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"A pilot needs to understand the ways of the sky to fly successfully and safely..." 
 
A GUIDE FOR: 
Balloonists, RC Modelers, Parachutists, Hang Glider, Paraglider and Sailplane Pilots 

• Learn the cause and behavior of the wind.  
• Gain knowledge of lift patterns and types.  
• Find out how to predict flying conditions. 
• See how thermals are formed and act in the air.  
• Investigate the action of circulation and general weather.  
• Unlock the mysteries of seabreezes and other local effects.  
• Explore the world of micrometeorology-small-scale effects.  
• Become an expert at judging thunderstorms. 
• Discover the secrets of turbulent air. 
• Many more details including: cloud streets, heat fronts, trigger temperature, cloud 

types, inversions, low level jets, convergence, waves, cloud heights, site reading, gust 
fronts, upslope breezes, etc. 
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If you read (parts of) this document 
more than once, please buy the book. 
Support Dennis Pagen so he can write 
more books for us. 
 
Books like this are hard to find. I 
imagine writing them is even harder. 
So, don’t spoil the fun for the author, 
buy the book!  
 
I bought the book, read it a lot, and it 
improved my understanding of weather 
and of flying.  
 
 
Happy landings ! 
 
 

☺ 
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PREFACE 
In the closing decades of the twentieth century a fortunate coincidence of timing and 
technology has allowed our species-designed for life on the surface of planet earth-to enter 
the atmosphere and cavort among the clouds. Flying for fun has come into its own as a 
reasonable and legitimate pastime. But inhabiting the realm of the sky requires a certain 
amount of understanding. The air is an ever-changing environment and we must know its 
ways and wiles in order to fly safely and become excellent pilots. 
This book is designed to present a clear picture of how the atmosphere works. Naturally some 
simplifications must be made, for the subject of weather is a complex one requiring many 
years of study to master. Consequently we have distilled the important lore and knowledge 
necessary for pilots who fly for fun. The best way to use this book is to read it through, 
experience flight then reread the pertinent portions to gain a deeper understanding. 
We have tailored the material to suit the needs of balloonists, RC modelers, paraglider, hang 
glider, sailplane and ultralight pilots alike. Hopefully each reader will discover new insights 
and ideas within these pages to enhance the enjoyment of flight. 
Besides embracing all air sports, the material herein is written with an international 
viewpoint, for many pilots today travel in pursuit of their aerial endeavors. We include the 
perspective of both the northern and southern hemispheres, where appropriate, and give some 
attention to regional and continental specifics. We also use both English and metric 
equivalents in the text as well as the charts and figures. 
While we begin the chapters on the air's properties and general weather, we would like to 
point out that the emphasis in this book is on smaller-scale conditions known as local effects 
or micrometeorology. The reason for this emphasis is that recreational flying normally takes 
place within a relatively small volume of airspace where local effects play a major role. Most 
weather books written for general aviation do not address the small-scale conditions in 
enough detail to satisfy recreational pilots. This book is intended to fill this void. 
The background material for the information in the following chapters comes from many 
sources. Certainly textbooks have been very useful, but most important is the experience of 
almost two decades of flying and the sharing of ideas with other pilots from all forms of 
aviation. It is my wish to pass on some of the knowledge I have gleaned from these 
experiences so that we can all better savor our time in the sky. 
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CHAPTER I 

The Air Around Us 
 
We grew up on a planet that is surrounded by a life-giving mixture of gases. We call this 
mixture air and we refer to the entire gas cloud around the earth as the atmosphere. 
Most of us take this air and atmosphere for granted as we pass it through our lungs to borrow 
some oxygen, or slip through it while on the move. For the most part, the air is just simply 
there. But give us a set of wings and a whole new world opens up. New challenges, new 
vistas and new experiences alter our viewpoints forever. We become pilots with the realm of 
the sky to explore. 
We quickly become aware of the constant changes that take place in the atmosphere and the 
need to understand what these changes mean. With understanding we become comfortable in 
our new environment. With understanding we leave our fears behind and free ourselves from 
the limitations of an earthbound existence. 
In this chapter we begin to study the nature of the sky so we can later predict its behavior as 
we enter its domain and cast our fate to the winds. 
 
THE BIG PICTURE 
The atmosphere is held to the earth by gravity. Although the total thickness of the atmosphere 
exceeds 500 miles (800 km), most of the air is packed near the earth's surface since air is 
compressible and gravity pulls each molecule downward. In fact, fully half of the 
atmosphere's total weight of over 5.6 quadrillion (5,600,000,000,000,000) tons is below 
18,000 feet (5,500 m)! 
The atmosphere can be divided into different levels like the layers of an onion according to 
certain characteristics. We are mainly interested in the lowest layer which is known as the 
troposphere (tropo means change). It is here where the changes take place that we identify as 
weather. It is here that we live and breath and fly. 
The troposphere extends from the surface to 5 or 6 miles (7 to 9 km) at the poles and 10 to 12 
miles (17 to 20 km) at the equator. The reason for this difference is centrifugal effects due to 
the earth's spin (see figure 1). The extent of the atmosphere is greatly exaggerated in the 
figure for clarity. To put matters in perspective, the entire atmosphere compared to the earth 
would only be about the same relative thickness as the peel of an orange while the 
troposphere's thickness would be equivalent to the skin of an apple. 
 
On top of the troposphere lies the stratosphere and the transition between the two is known as 
the tropopause. The way we differentiate these two lower layers is that the temperature drops 
steadily with height in the troposphere but it remains nearly constant as we climb into the 
stratosphere. Thus the stratosphere is stable and clear but the troposphere exhibits clouds and 
a wide variety of conditions. The troposphere is our sphere of interest in this book. 
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Figure 1 - The Lower Atmosphere 

 
THE STRUCTURE OF THE AIR 
We know that the air is a mixture of gases. Most of it is nitrogen (78.%) and oxygen (21%) 
with the remaining 1% being mainly argon with a little carbon dioxide and some pollutants 
thrown in. 
Water vapor is also a highly variable constituent of air. It can be from zero (dry air) to 4 or 5 
percent by weight (saturated air). As we shall see later, water vapor is an extremely important 
part of the weather process for without it there would be no clouds or rain. Almost all the 
water vapor in the atmosphere is concentrated in the troposphere for it enters the atmosphere 
through evaporation from ground sources and is carried aloft by vertical air currents which 
are limited to the troposphere. Ninety percent of all water vapor remains below 18,000 feet. 
The pollutants mentioned above, including smoke, dust, salt particles and industrial exhaust, 
are important for they serve as condensation nuclei which promotes cloud formation. Clouds 
are of great interest to us creatures of the sky for they help point out lift and generally give us 
clues to the atmospheric behavior as we shall see in chapter III. Clouds and pollutants in 
general can also present visibility problems which are pertinent to our flying. 
 
PROPERTIES OF THE AIR 
The air is fairly wispy stuff, but just how insubstantial it is depends entirely on its density. As 
we noted earlier, the air can be compressed so its density depends on its composition and how 
much compression takes place. It is this density that interests us most for it directly affects 
our flying. 
The three features that determines the air's density are its temperature, pressure and water 
vapor content. The two main factors that control these features are gravity and the sun's 
heating. Before we look at the importance of each of these items, let's review what we know 
about how a gas (air) works. 
The molecules in a gas are bouncing around like hyperactive kids on a chocolate diet. All this 
scurrying about causes them to knock into their neighbors and ricochet off in random fashion. 
If the molecules encounter a solid they leave some energy behind as they hit the solid. In fact, 
this exchange of energy is what we feel as heat. The more excited the molecules are in the 
gas, the faster they are moving and the more energy they impart to any solid they contact so 
the warmer the gas feels. What we know as temperature is simply the state of excitement of 
the gas molecules. 
It isn't too hard to imagine that if we add heat energy to a gas we raise the temperature by 
causing its molecules to move around more vigorously which in turn makes it want to 
expand, for each madly careening molecule is knocking its neighbors farther apart with each 
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contact. Also we can see that if we allow a portion of gas to expand the molecules will spread 
out so it becomes less dense and at the same time cooler since there are fewer molecules in a 
given volume to knock into one another or a nearby solid. Conversely, if we compress a gas it 
becomes denser and its temperature rises as the molecules become more jittery (see figure 2). 
These properties should be well understood for they are of great importance to soaring pilots. 
 

 
Figure 2 - The Properties of Air 

 
PRESSURE IN THE ATMOSPHERE 
We all do our daily chores under considerable pressure-from the atmosphere. In fact, at sea 
level we experience about 14.7 pounds per square inch (1.03 kg/cm2) on our bodies. That's 
almost 200 tons (!) on an average 
size adult. Of course, the air pushes on us equally from all directions, and we are basically 
water balloons with a rigid internal framework, so we don't notice atmospheric pressure 
unless it changes suddenly. 
We can think of pressure in the atmosphere as simply a measure of the weight of air above 
us. This weight is caused by gravity pulling down on the air's mass as mentioned previously. 
At sea level the air weighs 0.076 pounds per cubic foot (1.22 kg/m3) so a medium sized 
bedroom (20x10 ft floor plan) contains over 120 lbs. of air. When we consider how high the 
atmosphere extends, it is no wonder there is so much pressure here at the bottom of the ocean 
of air. 
It stands to reason that the lower our altitude, the higher the pressure since more air is 
pressing down above us. Likewise, the higher we go the lower the air's pressure. We can also 
see that higher pressure results in more dense air since the air's molecules will be compressed 
together by the greater weight they must support. 
We measure the air's pressure with a barometer which is simply a cavity with some of the air 
removed so a partial vacuum exists. As the outside pressure changes (the air's weight 
changes) the walls of the cavity move in or out in response. A suitable linkage turns a needle 
to register the correct pressure (see figure 3). Another type of barometer uses a tube filled 
with mercury suspended by a vacuum at the top of the tube. The mercury moves up and down 
the tube to register pressure changes. Weather reports for the public often report pressure in 
inches of mercury in the English speaking countries. On the other hand, the rest of the world 
and weather maps use millibars to report pressure (1 millibar equals 1000 dynes per square 
centimeter). 
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Figure 3 - Barometers 

 
The altimeters we use as pilots are nothing more than sensitive barometers. They sense the 
pressure drop as we go up and the pressure increase as we go down. Some altimeters used by 
sport pilots can detect the difference in pressure of as little as one foot of altitude change-
that's remarkably only .03 millibar or .001 inch of mercury at sea level. 
Here is a summary of some important points: 
 

When air is lifted it feels less pressure because there is less air pushing down 
above it, so it expands and cools and becomes less dense. Conversely, when air 
sinks it experiences more pressure, which compresses it, heats it and makes it 
more dense (see figure 4). 

 
 
 

 
Figure 4 - Expansion and Compression of Air 
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TEMPERATURE IN THE AIR 
We are not used to thinking that cooler air is less dense and warmer air is more dense as we 
indicated in the box above. However, it is the compression or expansion of the air that causes 
the temperature change. When the air changes temperature through compression or expansion 
alone-without the addition or subtraction of outside heat-it is known as an adiabatic process. 
This is the case in general when a thermal rises or convergence, ridge and frontal lift occur. 
In later chapters we will explore the cause and use of such lift. 
Near the earth's surface the air is heated indirectly by the sun. This is non-adiabatic process 
since the heat is from an outside source. Such solar heating is the main generator of motion in 
the atmosphere because air warmed from the outside expands and becomes less dense while 
air cooler by the surface becomes more dense. In general, air flows from the coo areas to the 
warm areas. 
The sun's radiation does not heat the air from above, but passes through the air to heat the 
ground which in turn heats the air from below 
We measure this heat with a thermometer which reads in either Celsius (C) or Fahrenheit (F). 
Water freezes at 0 °Celsius or 32 °Fahrenheit and it boils at 100 °Celsius or 212 °Fahrenheit. 
The conversion formula is: 9/5 °C +32 = °F. 
To avoid the direct effects of reflection from the ground and other objects, the standard 
temperature reading is taken from a thermometer located 1.25 to 2.0 meters (3 3/4 to 6 ft) 
above a short grass surface. The thermometer should be shielded with a well-ventilated white 
box and located in the shade. Only by these means can we acquire a true air temperature 
reading. 
 
SOLAR HEATING 
Most of the sun's radiation passes through the air to the ground. It heats the air directly only 
0.5 to 1 °F per day, depending on the amount of water vapor and pollutants present. Much of 
the sun's radiation is absorbed or reflected back into space by clouds. The amount of 
reflection naturally depends on the amount of cloud present. Only about 43% of the sun's 
insolation actually reaches the ground as shown in figure 5. 
 

 
Figure 5 - Solar Heating 

 
The fate of all this sunshine depends on what it meets at ground level. South facing slopes 
absorb more heat than level ground or northerly slopes. Concave shaped areas take on more 
heat than flat or convex areas. Trees and grass reflect light in the green wavelengths while 
sand reflects about 20% of the incoming radiation. Snow and ice reflect from 40% to 90% 
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while dark surfaces such as parking lots or plowed fields reflect only 10 to 15% of the 
incident radiation. Water reflects the sun's rays according to their angle of arrival-about 2% 
when the sun is straight up and over 35% when the sun is just above the horizon. 
All the radiation that is absorbed by the ground is spent in the process of making heat. Some 
of it directly heats the air next to the ground by conduction. Some of it heats the lower 
atmosphere through convection whereby currents or bubbles of warm air rise and spread 
outward. Some of it evaporates water which later gives back the heat to the atmosphere as the 
water vapor condenses to form clouds. 
The nature of the surface of the earth affects how the heat is absorbed or imparted to the air. 
For example, sand heats up in a shallow layer very readily while water allows the sun's rays 
to penetrate deeply so the surface temperature doesn't rise significantly. Generally, the hotter 
the earth's surface, the warmer the air will become above it. 
It should now be clear that different types of surfaces heat at greatly different rates given the 
same incoming radiation. We shall study such properties in detail in Chapter IX for they are 
extremely important to thermal generation. For now let us note that the daily dose of sunshine 
keeps our atmosphere warmed from below and this is the main source of energy for our 
weather and soaring conditions. 
 
