, in 
severe circumstances, loss of lock by the receiver on the GPS signal. 
 
Aviation 
Space weather storms can cause lost or degraded communications, radiation hazards to crew 
and passengers, unreliable navigational information, and problems with flight-critical electronic 
systems. 
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Human Space Exploration 
Energetic particles present a health hazard to astronauts on space missions as well as threats 
to electronic systems. During space missions, astronauts outside spacecraft are less protected 
and more exposed to space radiation. 
 
Satellite Operations 
Highly energetic ions penetrate electronic components, causing bit-flips in a chain of electronic 
signals that can result in improper commands within the spacecraft or incorrect data from an 
instrument. Less energetic particles contribute to a variety of spacecraft surface charging 
problems, especially during periods of high geomagnetic activity. 
 
Surveying 
Magnetic field changes associated with geomagnetic storms directly affect operations that use 
the Earthôs magnetic field for guidance, such as magnetic surveys, directional drilling, or the use 
of magnetic compasses. Ionospheric disturbances cause errors in location obtained from GPS 
signals. 
 
Communications 
Communications at all frequencies may be affected by space weather. High frequency (HF) 
radio communications are more routinely affected because this frequency band depends on 
reflection by the ionosphere to carry signals great distances. 
 
This video summarizes the impacts of space weather, and what NOAAôs 
National Weather Service is doing to protect us. 
 
 

3.2 - Concepts Associated with  Pressure  
 
In Chapter 1, the concept of air pressure was introduced. Air pressure is a critical aspect of 
weather, because differences in pressure cause the wind. Wind can lead to storms, dramatic 
temperature changes and much more. Obviously, we need to know much more about pressure 
to understand weather. This section and the next provide those details.  
 

3.2.1 - Measuring Pressure  
 
Air pressure is the weight of an air column that extends from the ground to the top of the 
atmosphere. This statement is from Chapter 1 and defines surface pressure. Surface pressure  
is the measure of air pressure at the surface.   
 
As elevation increases, the mass of atmosphere above a location on the surface decreases. Air 
pressure on a high mountain will always be less than in a valley. Pressure is a unique 
atmospheric parameter in that it always decreases vertically. Figure 3.6 illustrates this concept 
of air pressure decreasing with height. 
 
The pressure at P1 will be the weight of the air above the mountain. The pressure at P2 will be 
the pressure at P1 plus the weight of the air between P1 and P2. This aspect of pressure 
presents a problem, because we would like to compare the surface pressure at every location.  
Every location has a different elevation, so comparing surface pressures will not work. A new 
definition will fix this surface pressure conundrum. Sea-level pressure  is the surface pressure 
of a location as if that location were at sea-level. Taking the surface pressure and converting it 

https://www.youtube.com/watch?v=JncTCE2NWgc
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to sea-level allows a person to compare pressures at all locations without regard to elevation.  
These comparisons will increase our understanding of the air motion associated with changes in 
weather. 

 
When comparing surface pressure to sea-level pressure, surface pressure is almost always the 
lower of the two. Taking an average of sea-level pressures over the globe gives a value of 
1013.2 mb. This value is called standard sea-level pressure or 1 atmosphere (1 atm).   
 
The most common method to measure 
surface pressure is with an aneroid 
barometer (Figure 3-7).  An aneroid 
barometer consists of a sealed metal 
cylinder (box) that expands and contracts 
as the air pressure changes. This cylinder 
is connected to a needle and calibrated to 
a dial for taking readings. 
 

 

Figure 3-6: Photo depicting the pressure difference between a mountain and a valley.  The pressure at P2 will be 
the pressure at P1 plus the weight of the air between P1 and P2. 

Figure 3-7: Diagram of an aneroid barometer. 




































































































































































































































































































































































































































































































































































































































































































































