COOLING CYCLES 
Just as the air is heated from below by the sun heating the ground, so too is the air cooled. 
When the sun drops from the sky, heat from the ground radiates off into space in the form of 
infrared radiation. This radiation passes readily through the dry air with little absorption. 
Consequently the ground cools steadily through the night and in turn cools the air above it. 
If a wind is blowing at night, the mixing of the air spreads the loss of the heat upward so it 
doesn't become as cold near the ground. If clouds or humidity are present they scatter the 
escaping radiation, sending some of it back down which slows the cooling process. This is 
the reason it takes a clear, still night to produce dew or frost. This is also the main reason that 
desert areas get so cold at night. The nighttime air and earth heat exchange is shown in figure 
6. 
 

 
Figure 6 - Heat Radiation 

 
DAILY CHANGES 
The daily or diurnal variation of solar heating is an important concept to pilots whether they 
are looking for soaring conditions or smooth air. To see how this works we need to note that 
the sun's heating effects begin as soon as it looks upon the surface in the morning and 
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increases to a maximum at noon (local sun time) when it is directly overhead, then 
diminishes to zero as the sun sets. 
As long as more radiation is incoming than outgoing, the surface will heat. Now the outgoing 
radiation varies directly with the temperature of the surface, so the sun's heating reaches a 
maximum before the outgoing radiation does and thus the maximum surface heating occurs 
around 3:00 pm as shown in figure 7. This is also the usual time of maximum thermal 
production. 
 

 
Figure 7 - Surface Heating Cycles 

 
SEASONAL CHANGES 
In figure 8 we see the seasonal differences in solar heating. The peak heating during the day 
is still at noon (local sun time) but it is much less during the winter solstice (when the sun is 
the furthest away) and at a maximum during the summer solstice (when the sun reaches its 
maximum height in the sky). The time of the equinox is when the sun is passing above the 
equator. Naturally this is when the heating is maximum at the equator. Note that during all 
these different heating cycles the maximum ground temperature and thermal production lags 
the maximum sunshine just as it does in figure 7. 
 

 
Figure 8 - Seasonal Heating 
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A very important matter to see from these graphs is the difference in heating on various 
slopes. For example at the time of the equinox the east-facing slope receives the same heat at 
8:00 AM as the horizontal surface at noon and the west-facing slope at 4:00 PM. 
The cause of the seasonal change in solar insolation is twofold: the tilt of the earth's axis of 
rotation with respect to the plane of its orbit around the sun and the elliptical shape of this 
orbit. These features are illustrated in figure 9. Here we see that when the earth is tilted away 
from the sun in the northern hemisphere, the sun shines less directly on this hemisphere and it 
shines for a shorter time each day. At the same time it is summer south of the equator and the 
sun's rays are more direct with longer days. 
At the other side of the orbit summer visits the north and winter assails the south. The 
interesting part of this discussion is that when the northern hemisphere is tilted away from the 
sun the earth is actually closest to the sun in its orbit as shown in the figure. When the north 
is tilted toward the sun the earth is furthest away in orbit. This results in making the winters 
milder and the summers less torrid. This arrangement wasn't always so as past ice ages 
testify. 
 

 
Figure 9 - Orbital Heating Changes 

 
The opposite situation occurs in the southern hemisphere: the sun is closest in the summer 
and furthest in the winter. This would create more severe weather for southern pilots except 
there is much more ocean compared to land mass in the southern hemisphere which tends to 
moderate the temperature. Furthermore, not many people live below the 38th parallel it the 
southern hemisphere so the most severe winter weather is avoided. 
These seasonal changes are important to pilots for the well-knows general conditions they 
bring: 
 

• Winter - Cold, dense air, strong winds at times with stable air. 
• Spring - Changing conditions with cold fronts bringing unstable air and great thermal 

soaring. 
• Summer - Hot and humid with poor soaring in the wetter areas but good thermal 

production due to intense heating in desert areas. 
• Fall - A return of the cold fronts and unstable air with thermals in northern areas. 

 
WATER VAPOR 
Water continuously and universally affects the weather because of its widespread presence 
both as water vapor and cloud. An estimate of the total amount of water vapor drifting across 
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our land is more than six times the amount of water carried by all our rivers! Even the 
smallest shower involves thousands of tons of water and one inch of rain falling over an area 
the size of Oregon state is equivalent to about 8 million tons. All this water vapor and rain 
comes from evaporation from open bodies of water and transpiration from vegetation. 
Water vapor is the gaseous form of water and clouds consist of tiny water droplets that have 
condensed from water vapor. Water vapor forms clouds when the vapor is cooled to the point 
of condensation. This point is called the dew point and is given as a temperature. The dew 
point for a given parcel of air depends on its relative humidity. 
 
HUMIDITY 
Absolute humidity is a measure of the amount of water vapor in a given volume of air. This 
is frequently given in pounds per 1,000 cubic feet or grams per cubic meter. Absolute 
humidity varies from 1 part in 10,000 to 1 part in 40 according to the air's evaporation and 
temperature history. 
Relative humidity is a measure of the percentage of water vapor present compared to how 
much the air can hold at its present temperature. Relative humidity is given as a percentage 
and ranges from near zero for warm, dry air to 100% for saturated air. 
We must understand that warm air can hold more water vapor than cold air. Consequently the 
warm air will have a lower relative humidity than the cold air even though their absolute 
humidity (actual vapor content) is the same. For this reason we can increase the relative 
humidity by cooling a parcel of air. If the air is cooled enough its relative humidity reaches 
100% or saturation and cloud forms. This saturation temperature is the dew point identified 
earlier. We will look deeper into this cloud-producing process in Chapter III. For now we 
note that the most common way that air is cooled in the atmosphere is by lifting which causes 
expansion and cooling. 
The cold air of winter is always more nearly saturated than summer air because it can hold 
less water vapor. This fact is bad news to a pilot for the result is more clouds and 
precipitation in winter in general and also lower cloud bases because less lifting is needed to 
cool the air to saturation. When we heat this cold air and bring it into our homes in winter we 
decrease its relative humidity and our bodies lose moisture to the air causing us to think of 
winter air as dry. Relative humidity, not absolute humidity is in charge here. 
 
WATER'S AMAZING PROPERTIES 
Water in its various forms-solid, liquid and gas-has some unique properties that give it a 
special place in our understanding of weather (see figure 10). To begin, water has a high heat 
capacity. This means it is very happy to accept and store heat. Water absorbs all the sun's 
radiation it can get without increasing much in temperature. Consequently it tends to be 
cooler than land areas in the day but warmer than land at night when the lands quickly 
releases its stored heat. At night the slow release of heat from water can warm the air at the 
surface to cause instability and convection. The stored heat of water can likewise warm cold 
winter air moving across it to create "lake thermals," a topic we explore in Chapter IX. 
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Figure 10 - Properties of Water 

 
The temperature modifying effects of water result in warmer winter air and cooler summer air 
in its immediate locale. This gives England and France their mild climates despite their high 
latitudes and allows northern areas such as New York state, Ontario, and British Columbia to 
support orchards and vineyards. But the next property of water is even more important in 
terms of modifying our climate. 
Water has the unique behavior of expanding when it becomes a solid (ice) so that it is 
actually lighter as a solid than a liquid. Ice floats. As a result, only a relatively thin layer of 
ice rests on the top of open bodies of water-a layer that can easily be melted with the return of 
warm weather. 
If ice didn't float it would gradually accumulate on the lake bottoms and build up until the 
lakes were frozen solid. They would barely thaw in the course of a summer and worldwide 
temperatures would be considerably cooler, at least in the temperate areas. 
The next property of water is its relative lightness as a gas (water vapor). Water vapor is only 
about 5/8 as heavy as the rest of the air due to its lighter molecules (two hydrogen atoms and 
one oxygen atom compared to two united nitrogens or two oxygens). As a result, humid air 
rises in the presence of dry air. This property accounts for the continued progress of thermals 
and thunderstorms in many instances. 
 
LATENT HEAT 
The final property of water we'll investigate is its latent heat. Latent means hidden and this 
heat is acquired by water vapor during the evaporation process and is "hidden" or stored 
away to be released later to the surrounding air when the vapor condenses back into water. 
The process of releasing heat upon condensation or absorbing heat during evaporation is very 
important to the behavior of clouds, thermal formation and downdrafts (see Chapter XI). 
Since the source of the latent heat is usually the air into which the water vapor evaporates, the 
air above water tends to be cooled and thus rendered more stable (unless the water is much 
warmer than the air as noted previously). The subject of stability will be explored in more 
detail in the next chapter. 
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SUMMARY 
In this chapter we have gained an understanding of the makeup and mechanics of the 
atmosphere. We separate each aspect of the air so we can investigate it, but really all facets of 
our study are intricately affected by one another. The composition of the air along with its 
temperature, pressure and humidity all interact and are modified by the sun's input to our 
little planet with further alterations by that planet's gravity. 
As we gain understanding we begin to put together the big picture that allows us to make 
predictions and judgements as to what we may encounter in the sky. But before we can look 
at general weather conditions we must learn about a few more forces and effects that take 
place in our atmosphere. We do this in the next chapter. 
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CHAPTER II 

The Living Atmosphere 
 
Any breathing being on earth knows that the atmosphere is not simply a big blob that squats 
over us like a brooding hen. It is a dynamic ever-changing mass, more-or-less in constant 
motion. The air has its ups and downs and moods if you will. 
In this chapter we will look at some of the traits of the atmosphere that modify its behavior. A 
few of these important traits are stability, pressure imbalances and Coriolis effect. These 
three factors are the main causes of air currents in both the vertical and horizontal dimension. 
 
THE LAPSE RATE 
Stable and unstable air is a concept we must explore in great depth to understand how 
convective lift (thermals) is created. But first we must picture the temperature profile or lapse 
rate of the air. 
As mentioned earlier, the air is heated from below by the ground. Also, the atmosphere 
becomes less dense with altitude. These two factors combine to create the normal situation of 
warmer air at the surface and gradually cooling air as altitude is gained. 
Look at figure 11. The curve drawn at A is the ideal temperature profile or lapse rate of a 
"normal" atmosphere. The atmosphere is rarely normal, but this lapse rate is the average 
found around the earth. This average lapse rate is known as the standard lapse rate (SLR) 
and exhibits a drop of 3.6 °F per 1000 feet or 2.0 °C/1000 ft or 2.0 °C/300 m. 
Now look at the curve B. This is a more realistic situation at night. Here we see the air is 
much cooler near the ground due to contact with the cold ground. This feature is called a 
ground inversion and is the typical state of affairs at night. This inversion may extend 
upwards to 1000 feet (300 m) or more depending on the amount of wind present to create 
mixing. The word inversion refers to the fact that the air's temperature actually increases or at 
least doesn't cool as much as normal for a given gain in altitude in the inversion layer. An 
inversion layer contains stable air as we shall see. 
 

 
Figure 11 - Lapse Rate Curves 
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If we look higher up in the graph we see another inversion layer at about 5,000 ft. Here the 
air gets warmer as we climb then drops off again. This is a common feature of the atmosphere 
and will be explained below. 
The daytime situation is very similar to the curve at C. Here we see the air near the ground 
heated well beyond the normal amount. This intense ground heating spreads its warmth 
upward increasingly as the day progresses through convection currents. The dashed lines in 
curve B and C show the gradual change of the lapse rate from night through morning to the 
maximum midday heating. As evening falls the reverse process takes place. 
Such a lapse rate as shown in the lower part of curve C is known as unstable for reasons we 
shall see. 
 
STABILITY AND INSTABILITY 
Stable air is air that wants to stay where it is in the vertical dimension. Lets see how this 
works. Imagine a bubble of air rising in the atmosphere as pictured in figure 12. As it rises it 
expands due to reduced pressure. This pressure drop is fairly linear in the lower 10,000 ft 
(3,000 m) and the uniform expansion of the air bubble cools it at a rate of 5.5 °F per 1,000 ft 
or 3 °C per 1000 ft or 1 °C per 100 m. The same cooling will occur in a helium or hot air 
balloon as they rise without added heat. 
The rate of cooling a rising parcel of air undergoes –5.5°F /1,000 ft (1 °C/100 m)– is known 
as the Dry Adiabatic Lapse Rate or DALR. It is dry not because there is no water vapor in 
the air parcel, but because this vapor is not condensing or changing to visible cloud. It is 
adiabatic because no heat is gained from or lost to the surrounding air. In the real-life 
situation some mixing with the surrounding air may occur, but this is usually of limited 
extent. 
Now we know that warmer air at a given level is less dense than cooler air at that level 
because they both experience the same pressure but the warmer air is more energetic so the 
molecules are spread further apart. Thus warmer air wants to rise when it is surrounded by 
cooler air because it is lighter and cooler air wants to sink when it is surrounded by warmer 
air because it is heavier. This is the same principle that causes less dense wood to rise in 
water and more dense rock to sink. 
If our happy bubble of air was rising in an atmosphere whose lapse rate cooled off less than 
5.5°/1,000 ft (1 °C/100 m), then the bubble would be cooling faster than the surrounding air 
as it climbed and eventually it would reach a height where it was the same temperature as its 
surroundings as shown in the figure. In fact if it was forced to go higher than this equilibrium 
point it would get the urge to drop back down to the equilibrium level because it would be 
cooler than the surrounding air. This is the meaning of stability. 
 



25 

 
Figure 12 - The Meaning of Stability 

 
Unstable air is just the opposite. If the lapse rate of the air cools more than 5.5 °F/ 1000 ft (1 
°C/100 m), a parcel of air forced upward will not cool as much as the surrounding air so it 
will continue to rise (see figure 13). Instability of the air means that it is out of balance, for 
the air in the lower layers is too warm for it to remain tranquil in the vertical dimension (note 
that horizontal wind blows in stable and unstable conditions). Unstable air wants to turn turtle 
to distribute the heat upward. 
We can now form the concise definitions: 

• Stable air-occurs when the lapse rate is less than the DALR (5.5 °F/ 1000 ft   
[1 °C/100 m]). 

• Unstable Air-occurs when the lapse rate is greater than the DALR. 
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Figure 13 - The Meaning of Instability 

 
It is important to note that in stable conditions a parcel of air moved downward will want to 
move back up to equilibrium while a parcel moved downward in unstable conditions wants to 
continue downward. The latter point accounts for much of the widespread sink found on 
unstable days. Also the nature of stability and instability is what causes some days to exhibit 
more buoyancy than others in ridge lift. Of course, unstable conditions lead to thermals 
(bubbles of convective lift) which are featured in later chapters. 
Now look back at Figure 11. The solid curve A which shows the SLR can be seen to be stable 
because the temperature drops less than the DALR which is shown by the dashed line. If the 
lapse rate is greater than the DALR it is known as Superadiabatic. Such a lapse rate is shown 
in the lower portion of curve C. A superadiabatic lapse rate generally only occurs over hot 
deserts or close to the ground on sunny days in less torrid climes. 
 
INDICATIONS OF STABILITY 
Pilots of all sorts should be able to detect the general stability of the air before they commit 
body and soul to its mercies. Perhaps you are a soaring pilot and wish to hunt thermal lift, or 
possibly you want to motor around in glassy air. In the first case you need unstable conditions 
and in the second you must look for stable and slow moving air. 
In general, a clear night followed by a clear morning will bring unstable conditions for the 
clear night allows a thick layer of cold air to form which is unstable with respect to the air 
warmed at ground level in the morning. However, a very cold night delays the onset of deep 
convection because of the low level inversion as shown at the bottom of curve B in figure 11. 
On the other hand, overcast days and periods of days where the air has continuously warmed 
tend to be more stable. 
Cloud types (see Chapter III) are always indicators of stability. Cumulus or tumbled clouds 
are caused by vertical currents and always imply instability. Stratus or layer clouds are 
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usually signs of stability. Likewise, smoke that rises to a certain level then spreads out 
signifies stable conditions while high rising smoke means unstable conditions. 
Dust devils, gusty winds (away from turbulence inducing structures) and good visibility are 
also signs of unstable air while steady winds, fog layers and poor visibility due to haze and 
smoke denote stable air. These effects are summarized in figure 14. 
 

 
Figure 14 - Stability Indications 

 
THE STABILITY OF LAYERS 
Here we turn our attention to the ways which the stability of the air mass or that of certain 
layers changes. First we note there is a daily variation from the sun's heating. Also, whole 
new air masses can enter the area as when cold and warm fronts bully their way through. 
These new air masses typically have different temperature profiles and thus different stability 
(we cover fronts in Chapter IV). 
Along coastal areas marine air usually invades the land in the warm season. This air is cool 
and pushes under the warmer land mass. The result is cool, stable air near the ground topped 
by warmer unstable air. This is known as the marine inversion. It is "inverted" because the 
cool air is below the warmer air. Typically stratus clouds are formed at the top of this marine 
layer if it is thick, or fog if it is thin. 
In mountainous terrain, warm air moving into the area may flow across the tops of the valleys 
rather than descend the slopes. This leaves pools of cool air below the upper warm layer 
which again results in an inversion layer at mountain top height. Lift is surpressed above the 
bottom of the inversion layer. 
One of the most common and important ways that the stability of air masses changes or 
inversion layers are formed is by lifting or sinking of the entire air mass. This is such an 
important point that we note it specially: 
 
 * When an airmass is lifted it becomes less stable. 
 * When an airmass sinks it becomes more stable. 
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To see why this principle is so, look at figure 15. Here we see a rising layer of air. As it is 
lifted it stretches vertically and the top expands faster than the bottom, thus cooling more. In 
the example shown, the layer starts at 5,000 ft with a lapse rate identical to the entire air mass 
(3.5 °F/1,000 feet). As it rises the layer cools at the dry adiabatic rate (DALR) of 5.5°F/1,000 
ft. 
After some time the bottom of the layer reaches 15,000 ft but the top is nearly at 18,000 ft 
due to vertical stretching. Thus the bottom of the layer has cooled to 22 °F which is 77 °F –
5.5 ° x 10 (thousand feet). The top has cooled to 9.5 °F which is 70 °F – 5.5° x 11 (thousand 
feet). The difference in the top and bottom layers is now 22° – 9.5° or 12.5 °F. Since 3,000 
feet separates the top and bottom, the lapse rate is now (12.5 divided by 3) or 4.2 °F per 1000 
feet. This is considerably less stable than the 3.5 °F/1000 ft we started with. 
 

 
Figure 15 - Layer Stability Changes 

 
In a similar manner a sinking layer will become more stable. The result of a descending layer 
is often an inversion if the descent lasts long enough. The upper level inversions shown in 
figure 11 are caused precisely by this mechanism. Very often such an inversion puts a cap on 
thermal heights and is especially found in high pressure dominated weather (see Chapter IV). 
The results of an ascending layer at different times can be widespread lift bands, fat, gentle 
thermals, improved soaring conditions, alto cumulus clouds and mackerel sky (clouds that 
look like the scales of a fish). Ascending layers are caused by the lift created by moving 
fronts, surface warming and low pressure systems. Descending layers are notably associated 
with high pressure systems and surface cooling. 
 
THE MOIST LAPSE RATE 
In the previous chapter we discovered that rising air that contains water vapor expands and 
cools so that its relative humidity increases. If this process continues, the relative humidity 
reaches 100%, saturation is said to occur and the air's temperature has reached the dew point. 
If this air is lifted further, condensation begins that causes the release of latent heat. The 
release of latent heat warms the air so it no longer cools at the DALR as it continues to rise. 
The lapse rate that occurs when condensation takes place is called the Moist Adiabatic Lapse 
Rate (MALR) This lapse rate is between 2 ° and 5 °F per 1,000 feet (1.1° to 2.8 °C/300 m) 



29 

depending on the original temperature of the rising air, and averages about 3 °F per 1,000 feet 
(0.5°C/100 m). 
The average MALR along with the DALR and the Standard Lapse Rate (SLR) is shown in 
figure 16. When the temperature profile of the air lies between the DALR and the MALR it is 
said to be "conditionally unstable." This means that it will be unstable if the air is saturated 
and further produces condensation. This is the case in clouds that form in stable air and grow 
vertically. 
 

 
Figure 16 - Relationship of Important Lapse Rates 

 
Also in the figure we have labeled the area to the right of the MALR as absolutely stable for 
a parcel of air rising in an air mass with a lapse rate in this region will always want to return 
to its point of origin, even if condensation occurs. The area to the left of the DALR is where 
absolutely unstable conditions occur with the spontaneous generation of thermals. A lapse 
rate in this region is termed superadiabatic as mentioned earlier. Such a super lapse rate 
condition rarely lasts long in nature except very close to the ground on sunny days, for 
thermal currents distribute heat upwards and thus modifies the lapse rate. 
The whole process of water vapor rising and exchanging heat with the atmosphere is very 
important to the weather process. For each ton of water that condenses, almost 2 million 
BTUs of latent heat is released to the atmosphere. This energy is the main thing that powers 
thunderstorms, tornados, hurricanes and other strong wind sources. We can think of water 
vapor as a transporter of heat in our atmosphere that causes heat imbalances that "weather" 
works to straighten out. Water is the great modifier. 
 
THE STANDARD ATMOSPHERE 
Over the expanse of time and space scientists have measured and probed the air enough to 
declare a standard atmosphere. This is a great aid to pilots for altimeters can be calibrated to 
a standard. At a given airport with a known altitude above sea level, a given standard 
temperature and pressure exist. By reading the actual temperature and pressure from a 
thermometer and barometer, adjustments can be input to the pilot's altimeter to read true 
altitude above an airport. 
A chart of the standard atmosphere is given in Appendix 1. Note that the change in 
temperature with altitude is exactly the SLR. We can also note that there is a 3% drop in 
density per 1,000 ft (300 m) which leads to a 1.5% per 1,000 feet increase in all flying 
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speeds. However, we know that the SLR is an average condition and in truth in soaring 
conditions the lapse rate is more apt to be closer to the DALR. Thus the relationship is: 
 

Density, Altitude and Airspeed 
There is a 4% drop in density per 1,000 ft (300 m) which leads to a  
2% increase in all flying speeds per 1,000 ft (300 m) of altitude. 

 
DENSITY ALTITUDE 
Of course the standard atmosphere is only an illusion. The real sky is not so tidy. If an area is 
warmed or cooled an amount different than the standard atmosphere our altimeters will read 
high or low respectively. If the area becomes more or less humid or high or low pressure 
systems move into the area then the local pressure will again be altered and affect our 
altimeters. These aberrations can be corrected for by readjusting our 
altimeters before takeoff, but caution must be awarded to the possibility of significant 
changes during long duration or distance flights. Here is our rule of thumb: 
 

Density Changes 
An altitude change of 300 ft is equivalent to 1 % change in density which equals 
a pressure change of .3 inches or 10 millibars, a temperature change of 5 °F (2.8 
°C or the addition of water vapor at 0.8 inches (27 mb) of pressure. 

 
Thus, for every millibar you cross when flying a given route, your altimeter reading changes 
30 ft --higher if you are going towards a low pressure system and lower if you are going 
towards a high. An altimeter is essentially a barometer calibrated to read altitude. Most 
altimeters are compensated to eliminate temperature effects, so the temperature changes are 
not a problem. Pressure changes are not a problem either, as long as we can see the surface 
and do not rely blindly on our altimeter. 
What is a problem with density altitude is the effect it has on our takeoff and landing 
performance. When the air is hot and humid and low pressure is in the area, takeoff and 
landing speeds are increased. Higher altitudes especially affect all these critical speeds. 
Appendix I covers density altitude and these considerations in more detail. 
 
THE WIND WE FEEL 
One aspect of weather that affects our daily lives and especially our flying is the wind. The 
air is rarely perfectly still, but it usually takes motion of a few miles per hour before we 
detect it readily. Wind can carry various characteristics such as humidity and temperature for 
great distances and so has an important role to play in weather. Because it is also an integral 
part of soaring conditions, we devote two chapters to its study. For now let us simply identify 
its cause and nomenclature.  
Wind is produced simply by an imbalance of pressure, usually in the horizontal dimensions. 
This imbalance itself is caused by temperature differences in adjacent areas or circulation 
aloft that piles air up in some spots. Ultimately it is the uneven heating of the sun that causes 
the temperature differences and the circulation that creates the pressure differences on both 
the small and large scale. So again we have the sun to thank for our soaring weather. 
Wind is usually identified by the direction it comes from. For example, a north wind comes 
from the north, a southwest wind comes from the southwest and so on (see figure 17). 
Likewise a mountain wind flows from the mountains, a valley wind flows upslope from the 
valley, a sea breeze flows from the sea and a land breeze flows from the land. 
In aviation terminology it is standard practice to give the wind direction in degrees and the 
velocity in knots. Thus a north wind is 360° (the same as zero degrees), and east wind is 90°, 
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a south wind 180° a west wind 270° and a southwest wind is 225° as shown in the figure. A 
knot is based on the nautical mile and is equal to 1.15 mph or 1.85 km/h. Note that a compass 
does not point exactly at the north pole since the earth's magnetic field is not aligned with the 
earth's axis of spin. The difference in magnetic north and true north is called variation. 
Surface winds are given according to magnetic compass readings while upper winds are 
given according to true directions. 
 

 
Figure 17 - Wind Directions 

 
CORIOLIS EFFECT 
The last matter we'll investigate is the Coriolis effect. This effect is very important to the 
understanding of weather on the large and intermediate scale. Coriolis effect results in a 
tendency for all objects moving in the northern hemisphere to turn to the right and all moving 
objects south of the equator to tend to the left. Coriolis effect is strongest at the poles and is 
reduced to zero at the equator. 
The cause of Coriolis effect is simply the turning of the earth below the moving object. It is 
not a real force, but the earth's motion interacts with the force of gravity to produce an 
illusion of a right turn in all freely moving bodies. The air's flow and ocean currents on the 
large scale are affected by the Coriolis effect. Large artillery pieces whose shells have a long 
transit time require a significant correction to hit their target due to Coriolis effect. 
To better visualize Coriolis effect, look at figure 18. Here we see an object projected from the 
center of a rotating disk. As it moves to the outside it tends to keep its same direction of 
travel to an outside observer as in 18a. However, to an observer on the disk, the moving 
object appears to describe a curved path to the right as in 18b because the observer is moving 
away from the object. 
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Figure 18 - Coriolis Effect 

 
In the case where the object is moving towards the center of the disk as in figure 18c, it has 
angular momentum which causes it to circle around the center at the same time it maintains 
its orientation in space. This combination of motions results in a path shown in 18d. This is 
again curved to the right from the viewpoint of an observer on the disk. 
It's not hard to see that the disk can be the sphere of our earth as viewed from space above the 
north pole. There are three-dimensional effects in the real world which account for the 
diminishing of the Coriolis effect from the pole to the equator, but the principles remain the 
same. 
Coriolis effect accounts for the flow around pressure systems (see Chapter IV) as well as 
many other actions of the wind which we shall discover. We repeat the important ideas here: 
 
 Coriolis Effect 
 Causes the wind to turn to the right in the northern hemisphere  
 and left in the southern hemisphere. 
 
SUMMARY 
Now we have reached an understanding of the basic rules that govern the atmosphere on both 
the small and large scale. The effort to gain this understanding is necessary for it is the 
combination of these physical rules that create the weather effects we pilots are eager to 
avoid or exploit as the case may be. We will be continually referring to the stability of the air 
as well as pressure or heating differences and Coriolis effect as we pursue our adventures in 
the sky. 
In the following chapters we take a practical look at actual weather conditions, then we 
progress to learn about smaller scale matters that directly affect the quality of the air we 
traverse. 
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Cumulus clouds building in unstable conditions. 
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CHAPTER III 

The Message of the Clouds 
 
 
Clouds have figured in the imagination of mankind from the beginning of history. Their ever-
changing shape and habit of floating on high seem to invite images of freedom and flight. In 
fact, birds and clouds are the models that we have always looked to in our dreams of floating 
free of the earth. 
But clouds themselves are not entirely free for they too must obey laws of gravity, inertia and 
heat exchange. If we gain a little knowledge of how they conform to these laws we can learn 
to read the message of the clouds. It is this message that is important to pilots for it carries 
hints of safety, future conditions, poor soaring or great lift. 
 
CLOUD CAUSES 
Clouds are made up of countless microscopic water droplets of various size ranging from 
1/2,500 inch (0.001 cm) near saturation and increasing to a maximum of about 1/100 inch 
(0.025 cm) as condensation continues. As you recall, saturation is when the air reaches 100% 
relative humidity which varies with the air's temperature. Air containing a given amount of 
water vapor can reach the saturation point if it is cooled. The main way in which clouds are 
formed in the atmosphere is by cooling of air containing moisture. The way this cooling 
occurs is by lifting of the air. Thus we can make the important observation: 
 

Cloud Formation 
Except for fog which is formed in air cooled from contact with the ground, all 
clouds are formed by air that is lifting or has lifted. 

 
It would seem then that clouds are most welcome by a soaring pilot for they are signs of lift, 
but this is not entirely true. Certain types of clouds are created by air that rises too slowly to 
sustain flight while widespread clouds block the sun and prevent further lift from developing. 
We must view clouds from both sides-good and bad. A bit later we will identify 
the friends and enemies of pilots. 
 
LIFTING THE AIR 
There are three main causes of lifting in the air. They are frontal movement, rising terrain and 
surface heating. Let's look at each one to understand how it works (see figure 19). 
Frontal Movement – When large masses of air move an appreciable distance they generally 
encounter air of a different temperature. As the air masses continue to flow, the warmer, 
lighter air will ride up over the cooler, denser air. This warmer, lifted air will form clouds if it 
reaches the dew point. 
The upward velocity of air rising due to frontal movement alone (neglecting heating effects) 
is typically from 30 to 300 feet per minute (10 to 100 meters per minute). This lifting is 
relatively slow and occurs fairly uniformly over a wide area and thus creates layer clouds. 
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Figure 19 - Sources of Lift 

 
Rising Terrain – When air flows over features of the earth that are themselves rising, the air 
cannot avoid being lifted. Such lifting occurs commonly in mountainous areas. For example, 
clouds often appear in the lifted air above the coastal ranges along the west coast of the US, 
over the Alps in Europe and above the Allegheny Plateau which gradually rises from the 
Mississippi valley to the eastern United States. 
Heating Effects – We have already outlined how surface heating produces instability which 
results in upward convection currents. We also include here the rising air in the area of a low 
pressure system although this air is lifting due to the combined effects of heating, frontal 
activity and convergence (coming together of air). Isolated convection currents produce 
relatively small (except in thunderstorms) puffy clouds while low pressure systems produce 
widespread layer-type clouds. 
 
THE DEW POINT AND CLOUD HEIGHT 
We have learned before that when air cools to the saturation point it condenses and forms 
cloud. The point of saturation is called the dew point. Because the greater the relative 
humidity the higher the dew point 
temperature, the dew point is in essence one measure of the air's humidity. The dew point can 
also be used to tell the height of the bottom or base 
of a certain cloud. The puffy cotton ball cloud that are created by thermals (see below) are 
born from moisture that originates in air at ground level. We have already found out that air 
rising in such a manner cools at 5.5 ºF per 1,000 feet (1 °C per 100 m). However, the dew 
point lowers only about 1 °F per 1,000 ft. (0.55 °C per 300 m). So the temperature of the 
lifting air and the dew point of that air approach each other at 4.5 °F per 1,000 ft (0.8 C per 
100 m). When the air's temperature and the dew point become identical, cloud is formed. 
We can see how to use the above fact by example as shown in figure 20. Here the air's 
temperature at the surface is 82 ºF; the dew point is 59.5 °F. If we subtract 59.5 from 82 we 
get 22.5, the difference between the temperature and the dew point. Dividing 22.5 by 4.5 
gives us 5 so we can expect cloud base to be at 5,000 feet above the surface. In the figure we 
can see how the lifted air's temperature and the dew point approach each other to coincide at 
5,000 feet. 
In practice you can get the dew point from various weather services outlined in Chapter XII. 
Weathermen use a dry and wet bulb thermometer to get the surface temperature and the 
saturation (wet-bulb) temperature then consult detailed charts which vary for each altitude to 
find the dew point. 
Why are we so interested in the height of clouds? Because the higher the clouds are, 
generally the higher the usable thermal lift extends which improves the cross-country soaring 
prospects. Pilots flying motorized aircraft want to know cloud heights because flying above 
the clouds on a thermally day provides much smoother conditions. 
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Our eyes are not able to judge the distance to objects very effectively. Our distance judgment 
comes mainly from comparing the relative sizes of objects. Clouds with their multitude of 
fanciful shapes and sizes give the eye few clues as to their height or distance. With practice in 
a given area pilots can learn to make educated guesses as to the cloud height by com paring 
the size and spacing of the clouds as they recede into the distance, but the dew point method 
remains to be the most reliable way to determine cloud heights. 
 

 
Figure 20 - Finding Cloud Base Height 

 
CLOUD FORMATION 
Once lifted air reaches the dew point and is 100% saturated it is ready to form cloud. But the 
funny thing is, it needs something to form on. In fact without assistance the air can become 
supersaturated and acquire a humidity above 100%. This assistance comes in the form of 
microscopic particles in the air. 
These small particles are called condensation nuclei because they allow water vapor to 
condense, or sublimation nuclei when they allow water vapor to change directly to ice 
crystals (sublimation). We have all seen the condensation that forms on a cold glass or from 
our breath in winter. We have also witnessed the effects of sublimation as frost forms on a 
window pane, so these processes should be quite familiar. 
Condensation nuclei, on which liquid droplets form are combustion products, sulfuric acid 
droplets and salt particles. The first two are pollution by-products and the latter is produced 
by waves pounding the shores of the world's seas. Sublimation nuclei on which ice crystals 
form are themselves crystalline in nature like dust or volcanic ash. These sublimation 
particles are relatively large so they are sometimes rare at high altitudes where sub-freezing 
temperatures occur. This explains why upper level clouds are abundant for a long period of 
time after a volcano spews its ash into the upper atmosphere. 
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Cumulus cloud bases at the dew point level. 

 
CLOUD BASES/CLOUD TOPS 
When an air mass overlies an area its temperature profile is generally the same over a wide 
area. Also the humidity of this air mass will be fairly uniform. Thus, the dewpoint will occur 
at about the same altitude throughout the airmass so that clouds formed in air rising from the 
ground (isolated, puffy clouds) will all have roughly the same bases-at the dew point (see 
figure 20). 
Exceptions to the above rule occur when the humidity of the air near the ground varies 
greatly such as near lakes or swamps. Also, air originating over plateaus or mountains may 
exhibit higher bases when it rises than that originating over nearby low lands, for it will start 
higher at approximately the same temperature. This only applies to large landforms for the air 
is fairly well mixed from valleys to peaks of small hills and mountains. 
Sometimes small puffy clouds can be seen to float below a higher layer. This is usually 
caused by rising air of greater humidity than the surrounding air. In rainy weather such lower 
clouds are caused by evaporating rain cooling the air it is falling through to the saturation 
point. This action can sometimes be seen at ground level in everyone's favorite weather: cold 
drizzle. 
The bases of clouds that form in rising air not originating at the ground will still be at the 
same level as long as the local air mass was lifted uniformly. Of course, it is quite common to 
see clouds of various types in different layers, indicating that they arose in different 
horizontal air masses or through different lifting processes. 
While bases of clouds tend to be uniform, the tops vary greatly in altitude. This is because 
nothing definite determines how high the lifting process in the cloud can extend. Bullets of 
lift may penetrate some clouds and carry the moist air much higher than its neighbors. Even 
extensive layer type clouds will often have greatly varied tops, especially if the air is unstable 
as shown in figure 21. 
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Figure 21 - Cloud Tops 

 
CLOUD LIFE 
The droplets that form clouds average about 1/2,500 inch (1/1,000 cm) at saturation and are 
abundant enough to form a visible mass. As condensation continues they grow to about 1/100 
inch (1/40 cm) maximum which is about the size of light drizzle drops. Even at the larger 
sizes these droplets are so light that they are essentially suspended in space so the cloud 
lingers indefinitely. 
However, there are several factors that determine a cloud's life span. To begin, a cloud 
formed from isolated shots of rising air (thermals) tend to mix vigorously with the 
surrounding air and thus dry out. When the updraft is rising initially it only mixes along its 
boundaries, but once the water vapor condenses to form cloud it releases latent heat of 
vaporization that energizes the system and turns the whole rising mass inside out which 
mixes it with the surrounding air much more thoroughly as shown in figure 22. 
 

 
Figure 22 - Mixing of Clouds With Their Surroundings 

 
A single isolated puffy (cumulus) cloud typically lasts only 1/2 hour from the initial angel's 
hair wisps until it dissolves in an amorphous mass. Even though the air may be filled with 
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such clouds, they are being born, living a short life on high and dying in a continuous 
process. 
Certainly there are times when the clouds do not dissipate quickly as any pilot or picnicker 
can tell. This occurs when the surrounding air at the level of cloud formation is itself moist so 
the clouds do not dry out even though they mix. In fact, in many instances the continuous 
transport of moisture aloft by thermal currents will result in a gradual or rapid spreading of 
the clouds to cover most or all of the sky. This condition is known as overdevelopment or OD 
in the abbreviated lingo of pilots. OD conditions are generally frowned upon by soaring pilots 
for such 
spreading clouds block the sun and tend to shut off lift. 
Continuous thermal currents feeding a cloud can prolong a cloud's life beyond its allotted 30 
minutes. In fact thunderstorms (see Chapter XI) are simply overgrown thermal generated 
clouds. They can last for many hours. 
Layer type clouds also tend to last for hours or days for there is no surrounding dry air to mix 
with and in stable conditions there is nothing to induce such mixing. Layer clouds generally 
dissipate when the lifting force (front or pressure system) moves on or wanes. 
 
OLD CLOUDS 
Old clouds don't die, they just fade away. This disappearing act has special significance for 
soaring pilots for one trick these pilots use is to fly under active clouds and ride the thermal 
updrafts to new heights, new horizons. It is important for this reason to be able to distinguish 
newer clouds from older clouds. 
A fading cloud is a drying cloud. In this drying process the smaller particles disappear first. 
This can change the appearance of the cloud, for different size particles reflect light 
differently. Generally an older cloud will take on a more duller or yellowish hue compared to 
a new cloud. This is a subtle difference but one that can be detected with practice. Also older 
clouds tend to be softer at the edges than the younger clearly defined clouds. 
 
RAIN 
Rain can certainly spoil our fun, especially if we are aviators, but it is most necessary to the 
regeneration of life as we know it. Rain of course comes from clouds. Most clouds, however, 
do not produce rain. The reason for this is that the release of latent heat during the 
condensation process warms the water droplets and stops their uptake of more water 
molecules from the water vapor in the air. Thus an equilibrium condition is reached and the 
cloud goes through its life cycle without producing rain. 
In order for precipitation to occur either the lifting process has to continue or more humid air 
has to be fed into the cloud or both. When these conditions arise ice crystals will grow by 
robbing vapor molecules from the water droplets, or water droplets themselves will grow by 
bumping into their neighbors as they scurry about in the confusion of cloud. Ultimately these 
crystals or drops fall as snow or rain as they grow so large that gravity pulls them down (see 
figure 23). 
Rain drops vary in size from about 1/50 inch (1/20 cm) to about 1/5 inch (1/2 cm) in 
diameter. A drop that grows much larger than this will usually break apart as it falls due to 
the friction of the air. Rain can deplete a small cloud of moisture quickly, for it takes nearly 
30 million cloud droplets averaging 1/2,500 inch in diameter to make one rain drop of 1/8 
inch in diameter. This means that one rain drop can deplete two cubic feet (0.057 cubic 
meters) of cloud droplets. Those thousands of drops raining on your parade can equally ruin a 
cloud that is not being regenerated. 
When rain falls through the sky it tends to evaporate on the way down which cools the 
surrounding air. This fact along with the sheer drag of tons of 
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Figure 23 - Rain Formation 

 
falling drops can create downdrafts that help kill thermal updraft production and the 
continued growth of a cloud. Also the spreading of rain on the ground can cool the surface, 
thereby stopping or subduing thermals. We cover these topics more thoroughly in the 
chapters on thermals and thunderstorms. 
Rain can often be seen falling in vertical streaks known as virga (see figure 24). This usually 
happens only when isolated clouds are raining so that some sunshine is available to 
illuminate the falling rain.  
 

 
Figure 24 - Virga 
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Virga below a thunderstorm. 

The rain falls in streaks because a falling drop tends to entrain others by its disturbance of the 
air as shown in figure 25. Just as a race car experiences less drag when it drafts close behind 
another car, so too do following raindrops fall faster. They catch up with the leaders, 
coalesce, break apart and fall together in a mass we recognize as a vertical streak. Often these 
streaks dry out before they reach the ground. This does not mean that the falling air or 
downdraft has stopped. In fact, some of the most severe downdrafts can exist beneath drying 
rain for all the evaporation cools the air greatly and creates a dense cascade of localized 
falling air. 
 

 
Figure 25 - Streaking of Rain 

 
VISIBILITY 
The ability to see where we are going is of utmost importance to pilots. The weather in 
general and clouds specifically can greatly alter the visibility or “viz” in pilot's parlance. 
Fog can certainly reduce visibility to nil because the multitude of droplets scatters light so 
effectively. In a similar manner pollution products can scatter light or absorb certain 
wavelengths so that the air color changes from predominantly blue to the browns, reds and 
yellows of the longer wavelengths. Pollution may give us crimson suns and kaleidoscope 
sunsets, but it certainly ruins the vistas when we are flying and who knows how much it 
shortens our flying career? 
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Haze or moisture is a common foe of visibility. Water vapor is invisible, but on those hot and 
humid days of summer in areas that receive ample rainfall the air can be filled with droplets 
that have formed on condensation nuclei long before saturation humidity is reached. Such 
haze can be anything from a pale blue fade to the thickness of London fog. When the 
moisture haze is added to pollution we have the familiar condition known as smog (smoke 
and fog). 
An inversion layer that limits the upward movement of the air can greatly reduce the “viz” by 
preventing vertical dispersion of the haze or smog. Stable conditions and light winds in 
general worsen a poor visibility situation because the production of water vapor, dust and 
pollution is more or less a continuous process that doesn't get carried away unless vertical 
currents or horizontal wind is active. Figure 26 illustrates the effects of an inversion layer or 
stability on visibility. 
 

 
Figure 26 - Visibility and Stability 

 
CLOUD TYPES 
Anyone with normal vision and slightly more sense than a box of rocks is aware that clouds 
come in many shapes, types and sizes. To the casual observer classifying clouds may seem 
like a hopeless muddle. However, the matter is really so simple when organized properly that 
you may become disillusioned with your grade school science teacher. 
There are only two main types of clouds. These are stratus and cumulus. Stratus clouds are 
flat, layered clouds (think of flat or stratified) caused by the slow rise of widespread areas of 
air. These clouds cover broad areas of the sky and make the day gray. They often are found in 
stable conditions and are 
 

 
Figure 27 - The Two General Cloud Types 
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normally caused by frontal lifting or the slowly rising air around large low pressure systems. 
Some low-level stratus clouds can be formed when low level turbulence mixes the air and 
raises it above the condensation level. 
Cumulus clouds are piled or tumbled (think of accumulated) and look like giant cotton puffs 
or cauliflowers floating on high. These clouds are often found in good weather and when they 
cover 1/4 or less of the sky they are known as fair weather cumulus. Cumulus clouds are 
created by individual updrafts or convection currents carrying moist air aloft. 
Here we emphasize the two main types of clouds as shown in figure 27. 
 

Main Cloud Types 
STRATUS - Layered widespread clouds with a fairly uniform base. 
They often appear gray since they block the sun extensively.  
CUMULUS - Separate clouds that have piled or rounded tops at various levels. These 
clouds can be very small or of great extent when they develop into thunderstorms. 

 

 
Spreading stratus clouds with a few cumuliforms on the right. 

 

 
Cumulus clouds. Note the presence of towering clouds and dissipating cloud in the top foreground. 
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ALTITUDE CLASSIFICATION 
To provide more information we further distinguish clouds by their general altitude. Cirrus 
(meaning curl in Latin) are the highest clouds and consist of wisps or streaks of ice crystals at 
altitudes from 18,000 to 40,000 feet (6 to 13 km) in the temperate climates. Figure 28 shows 
classic "mare's tails" cirrus forms and indicates how ice particles falling from high wind 
layers into a lower velocity wind layer produces the wispy shape. Understanding this allows 
us to recognize the wind direction at the cloud's altitude. 
We use the prefix cirro- to refer to stratus and cumulus clouds in the upper atmosphere as 
well. We use the prefix alto- (Latin meaning high like the singing voice) to refer to medium 
high clouds. No prefix is used when speaking of clouds below 7,000 feet (2 km). The chart 
below gives the general classification of clouds according to type and altitude in temperate 
climates: 
 

 
Figure 28 - Cirrus Clouds 

 
 Cloud Heights 

40,000 ft 
13 km High Clouds 

Cirrus 
Cirrocumulus 
Cirrostratus 

18,000 ft 
6 km 

Medium High 
Clouds 

Altocumulus 
Altostratus 
Nimbostratus 
Nimbocumulus 

7,000 ft 
2 km Low Clouds 

Cumulus 
Stratocumulus 
Stratus 

 
The prefix nimbo- means a cloud from which rain is falling. These clouds may look like the 
others in their class except they are darker. Note that nimbocumulus clouds are also 
commonly known as cumulonimbus clouds. We have placed them in the medium high 
category but in reality they can be much lower and when it is a thunderstorm we are talking 
about it can have a base as low as 3,000 feet (1000 m) and tops up to 75,000 feet (25 km). 
Stratocumulus clouds are often formed when cumulus clouds created by thermal currents 
reach an inversion layer which they cannot penetrate so they spread out into stratus layers. 
This is the overdevelopment situation and these clouds often have a somewhat lumpy bottom 
even though they are layer types. Figure 29 shows the different cloud types and their 
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Altostratus layers with altocumulus clouds along the edges. A layer of cirrostratus is seen in the 
upper right of the photo. 

altitudes. The chart on the following page lists their characteristics as well as their 
abbreviation and the symbol by which they often appear on weather charts and reports. 
 

 
Cloud Types and Characteristics 
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Altostratus clouds with cumulus on the right. 

 

 
Figure 29 - Cloud Types and Altitudes 

 
SEASONAL AND LOCATION VARIATIONS 
Cloud heights and types vary with the season and latitude. Since we now know how clouds 
are formed we can readily figure this out. When the air is colder as it is in Polar regions or in 
winter, the relative humidity is higher, and the air is more nearly saturated. Cold winter air 
may feel dryer than summer air in the house, but outside the air is usually much nearer to its 
saturation point in winter. As a result any lifting creates clouds sooner and bases are lower. 
In addition, greater heating of the earth's surface produces much more vertical convection 
causing condensation and rain which tend to remove water from the atmosphere thereby 
raising saturation points. As a result, the clouds tend to be much higher at the equator than the 
poles and clouds tend to be cumulo-type at the equator and stratus-type at the poles. Likewise 
clouds tend to be higher and more cumulo-type in summer and more stratus-type and lower in 
winter. Figure 30 shows cloud height variation over the earth with cloud symbols indicated. 
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Figure 30 - Cloud Heights and Latitude 

 
LESSER KNOWN CLOUDS 
Cloud watching isn't as exciting as bird watching (of either type) perhaps, but there are 
enough different forms of clouds to provide interest to pilots, especially since they can give 
us further information about conditions. We'll list the various clouds and give their 
description as well as what they portend. 
 
FOG – This cloud form is well-known and needs no description. It is found when warm, 
moist air from sea moves over the land (advection fog), or when the land radiates heat at 
night to cool a moist layer lying above it (radiation fog). Here are a few old-timey sayings 
that tend to be true about fog: 
 A summer fog for fair, a winter fog for rain, 
 A fact known everywhere, in valley and on plain. 
 
Often a fog burning off in the morning indicates a good thermal day.  
 When fog goes up, the rain is o'er, 
 When fog comes down, 'twill rain some more.  
 Evening fog will not burn soon, 
 Morning fog will burn 'fore noon.  
and: 
 Fog that starts before the night will last beyond the morning light. 
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Stratocumulus clouds on an unsettled day. 

 
CAP OR CREST CLOUD – A cap cloud is formed over the top of a mountain when air is 
lifted as a general wind strikes the mountain or when upslope breezes due to heating slip up 
the mountain's sides and over the top to reach condensation level (see figure 31). A cap cloud 
often begins as a thin wisp over the mountain in the late morning and grows until late 
afternoon. These clouds may readily reach thunderstorm proportions in very unstable air. 
The cloud bases of cap clouds often lower as the day continues (unlike 
 

 
Figure 31 - Cap Cloud 

 
cumulus clouds created by thermal currents whose bases often rises as moist air near the 
ground dries out) due to a continued supply of humid air, especially in seaside mountains. 
This lowered base can obscure the mountain and put a damper on soaring. Tropical islands 
with all their allure of warm breezes, warm seas and warm natives have one major drawback 
for pilots: they usually cloud up and rain by early afternoon. 
A cap cloud is continually formed on its upwind side and continually erodes downwind. Thus 
it stays put over the mountain top and doesn't drift with the wind. For this reason it is not a 
good indicator of wind velocity although it may lean in the direction of the wind aloft. Also 
by carefully watching it build and erode you may be able to tell the wind direction at cloud 
height. 
 

 
A cap cloud over Mt. Sherman in the Mosquito range of Colorado. 
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BANNER CLOUD – Another type of cloud that forms on a mountain crest is a banner cloud 
as shown in figure 32. Here rotor air blowing upslope on the downwind side of the mountain 
as well as drifting snow combine to create a cloud that streams out downwind from the crest. 
This type of cloud usually foretells high winds at the cloud level and should serve as a 
warning to sport aviation enthusiasts. 
 
ROTOR CLOUD – When winds blow across a mountain chain or ridge it may form a roll of 
air downwind from the mountain like a tornado on its side. This is known as a rotor and is 
often found beneath waves. This cloud tends to stay in the same place and indicates very 
serious turbulence. The cloud is formed on the upmoving side of the rotor and erodes on the 
downward side. Rotor clouds are pictured in figure 33 along with wave clouds. 
 
WAVE OR LENTICULAR CLOUDS – These clouds are known affectionately as lennies for 
their cross-section in very lens-like as shown in figure 33. They form when the air undergoes 
up and down undulations (waves) 
 

 
Figure 32 - Banner Cloud 

 
caused by the air blowing over hills or mountains. Wave clouds are also more or less 
stationary since they grow in the upward portion of the wave and erode in the downward 
portion. These clouds are oriented perpendicular to the wind but do not give much 
information about the wind velocity (since they are stationary) other than indicate at least a 
15 mph (24 km/h) wind. We deal with waves in Chapter VIII. 
 
LEE SIDE CLOUDS – In very humid conditions - often when it is raining or clouds are near 
a mountain top in layers - small broken wisps will appear on the downwind side of the 
mountain. This is caused by the upslope drift due to the rotor against the mountain. Lee side 
clouds are indicators of the wind's direction. 
 
BILLOW CLOUDS – Sometimes clouds that appear like long ripples in water will show up 
high in the sky. These are billow clouds and they are formed when one air layer (warm) 
moves over another with enough velocity to create close waves just like in water. What 
distinguishes billow clouds 
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Figure 33 - Lenticular Wave Clouds 

 
 

 
Long wave clouds. Note the double layers in the large cloud. 

 
from wave clouds is their spacing. Wave clouds are much further apart, are often stacked one 
atop another and are frequently lower than billow clouds. Billow clouds move with the wind 
as shown in figure 34, but do not drift as fast as the wind in the upper air mass. Billow clouds 
often foretell a change in weather as they are frequently formed by an approaching warm 
front. When the billowing process produces long, close rolls of clouds they are called Roll 
Clouds. 
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Figure 34 - Billow Clouds 

 
MAMMATA CLOUDS – These clouds often appear under the shelfs of thunderstorms and 
look like udders hanging below the cloud. They are so named because they are someone's 
idea of mammaries. Mammata clouds indicate slight downdrafts below the cloud as they 
entrain cloudy air downward before it can evaporate. 
 
 

 
Billow clouds extending from a band of stratus. 
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Mammata clouds and a rainbow in front of a thunderstorm. 

 
PILEUS CLOUD – The top of a towering thunderstorm often pushes the air above it upward 
as it climbs rapidly to high altitudes. This pushed up air will often form a cloud that looks 
like a veil over the thunderstorm top as shown in figure 35. This is the pileus cloud and its 
real significance to us is that it indicates lift above the thermal cloud. A pileus cloud is one of 
the highest clouds and as such has served as a name for various sport aircraft. 
 

 
Figure 35 - Pileus Cloud 

 
We can also identify a few other types of clouds based on their peculiar shape. These are 
Altocumulus Lenticularis which are simply high wave clouds that show some cumulus 
activity due to instability created by the wave lifting. Altocumulus Castellanus are cumulus 
type clouds connected in rows or spread out groups with high tunel-like structures. These 
clouds often portend thundery weather. Fracto-Stratus or Fracto-Cumulus are simply 
ragged clouds of a given general type (stratus or cumulus). They may be broken apart by high 
winds or irregular vertical motions. 
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Fractocumulus in strong winds. The tilt of the distant clouds indicate the wind direction. 

 
WHAT THEY TELL US 
Clouds are up there where we want to be. Because they are in the air environment they can 
tell us what the air is doing. From this we can often discern what the current conditions are as 
well as what is going to happen. 
 
WIND VELOCITY 
Clouds can generally tell us the wind velocity (speed and direction) at their height. However, 
as we just learned, certain types do not drift with the wind (cap, banner, rotor and wave 
clouds). Furthermore, stratus clouds will not demonstrate any drift if they are so 
undifferentiated or widespread that we cannot see them move. Another problem arises when 
cumulus type clouds are growing so rapidly that even their upwind edges appear to move 
outward. Finally, cumulus clouds formed on thermals arriving at altitude with a slow 
horizontal velocity acquired below may actually drift slower than the surrounding air due to 
the inertia of the thermal air (their mass can measure into the thousands of tons). 
Given all the above exceptions, we still can get a very good idea of the wind velocity by 
watching the cloud drift. The best way to do this is to stand next to a building or tree and 
compare the cloud's position as it moves in time. Figure 36 shows a cumulus cloud in various 
wind velocities. If you are flying, there is no way of separating the cloud's drift from your 
own, but you can still observe the cloud drift and hence the wind velocity by watching the 
movement of the cloud shadows along the ground. 
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Figure 36 - Cumulus Clouds in Wind 

 
When two or more layers of clouds exist there is often a parallax problem whereby their 
relative motion makes the high clouds look like they are moving backwards or drifting slower 
than they really are. This is illustrated in figure 37. Here the upper level clouds appear to be 
moving slower because they are much further from us. The way to overcome this problem is 
to use a building or tree to hold your eye in one place as mentioned above. 
 

 
Figure 37 - Judging Wind Speed at Different Levels 

 
WEATHER INDICATIONS 
Clouds can give us an idea of what weather to expect. Lower clouds give us hints of what's in 
store several minutes to hours in the future, while higher clouds can predict what's happening 
in hours or days ahead. Every cloud has a message of some sort and it's not always about the 
wind. 
Cumulus clouds that flatten out into a layer indicate that the air has stopped rising upon 
reaching a temperature inversion (warmer air). Such an inversion is often associated with an 
approaching high pressure system. This indicates clear weather ahead for the air sinks slowly 
in a high pressure system which clears out all clouds except isolated cumulus created by 
thermals able to rise through the sinking air. 
Bands of clouds are frequently seen in the sky. They can be anything from different 
thicknesses of stratus layers to a line of towering cumulus to cloud streets. The latter is dealt 
with in Chapter X. A line of towering cumulus often preceded a quickly advancing cold front 
with all the attendant changes brought by the advancing cold mass. Great turbulence and a 
wind direction change should be expected. 
High bands of clouds are often good indicators of future weather. Long bands of high cirrus 
associated with the jet stream parallel this high river of wind (see Chapter V) and often 
foretell the future direction of the surface wind. When upper level clouds move in a direction 
markedly different from lower winds (say 90º or more) it generally means the wind on the 
surface is going to change-usually to that of the upper level. If the band of clouds in the jet 
stream is stationary, the weather is unlikely to change for the next twelve hours or so. 
If high cloud is moving away and the sky is clearing, the system that created the cloud has 
probably passed and better weather is on the way. On the other hand, if a layer of 
stratocumulus cloud is approaching with little or no surface wind the line of the advance 
indicates the upper wind direction with the surface wind blowing beneath it at about 20º to 
the left or counterclockwise as we go down (clockwise in the southern hemisphere). 
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When bands of cirrus in its various forms are followed by thickening clouds and lowering 
clouds, there's a good chance that a warm front is on the way and will be in the area within 24 
hours. The speed, strength and attendant severity of the front can be predicted by noting how 
fast the clouds increase and are moving. 
There are other causes of cloud bands in the air such as thermal rolls along a ridge or 
mountain chain as well as a long area of convergence. In general, moving bands of clouds are 
the important signs of changing weather. 
 
SIGNS OF LIFT 
Soaring pilots are always looking for lift and besides other gliders and birds climbing as well 
as dust devils, cumulus clouds are a glider pilot's friend. Of course, the cumulus cloud must 
be of the lower variety or they won't be based on ground thermals and are thus not readily 
usable. Even when cumulus clouds are thousands of feet above a pilot it often pays to move 
under them for thermals tend to feed in multiples and the whole extent of the lift can be rather 
spread out and reach to the ground. 
Clouds based on wave lift and convergence lift are also good indicators. I have witnessed 
several competition pilots cross a five mile valley to get under a flat, long convergence cloud. 
They were rewarded with a flight in solid lift that continued for tens of miles. 
When extending oneself by gliding long distances to find lift under a cloud it is obviously 
important to know what type of cloud it is and how active it is. In general, less active clouds 
tend to be flatter although they also tend to have less sink around them. In Chapter IX we 
explore the nature of thermal clouds in more detail. 
 
SIGNS OF TURBULENCE 
Turbulence is a mixing of the air. Because a cloud is borne on the air it can often indicate 
what amount of turbulence we should expect. Figure 38 shows various clouds in turbulent 
conditions. 
 

 
Figure 38 - Cloud Signs of Turbulence 

 
Cumulus clouds indicate turbulence caused by thermals. The amount of cloud boiling in a 
cumulus head and how ragged it is help determine how strong the lift and how strong the 
wind is. Strong conditions generally relate to strong turbulence. Any time clouds are torn 
apart we should expect turbulence. 
Other clouds such as rotor clouds and cumulonimbus thunderheads are signs of extreme 
turbulence. Stratus clouds in general are signs of gentle conditions, but when they are formed 
where two different layers of air are mixing or shearing, they can indicate turbulence. 
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Stratocumulus clouds caused by mixing or overturning layers should be expected to be 
turbulent. Watch the details and fine edges of clouds for signs of turbulence. 
 
RAIN SIGNS 
Clouds can take on many hues, depending on how they pass the sunlight. When it is 
illuminated low a cloud can produce awe-inspiring sunsets. This lends us the old adage which 
holds up to modern science: "Red sky at night, sailor's delight; red sky in the morning, sailors 
take warning." 
The darkness of a cloud is often dependent on how it is illuminated-when the sun is in back 
of it, it absorbs the light and appears darker. However, in general we can tell a cloud's load of 
moisture and thus how apt it is to produce rain by noting how dark it is, especially at the base. 
The darker a cloud becomes, the more likely we are to encounter drops from heaven. 
 
Clouds Tell Us... 

• Wind velocity – Note isolated cloud drift, lean and raggedness.  
• Weather – Note changing wind directions at different levels and changing types of 

clouds. Cloud bands often indicate changes. 
• Lift – Note the presence of cumulus, wave or convergence clouds. 
• Turbulence – Note cloud types and raggedness 
• Rain – Note cloud shading and changes in shade as well as build-up in size. 

 
FLYING IN CLOUDS 
This book is not a book about how to fly. However, certain characteristics of clouds that we 
have learned here should be pointed out to all pilots contemplating entering their depths. 
When clouds form they release latent heat. This makes them more unstable which often 
results in greater turbulence. Taking a flight on a small airplane will demonstrate the 
difference in turbulence above, in or below the clouds. In the clouds is usually the roughest 
with below next. We should mention the fact that turbulence associated with rotor and 
thunderstorm clouds can tear an airplane apart. 
A greater danger than turbulence in clouds is disorientation or vertigo. Because the normal 
visual references are not available in clouds, the eyes and sense of balance are not in 
agreement and total spatial disorientation can occur. The only way clouds can be safely flown 
on a continuous basis is by an instrument rated pilot with a minimum of a turn and bank 
indicator and a compass (preferably a gyro type since magnetic compasses are not accurate in 
turns). 
 
SUMMARY 
Flying above a cloud with the sun at your side produces a strange shadow of you and your 
craft on the cloud surrounded by a bright halo tinted in rainbow colors. Pilots know this 
spectacular sight as a "glory." It is caused by the normal shadow process and the reflection 
and refraction of light by the cloud. 
The glory is but one of the visual beauties that clouds offer uniquely to pilots. There are also 
billows and canyons to play in, light pillars and silver linings to fill our eyes. All of this and 
more is brought to us by clouds in the sky. 
Clouds also tell us much about the nature of the sky for they are offspring of moisture 
originating at ground level and carried aloft by many processes. They are altered in character 
by the surrounding air in which they pass their life cycle. It seems that every pilot should 
have a more than average interest in clouds for by their nature they predict how joyful a flight 
will be and they can greatly alter the tenor of that flight for better or for worse. 
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We cannot really touch the clouds but we can learn their lessons and join them for a brief 
spell in the great expanse of sky. 
 

 
Light and varied winds aloft create confused cirrus patterns and generally mean fair weather. 
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CHAPTER IV 

The Big Picture –  

General Meteorology 
 
When the public thinks of the weather they think of the TV weather personality, a sunny day 
for the weekend or perhaps that winter storm the paper predicts. They certainly aren't 
intrigued by an undulating jet stream or a front wafting across the country, although their 
interest may be piqued by the occasional hurricane and a tornado or two. But pilots need 
more than an armchair understanding of general meteorology in order to predict changes in 
conditions and expected lift patterns. 
Meteorology is just a fancy name for weather. We can think of general meteorology as 
weather changes that take place on the scale of hundreds of miles (or kilometers) and may 
require a day or days to manifest themselves. By comparison, micrometeorology-small-scale 
effects-occurs on the order of tens of miles or less (80 km or less) and lasts less than a day. 
While most of our study of the air's behavior concerns micrometeorology, in this chapter we 
explore general meteorology. 
Of course it takes many heavy books to completely cover the range of general weather, so we 
won't presume to create consummate weathermen with one simple chapter. However, we can 
readily provide a summary of the necessary ideas so that a pilot can understand the processes 
pertinent to flight. Note: in Chapter XII we cover sources of weather information and the art 
of making predictions with the success of a weatherperson. 
 
MOVEMENT OF THE ATMOSPHERE 
From space our humble planet looks like a big blue billiard ball. The sun smiles down on it 
from nearly 93,000,000 miles (148,800,000 km) away. Yet through this considerable void of 
space much warmth is transmitted to heat the earth's surface. The equatorial areas of the earth 
garner most of the sun's warming radiation simply because these areas face the sun more 
directly. The warm tropical areas heat the atmosphere that lies above them while the cold 
polar areas cool the overlying air. 
As we have seen previously, relatively warm air rises as convection currents while cool air 
tends to settle. As a result we should expect a general circulation about the earth as shown in 
figure 39. Note that the rising air is centered at the point of the sun's most direct rays which 
may range from 23.5° north latitude to 23.5° south, depending on the time of year. 
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Figure 39 - General Circulation 

 
In the real world, however, the circulation of the atmosphere is not so simple because of 
Coriolis effect. As we learned in Chapter II, the Coriolis effect causes all free flowing or 
falling objects to tend to turn right in the northern hemisphere and left in the southern 
hemisphere. As a result, the circulation of air is interrupted as shown in figure 40. 
A great volume of air rises in the equatorial regions then moves either north or south aloft 
due to the accumulation of air in the upper levels. Coriolis effect is zero at the equator and 
strongest at the poles, so at first it doesn't alter this poleward flowing air, but by the time the 
air has covered about 30º in latitude it has been turned by 90º and again accumulates aloft. 
Here some of the air sinks to the surface to separate and flow north and south, and some of it 
renews its poleward journey aloft. The air moving south at the surface is again turned to the 
right (in the northern hemisphere) to create the westward flowing trade winds. The air 
moving north also turns right to create the prevailing westerlies that flow eastward in the 
middle latitudes (see the figure). 
The air aloft continuing north eventually loses heat through radiation, contracts and sinks in 
the polar regions. This air moves down over the polar caps cooling further, turning right to 
form the polar easterlies, and progressing to meet the westerlies in conflict at about 60° 
latitude. Being much lighter, the warm and often moist air in the westerlies is forced up over 
the cold polar easterlies and helps to feed the supply of air at the poles. 
 



60 

 
Figure 40 - The Circulation Model 

 
The continual pile-up of air and thus pressure at the polar caps causes sudden random 
outbreaks of "polar waves" moving southward in the northern hemisphere (and northward in 
the southern hemisphere) as far as 25° latitude in extreme cases. This breakout relieves the 
polar high pressure and brings cool air well into the warmer climes. 
Near the position of 30° latitude not much wind is moving near the surface. A band of high 
pressure known as the tropical highs circles the globe at this level in both hemispheres. This 
area is called the horse latitudes because early sailors would find themselves becalmed in the 
tropics and have to lighten their loads considerably. Overboard went ballast, personal effects 
and especially such superfluous things like horses brought to colonize the New World. The 
lightened ship would then hopefully respond to the soft breezes leaving the floundering 
horses behind to name a region of quiet sea. 
Near the equator a band of low pressure exits known as the equatorial lows. This area is also 
called the Intercontinental Convergence Zone (ITCZ). Again not much surface wind blows 
here because it mostly moves vertically. The ITCZ is well-known as the doldrums, so named 
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by long ago sailors bored with sitting and watching the horizon for signs of winds day after 
day. 
One glimpse at a satellite view of weather patterns on earth indicates that the above 
discussion is also a simplification. However, this model serves as a reasonable starting point 
and illustrates well the continuous shoving match that occurs between the polar highs with 
cold air masses and the tropical highs with warm air masses that is the cause of constantly 
changing weather in the mid-latitudes or temperate zone. 
 
AIR MASSES 
When a body of air – usually 1,000 miles (1600 km) or more across-has assumed a uniform 
temperature and moisture content, we call it an air mass. The temperature and humidity of an 
air mass determine its nature. It may be cold if it originates in the polar regions or warm if it 
comes from the tropics wearing sunglasses. If it comes from the sea and has picked up 
moisture it is known as a maritime air mass. If it comes from the land and is dry it is known 
as a continental air mass. Figure 41 shows the four types of air masses as listed in the chart 
below and their typical paths across North America and Europe. Note that in Australia the air 
masses are mainly maritime whether polar or tropical. 
 

Air Mass Types 
Continental Polar – Cold and dry. Originating over land.  
Maritime Polar – Cold and humid. Coming from the sea.  
Continental Tropical – Warm and dry. Originating over land.  
Maritime Tropical – Warm and Humid. Coming from the sea. 

 
We will spend some time discussing the origin of air masses for their background greatly 
affects the weather they bring us. For example, a moist (maritime) air mass tends to be lighter 
since water vapor is lighter than dry air. A relatively moist mass will tend to ride over another 
mass it encounters of similar temperature. Also, if a saturated air mass is lifted by riding over 
a mountain chain or colder mass, cooling may occur to the point where the water vapor 
condenses to form clouds and possible rain. This condensation process releases latent heat 
into the air and thus the air may be warmed considerably if it continues over the mountains to 
be compressed at lower altitudes (see Appendix III). This action accounts for the vast strip of 
bone-dry territory that exists east of the coastal ranges from North to South America as well 
as northern Africa. 
A cold air mass barreling down from the north generally passes over warmer ground which 
heats it from below causing instability as shown in figure 42. On the other hand, a warm air 
mass sliding north into cooler areas often becomes more stable as the bottom layers are 
cooled as shown in the figure. The latter statement is not a firm rule; in many cases warm air 
masses bring with them and take up so much humidity that they become unstable and may 
even exhibit thunderstorms. 
In figure 43 we show a side view of the atmosphere from the pole to the equator 
demonstrating how air mass movement invades the mid-latitudes both from the north and 
south. This idealized cross-section should be related to figure 40. Note the rising of the 
tropopause toward the equator 
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Figure 41 - Air Mass Movement 

 

 



63 

Figure 42 - Air Mass Stability 

 

 
Figure 43 - The Lower Atmosphere in Cross Section 

 
and the Intertropical Convergence Zone (ITCZ) where much of the circulation arises. Also 
indicated are fronts and the jet streams that flow west to east (into the paper) which we 
discuss in the next chapter. 
 
THE MEANING OF FRONTS 
Most of us have seen fronts on the TV weather marching across the country. These fronts 
herald changes in weather and usually are accompanied by a spell of clouds and rain. We 
pilots are most interested in the behavior of fronts for they are important predictors of good 
and bad flying weather. 
A front is simply the boundary between a cold and a warm air mass as shown in figure 44. If 
the colder air is advancing, the front is known as a cold front. If the warmer air advances it is 
a warm front. Figure 45 shows how fronts are depicted on a surface weather map. 
Sometimes an air mass moves in then stops when pressure in front of it builds up. The frontal 
boundary then is known as a stationary front and is shown in the figure. The most important 
difference across a frontal boundary that determines where the front lies is density which is 
related to the temperature (a pressure change also occurs). Air masses of different densities 
don't mix readily in a similar manner to oil and water. Consequently a stationary front can 
maintain its identity and persist for days. 
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Figure 44 - Warm and Cold Fronts 

 

 
Figure 45 - Fronts on a Surface Map 

 
FRONT CHARACTERISTICS-COLD 
A cold front generally comes from the north and moves southerly in the northern hemisphere 
or from the south moving north in the southern hemisphere. This front is at the leading edge 
of a cold, often dry air mass. 
A sectional view of a cold front through line AA in figure 45 is shown in figure 46. Here we 
see two possible situations: the cold air replaces either unstable air or stable air. In the former 
situation the unstable warm air is lifted by the plowing cold air and forms convective clouds. 
Often 
 



65 

 
Figure 46 - Cross-Sectional View of a Cold Front 

 
thunderstorms or squall lines accompany this type of frontal activity. Squall lines are 
continuous thunderstorms that precede a front by as much as 50 to 300 miles and extend 
generally parallel to the front. The extremely violent weather contained in a squall line is 
covered in Chapter XI. The presence of a squall line may extend the period of bad weather 
associated with the front considerably. 
Cold fronts tend to be energetic compared to warm fronts and may travel at speeds up to 40 
mph (64 km/h), especially in winter when the air is more dense. The faster moving fronts 
exhibit more violent weather but winds drop off sooner after their passage. The slope of a 
cold front is from 1/30 to 1/100 which creates strong updrafts as it moves vigorously forward, 
lifting the warm air. The slope depends on the temperature contrast between the air masses 
and the wind speed across the front. 
In stable conditions more stratus type clouds may form before and behind a cold front as it 
progresses. In this case, a lingering shower may slow the clearing of the sky after the frontal 
passage, but the passage itself is accompanied by less violent conditions. 
Pilots generally look forward to the passage of cold fronts, especially in the warmer months. 
The reason for this is a cold front usually brings clear or cumulus studded skies, great 
visibility, thermal lift for those who soar and denser air to stimulate the engines of those who 
use power. 
 
FRONT CHARACTERISTICS-WARM 
A warm front is often a pilot's nemesis. Such a front can present an unpleasant package of 
cloudy skies, high humidity, haze, excessive heat and rain that lasts for days. Only if the air 
mass is dry or it's the dead of winter do we grudgingly welcome a warm front. 
To see how a warm front works, see figure 47 (This is a cross-section through line BB in 
Figure 45). You will note that the warm front rides up 
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Figure 47 - Cross-Sectional View of a Warm Front 

 
over the cooler air it is replacing. Because warm fronts tend to move slower than cold fronts-
15 mph (24 km/h)or less-and introduce less dense air, they tend to ride up over the cooler air 
in a gradual manner as shown in the figure. The slope of a warm front is from 1/50 to 1/400, 
considerably less than that of a cold front. 
The shallow slope of a warm front results in a wide area of cloud cover, often spreading over 
a distance of 1,500 miles (2,400 km). Also, because of this expanse of clouds and the front's 
slow advance we can often predict the approach of a warm front a day or two ahead of time 
by noting a gradual increase and lowering of clouds starting with cirrus and progressing to 
cirrostratus or cirrocumulus as indicated in the upper figure. 
The figure shows two types of warm front: those bringing either stable or unstable air. In the 
first case we should expect long periods of steady rain and generally smooth conditions 
except perhaps near the frontal boundary. In the unstable case we should expect bursts of 
heavy rain intermingling with steady drizzle as well as dangerous turbulence associated with 
thunderstorms (see Chapter XI). In either case the time during which a warm front passes is 
often best spent indoors doing something constructive such as reading a weather book. 
Here is a summary of fronts: 
 

Cold Fronts – Pass in a matter of hours unless preceded by a squall line or trailed by 
another front. They usually bring dry, cooler air with great visibility and unstable 
conditions. 
Warm Fronts – May take a day or several days to pass with their attendant clouds and 
rain. They bring warm, humid and often stable air trailing behind them. 

 
FRONTAL ACTION 
We can think of a cold front as the leading edge of a wave of cool air busting out from the 
polar regions. Because of the generally westerly wind that assails the temperate zones where 
all this frontal action takes place, the fronts themselves tend to eventually drift toward the 
east (in both hemispheres). The time lapse action of ideal frontal activity is shown in figure 
48. We use a rectangle to represent a hypothetical continent or land mass. 
At first the figure shows a wave of cold air moving down over the continent. The cold front 
on the surface is shown as it progresses. It is extending from a low pressure system indicated 
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by the L on the map and driven by a high pressure system marked H. We explain these 
matters below. 
As the front drops down over the land it is eventually opposed by high pressure at lower 
latitudes so that it slips off toward the east. The western portion of the cold front then stops 
its expansion and also begins to move east as a returning warm front. The original cold front 
continues to the east and may die at sea or eventually lose its identity by warming if it lingers 
over land. 
A new low pressure system with a new cold front is seen to be following the same pattern of 
the original front. Thus we have the standard process of cold front followed by a warm front 
followed by a cold front and so on, especially 
 

 
Figure 48 - Frontal Movement 

 
for a resident at point A. A citizen at B may experience cold fronts only in a serious winter 
while the lucky person at C may never see a front. 
Once again we have greatly simplified matters, for irregularities always occur in the 
atmosphere, but this model will help you understand the more complex frontal movement 
when you see it unfold or depicted on weather maps. 
 
VARIATIONS IN FRONTS 
We have already seen that fronts can accompany stable or unstable air masses and they can 
be fast or slow moving. They can also vary their behavior according to the terrain or pressure 
systems they encounter. High mountain chains can partially block a front and complicate its 
pattern as it passes. The movement of pressure systems can stall a front and render it 
stationary until it loses its identity, moves back as the opposite type front or regains impetus 
to continue on. Sometimes a cold front may stall and flatten out to lie nearby in a west-east 
direction, possibly moving up and down to create bad weather for days for the grumbling 
nearby inhabitants (see figure 49). 
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On other occasions, the eastern portion of a cold front may push vigorously forward to bulge 
up so that the front appears from the west or even southwest (in the northern hemisphere) as 
shown in figure 50a at point A. This is sometimes called a back door front, although a true 
back door cold front appears as in 50b when a cold front comes down from the 
 

 
Figure 49 - Stationary Front 

 
northeast (again in the northern hemisphere). This action is common in the northwest areas of 
the North American continent as well as Europe. A back door front usually brings a relatively 
shallow layer of cool, unstable air, so the thermals associated with such a front are limited in 
height. 
Another important cold front variation is an upper level front. This occurs when cool air is 
lifted over mountainous areas and meets colder air on the other side. In this case the cool air 
does not descend but produces frontal activity aloft as shown in figure 51. This upper level 
disturbance can create severe weather including thunderstorms and tornados. 
The next variation to identify is a secondary cold front. There are often perturbations or 
oscillations in the vast glob of cold air at the poles as if it were a great mound of shaking 
jello. This can cause wave after wave of 
 

 
Figure 50 - Back Door Fronts 
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Figure 51 - Cold Front Aloft 

 
cold air to break into the warmer latitudes. Fronts following close on the heels of a preceding 
front are called secondary fronts (even though there may be several) and appear as in figure 
52. Each successive wave tends to bring colder air and needless to say such a march of fronts 
can disturb the weather for days. 
We should mention arctic fronts which are simply strong polar fronts from the north 
maintaining their identity well into the temperate areas. Finally, we look at occluded fronts. 
 

 
Figure 52 - Secondary Fronts 

 
OCCLUDED FRONTS 
When a cold front catches up to a cool wave that preceded it , we have a situation known as 
an occluded front. This is shown in figure 53 with the shaded area representing the occluded 
portion. Note the wind directions as shown by the arrows and the positions of the three 
different air masses. This state of affairs is known as a cold occlusion. 
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Figure 53 - Occluded Front 

 
A warm occlusion can occur when a succeeding cold front is not as cold as the front it 
catches. This is common along western coasts where a maritime cool air mass meets a cold 
continental mass that has plowed under a warm mass. The cross section of such a warm 
occlusion is shown in figure 54. 
A cold occlusion will exhibit clouds and winds aloft similar to a warm front as it approaches, 
but behave similar to a cold front in terms of winds and weather as it passes. Conversely, a 
warm occlusion exhibits cold front weather in the upper level cold front region then appears 
as a warm front as it passes at the surface. In either case occlusions can cover a vast area with 
clouds and rain for they generally occur when a weather system has 
 

 
Figure 54 - Cross Section of Warm Occlusion 

 
slowed or stagnates. Often such occlusions stay in one place drizzling and dampening every 
pilot's spirits until they decay and lose their identity. Coastal rainy seasons such as that along 
the Pacific Northwest in North America are caused by a succession of warm occlusions 
intruding from the Pacific Ocean. 
 
SEASONAL CHANGES 
We have already discussed how the tilt of the earth combined with its orbit around the sun 
changes the position of maximum heating on the earth. The result is a change in air mass 
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movement and frontal patterns as winter melts into summer and summer yields to winter 
again in any given area. 
In figure 55 we depict the general winter and summer patterns of cold and warm front 
passage throughout the world. The main features to note 
 

 
Figure 55 - Worldwide Fronts and Pressure Systems 

 
are the general north and south limits of the fronts in the different seasons as well as the 
different positions of the pressure systems. 
Just as the birds tend to desert the temperate climates in winter then return to regale us with 
their songs in spring only to subdue their activity in the heat of summer then again become 
active in fall, so too does the weather seem to operate. We have higher relative humidities, 
lower cloud bases, colder air and more frequent frontal passage in winter. As spring arrives 
cold fronts and warm fronts alternate on a more regular basis. Good flying weather often 
exists after these fronts pass. In summer warm fronts with hot, hazy, often stable air 
dominates the moister regions, putting a damper on soaring flights while deserty areas 
become very unstable in the extreme sunshine. Finally in fall regular cold fronts return to the 
temperate zones and the cycle begins anew. 
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HIGH PRESSURE SYSTEMS 
We know that the pressure we detect in the air at any level is dependent upon how much air is 
piled up above us. The more air aloft, the more it weighs and presses on our bodies and 
instruments. We have also seen how the complexities of atmospheric circulation on the earth 
results in the piling up of air in certain general areas. This action creates a relative high 
pressure system at the earth's surface. If we moved under this high our barometer would read 
higher than at any surrounding area. 
The build-up of a high pressure system can be thought of as the prime mover of the air 
masses and fronts at their boundaries. Imagine this: air moving in aloft towards the north pole 
settles down and cools over the cold snowy ground. This air contracts and becomes more 
dense, building up more and more pressure at the surface as more air moves in aloft. Finally, 
this northern mass of heaving air can no longer be contained by the pressure of air to the 
south so it breaks out in a sudden wave invading the south as a cold front preceding a cold air 
mass. 
Figure 56 shows a satellite's view of the north pole and the cold air mass poised to invade the 
south. You may notice the high pressure systems are generally located over the land masses 
above 60º latitude. Also the cold air extends further south over the land. This is because land 
cools more readily than water, creating colder air above itself. This illustration, also shows 
the principle paths of invasion of the cold air when it breaks out into a cold front in the 
northern winter. Note that the cold fronts crossing Europe are often back door fronts. A 
similar map can be drawn for the southern hemisphere (see figure 57), but the lack of 
significant land masses from about 40º to 70º latitude results in a more uniform polar air mass 
and more regularly spaced highs and frontal outbreaks. 
A band of high pressure systems also extends around the globe –above and below the 
equator– at 30º to 40º latitude. These highs are centered over the sea area that is cooler than 
the land masses in the tropics, especially in summer. These tropical highs are the main 
systems that oppose the polar highs and prevent cold fronts from reaching the tropics. They 
in turn send warm fronts into the temperate areas in summer. Figures 40 and 43 can help you 
imagine where surface highs should appear. 
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Figure 56 - Arctic Polar Air Masses. 

 

 
Figure 57 - Antarctic Air Masses 
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LOW PRESSURE SYSTEMS 
While we can readily understand how highs are created by an abundance of air aloft, it is a bit 
more difficult to imagine air being taken away from an area in the upper atmosphere to create 
a surface low. But this is exactly what happens. To see this we need to picture the general 
circulation at altitude –say 18,000 feet (6,000 m)– as in figure 58. Here we have pictured the 
north pole and the general wind flow at altitude. 
 

 
Figure 58 - Upper Level Circulation 

 
Except for a deep layer of westward flowing air that reaches into the troposphere in 
equatorial regions, the upper air flow consists of a broad band of eastward flowing wind in 
both hemispheres known as the circumpolar westerlies (see below for more details). These 
westerly winds do not flow in a neat circle, but undulate with the northern air mass to the 
tune called by the pressure systems. 
Now look at the figure and imagine the earth as a rotating disc. As an object spinning with 
the disc moves away from the center it tends to slow down (scientists call this conservation of 
angular momentum). As it moves toward the center it tends to speed up. You can experience 
this yourself by going around on a playground merry-go-round and leaning toward or away 
from the center. You will experience a force increasing or decreasing your rate of rotation 
respectively. A spinning skater similarly changes his or her rate of rotation by distributing the 
mass of his or her arms inward or outward. The wind behaves the same way. When it moves 
south it gets further away from the earth's spin axis so it slows down. As it moves north it 
acquires more relative speed because it moves closer to the spin axis. Looking again at the 
figure we start at point A and follow the airflow and see that the air gradually decelerates 
until we reach the slowest moving air at point C. Continuing around the path we see the air 
beginning to move north and accelerating until we reach the fastest moving air at E. In fact, 
all the places where the flow is closest to the poles contain the fastest moving air and vice 
versa. 
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Proceeding one step further we ask ourselves what happens at points B and D. Think of this: 
if you are driving on a crowded single lane highway and a car up ahead suddenly slows down 
you find yourself and the drivers near you suddenly bunched up behind this slower vehicle. 
In front of the slow driver traffic thins out as the other cars pull away from him. 
The same thing happens to the air molecules as they follow their undulating path around the 
earth. When a portion of the air is slowed, the air behind it tends to bunch up, while the air in 
front of this slow flow spreads out. By studying the figure you can see that air at B will be 
crowded or bunched while air at D will be thinned. 
The crowding of air at B is called convergence (meaning coming together). In effect the air 
actually piles up at this point in the upper levels causing an increase in pressure at the surface 
or a ridge of high pressure. 
The thinning of the air at point D is known as divergence (meaning separation). The effect of 
this thinning is an area of low pressure at the surface below D. Thus we see that the actual 
cause of low pressure cells on the earth's surface is contained in the peculiarities of the upper 
air flow. In addition, we have found another source of surface high pressure areas. 
Cold fronts on the surface tend to break out and extend below a wave aloft. The fronts 
themselves extend from the surface lows produced by the mechanism indicated above and 
exhibit a slight trough of low pressure along their length. This low trough affects the wind 
flow as we shall see in the next chapter and can be used to detect the passage of a front. By 
watching your barometer or altimeter you can see falling or rising pressure. Falling pressure 
means the approach of a front (both cold and warm) or low pressure system while rising 
pressure indicates a receding front. A change from falling to rising indicates the frontal 
passage. Barometers marked with stormy-rain-change-fair-dry use the pressure change 
related to fronts and pressure systems to give these predictions based on current pressure 
readings. In Chapter XII we learn how to use the barometer to predict the weather in more 
detail. 
 
LOCAL LOWS 
Low pressure systems can be impressively huge affairs covering half a continent. But lows 
can be much smaller and form from a mechanism other than varying upper level flow. For 
example, an area that is heated more than its surroundings will heat and expand the air above 
it so that air aloft flows away and a local low is formed. This is an important phenomenon 
that helps create the sea breezes as well as other local flows and will be explored in Chapter 
VII. 
On a slightly larger scale a persistent summer low known as the California low is created 
over the American Southwest desert. Also a series of lows along the eastern face of the 
Rocky Mountains or along the southern slopes of the Swiss Alps are formed in the same 
manner with the addition of blockage of the wind by the mountains which prevents the low 
from dissipating by drawing in air at the surface. 
The Rocky Mountain low in particular creates an initial flow from the Mississippi basin all 
across the plains from east to west at the surface in the summer months (see figure 59). This 
flow is turned northward by Coriolis effect so that it creates the prevailing southerlies on the 
Great Plains and sucks a considerable burden of moisture from the Gulf of Mexico to feed the 
famous thunderstorms and tornados of Dorothy's Kansas and surrounding states. 
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Figure 59 - Rocky Mountain Lows 

 
Likewise the low near the Alps pulls in Mediterranean moisture to drop showers on northern 
Italy. Later we will look at tropical weather and see a further production of local lows. 
 
HIGHS AND LOWS TOGETHER 
By now you probably know that highs and lows exist side by side in the atmosphere and they 
interact to produce winds and weather. Let's see this in more detail. Figure 60 shows the 
general relationship of high and low pressure systems in terms of how they are formed. In 
summer the highs tend to initiate over the cooler sea while the lows are born over the land. 
The opposite is true in winter. 
Since a high pressure wants to squeeze the air out below it we would naturally expect the air 
to flow from high to low pressure. This is exactly what it does initially. We can picture this as 
a surface contour like in figure 61. Here a fluid flows from the highest point to the lowest 
point. However, in the free air Coriolis again enters in to complicate the picture. In the 
northern hemisphere the flowing air turns to the right so that as it moves outward from the 
high it ends up circulating clockwise (when viewed from above). In the southern hemisphere 
Coriolis effects causes a left turn so the flow around a high becomes counterclockwise. 
 

 
Figure 60 - Summer Pressure Systems 
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The air moving inward towards a low is likewise turned right in the northern hemisphere. 
This action combined with the inward flow results in a counterclockwise flow around a low. 
In the southern hemisphere the flow around a low is clockwise. We summarize these 
important flows below: 
 
Circulation Around Pressure Systems 
 Southern Hemisphere  Northern Hemisphere 
Highs Clockwise Counterclockwise 
Lows Counterclockwise Clockwise 
 
This is an important concept for pilots in order to deduce wind direction from the surface 
maps. To aid your memory, all you need to know is that 
 

 
Figure 61 - Flow Around Pressure Systems 

 
air turns right in the northern hemisphere so as it flows outward from a high it moves 
clockwise. From this we remember the flow is opposite around a low and everything is 
reversed in the southern hemisphere. 
When lows and highs are produced by heating effects (and not by circulation aloft) they set 
up a mutual support system that appears as in figure 62. Here we see a relative high on the 
ground with air flowing to the low. Aloft we see a relative high over the low that sends air 
flowing over the high to reinforce it. This flow will continue as long as the heating 
differences last. 
 

 
Figure 62 - Circulation in Lows and Highs 
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An important point to note in the figure is that the air is subsiding or descending above and 
around the high while it is ascending over the low. This is the case in pressure systems in 
general, no matter what creates them. This too has great importance to pilots for: 
 

The air around a high pressure is descending which results in compression, warming, 
reduced relative humidity and increased stability. 
The air around a low pressure system is ascending resulting in expansion, cooling, 
increased relative humidity and decreased stability. 

 
The descending air at the high is moving downward only a few centimeters (about an inch) a 
minute at the most, but this is enough to produce the effects outlined above and create 
clearing skies generally associated with a high pressure system. The irony is that the 
subsiding air in the high produces an increasingly more stable air mass and is the main source 
of the inversion that frequently exists in the non-desert areas of the temperate zone. Yet post 
cold front, high dominated weather is what brings the most lower level instability and thermal 
production in these same areas. This action is a result of clear, cold air allowing plenty of 
sunshine through to heat the ground and produce lower level instability. Nevertheless, if a 
high lingers for days in an area it gradually increases the stability of the air mass so that 
eventually thermals are suppressed. 
The ascending air around a low gives rise to much cloud cover and precipitation. It can also 
exhibit such instability that thunderstorms are formed. In general, the approach of a low is 
viewed with a jaundiced eye 
by pilots in humid areas, for no one likes to fly in the rain. 
 
ISOBARS 
It's really difficult to talk about pressure systems without talking about isobars. Isobars are 
simply lines connecting points of equal pressure on a weather map. The word comes from the 
Greeks. Iso means equal or same; bar refers to weight or pressure. 
Just like the contour lines on hills or valleys circle these features on a topographical map as in 
figure 61, so too do isobars appear on a map. The isobars in figure 63 circle the high and the 
low and take more complex shapes away from the pressure systems. Because the isobars 
outline the highs and lows just like topographic lines do hills and valleys, we often refer to 
long areas of high pressure as ridges and lows as troughs or depressions. Low pressure 
systems are also known as cyclones and highs as anticyclones. 
Isobars depicted on a weather map are usually in 4 millibar (mb) steps or 2 mb steps if the 
pressure change is weak and more detail is needed (see figure 63). 
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Figure 63 - Isobars Around Pressure System 

 
The closer the isobar lines are spaced, the greater the pressure difference in a given distance 
perpendicular to the isobars. Thus we say there is a steep pressure gradient (meaning change 
with distance) exactly analogous to steep terrain depicted on a topographic map. 
The greater this pressure difference, the greater the force driving the wind. Thus we can 
correlate wind speed with the spacing of the isobars the rule is: the closer the isobar spacing, 
the stronger the wind. The following chart provides a guideline to expected isobar spacing at 
the surface for a 15 mph (24 km/h) wind. Note that this changes with latitude due to Coriolis 
effect since Coriolis effect always opposes the pressure gradient force. 
 
Isobar Spacing for a 15 mph (24 km/h) Wind  
Latitude*  Spacing (Miles)  (Km)  
60   144     230  
55   153     245  
50   162     260  
45   176     282  
40   195     312  
35   218     349  
30   248     397  
25   297     475  
20   364     582  
*A given Isobar spacing produces stronger winds at lower latitudes. 
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In hilly or mountainous terrain the isobar spacing must be less for a 15 mph surface wind due 
to friction effects. The important point is to know your area to get an idea of how many 
isobars in a given distance present usable winds and at what isobar density do the winds get 
unmanageable. 
 
ISOBARS AND THE WIND 
Initially we can see that the air gets an impetus from the pressure systems to move 
perpendicular to the isobars. However, as explained before, Coriolis effect soon turns the 
wind so formed and it lines up with the isobars. This lining up is caused by a balance between 
the pressure gradient force, Coriolis effect and centrifugal force as explained in Appendix 11. 
In figure 64 we see a weather map of the pressure systems at 18,000 feet (6,000 m) over the 
North American continent. The arrows show the wind direction-clockwise around the high, 
the opposite direction around the lows and always parallel to the isobars. 
On the surface the story is somewhat different. The good uniform nature of the highs and 
lows and simple flows aloft are more complicated at the surface due to differential heating 
effects as can be seen in the lower drawing. Also friction of the air flowing over rough terrain 
results in a slowing of the air so that Coriolis effect is reduced. The consequence is that the 
wind crosses the isobars at the surface as shown previously in figure 63. The angle of 
crossing will be as little as 10º over water where there is little friction to as much as 40º or 
50º over rough or mountainous terrain. 
 

 
Figure 64 - Circulation at Altitude 
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This flow across the isobars is greater in winter than in summer and greater in latitudes closer 
to the poles since cooler air is denser and experiences more friction. With this knowledge we 
can predict surface wind velocities (speed and direction) given a surface pressure chart. 
In both a high and a low pressure system the wind increases with increased pressure gradient. 
Also around a high the centrifugal force is added to the pressure gradient force while it is 
subtracted around a low. Thus we should expect higher winds around a high, but in fact the 
opposite is true for the isobars tend to spread out further in a high while they tend to contract 
in a low due to air circulation aloft, creating a greater gradient (tighter isobars) and higher 
winds. Also, the winds tend to get lighter as you move toward the center of a high or it moves 
over you while they usually get stronger toward the center of a low. 
 
CIRCULATION ALOFT 
At this point we can get a clearer picture of general circulation at altitude. To begin we 
should realize that we can draw an isobar map at any height to get a picture of how the 
pressure is distributed and thus how the winds blow. Weather stations send up instruments on 
balloons to detect pressure at different altitudes to enable a central processor to draw these 
maps. 
Typical weather charts readily available besides a surface map are the 850 mb (about 5,000 
feet or 1,600 m), 700 mb (about 10,000 feet or 3,300 m), 500 mb (about 18,000 feet or 6,000 
m), and 300 mb (about 30,000 feet or 10,000 m). These heights are not exact, for in fact these 
are constant pressure charts that show the contours of a given pressure rather than the 
changes in pressure. For our purposes this is the same. 
The circulation at altitude loses the surface details and tends to only exhibit the large-scale 
features. Completely closed circulations –highs and lows– decrease in frequency with altitude 
to be replaced by ridges of high pressure or troughs of low pressure. A typical upper level 
circulation with these features is shown in figure 65. Notice the ridge running down the 
middle of an upward bulge in the isobars causing clockwise rotation of the air. The troughs 
trail down from low pressure systems and extend where the isobars take a dip toward the 
equator, creating counterclockwise circulation. This model is for the northern hemisphere 
with opposite circulation applying south of the equator. 
We have already seen that the general westerly winds circulating aloft dip down in ridges and 
troughs (see figure 58). These are known as long waves and there are usually from three to 
seven of them in existence around the globe. Superimposed on them are short waves which 
are the disturbances shown in figure 65. 
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Figure 65 - Ridges and Troughs 

 

 
Figure 66 - Surface Waves 
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Long waves tend to move slowly, drifting eastward or remaining stationary for a few days. 
The airflow around them can carry tropical air far to the north or polar air far south. Short 
waves are faster moving oscillations proceeding through the long wave pattern. The surface 
situation below a series of short waves is shown in figure 66. The waves induce a series of 
lows on the surface that rapidly move up the general circulation pattern. 
 
A TROUGH ALOFT 
When an upper level trough is formed it creates clouds in the rising air just like a singular 
low pressure cell. Usually these clouds will be in high broad bands unless the trough deepens 
and reaches the ground in which case the clouds thicken and offer the dubious gift of 
precipitation typical of a ground based low. Understanding the mechanism of upper level 
disturbances-troughs-can allow a pilot to predict the winds and weather before and after their 
passage. In general, lifting and rain preceeds an upper level trough with southwesterly winds 
aloft and west winds at the surface (northwest aloft and west on the surface in the southern 
hemisphere). Then northwest winds occur aloft with surface winds remaining westerly 
(southwest and west in the southern hemisphere) and clearing takes place as the ridge passes. 
This process is shown in figure 67. Note that the wind turns in a counterclockwise direction 
with altitude before the trough and clockwise with altitude after the trough passes (for both 
hemispheres). 
Upper-level troughs usually catch up to the main surface storm toward the east and meld into 
it by developing a complete circular pattern itself. 
 

 
Figure 67 - Upper Level Trough 
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Altostratus with billow clouds indicating unsettled weather 

 
THE JET STREAM 
In figure 43 we have indicated the existence of the jet stream at the boundaries of the air 
masses. We will look at how this is formed in the next chapter, but here we simply identify 
the jet stream as a flow of fast moving air-over 200 mph or 320 km/h in some cases-from 
west to east. The polar front jet stream rarely circles the globe but is found in segments 1,000 
to 3,000 miles (1,600 to 4,800 km) long. The tropical jet stream tends to be weaker, higher 
and shorter. 
The polar jet stream is a good indicator of surface weather. When it is lying flat across the 
country as in figure 68 there is very little surface activity and generally good weather lies 
south of it (north in the southern hemisphere). When it dips down as in the second part of the 
figure it indicates that a cold front and the formation of a low will soon follow. This jet 
stream dip usually precedes the front by several hours to a day, although a strong front may 
catch and pass the position of the jet stream eventually as shown. 
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Figure 68 - Jet Stream Effect 
 
STEERING WINDS AND PRESSURE PATTERNS 
Even when an actual concentrated jet doesn't exist, the upper winds are known as steering 
winds for they help direct the movement of pressure systems and thus fronts. A low typically 
forms below the poleward flowing portion of these winds as we have seen previously. This 
low then rides slowly along below this flow to eventually stagnate and dissipate in the 
northeast extremes of land masses in the northern hemisphere or in the southeast below the 
equator. 
Highs are likewise directed by the steering winds but they drift in a more southeasterly 
direction in the northern hemisphere and northeasterly in the southern hemisphere. Figure 69 
shows the typical pattern of high and low pressure system drift in summer and winter. 
Due to the seasonal change of these steering winds, at certain times of the year they are 
absent from some areas. This allows dominant pressure systems 
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Figure 69 - Pressure System movement 

 
to set up and persist for days or weeks. For example, in the summer when the jet stream 
moves north in the northern hemisphere a steady high off the coast of Florida known as the 
Bermuda high pumps warm humid air into the southeast United States. Similarly a standing 
high off the coast of Portugal known as the Azores high keeps Spain and western Europe well 
supplied with warm air that helps populate the famous beaches. 
Besides the two well-known systems above, the northern summer sees a Pacific high, a 
California low and a strong Mid-East heat low. The winter brings on the Canadian high, the 
Siberian high and the Icelandic low. 
 
TROPICAL WEATHER 
Below latitudes of about 20°, Coriolis force becomes insignificant so that winds no longer 
parallel the isobars but cross them at ever increasing angles, even at altitude. Near the equator 
the air flows generally perpendicular to the isobars. In addition, fronts and large pressure 
systems rarely visit the tropics, but diurnal effects, seasonal changes, small-scale waves and 
tropical cyclones do. 


