
Cumulus Turret Racing Toward the Flight Levels
— Photo by Scott Dennstaedt
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LETS GET STARTED . . . 

This Cirrus icon denotes SCOTT speaking in first person. 

This generic airliner represents DOug conversing in first person.

This symbol reflects WeATHeR FACTS and TRIvIA.

This symbol symbolizes WeATHeR ReLATeD ACCIDeNTS. 
Fortunately, it has been sparsely used.



Turbopropping
— Photo by Erik Ritterbach
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the atMoSPhere

. . .A bit of history

Meteorology 
 It seems like a peculiar word to describe the study of 
atmospheric phenomena. For this we have the ancient 
Greeks to thank (or blame!). In 340 B.C., Aristotle wrote 
a discourse on weather that he called Meteorologica. His 
title literally meant “things high in the sky,” an appropri-
ate description for a text that included discussion of the 
stars, moon, sun, meteorites, etc. Aristotle’s early writ-
ings on weather must have been well received — after all, 
the title has stuck around for over 2,300 years! (Truth be 
told, the ancient philosopher’s questions were solid, but 
his answers were not). The modern-day definition of 
meteorology, however, confines it to the study of weather. 
At this point, you’re probably asking yourself, “Why do I 
need a history lesson?”

A good approach to start an introductory weather 
class is to take the Socratic approach of illuminating 
thought by asking students questions and then more 
questions before we finally get to answers. To get stu-
dents thinking weather, a couple of good questions are: 
“What happens to temperature, pressure and density as 
air ascends?” “Which is more dense, cold or warm air?” 
The question that usually stumps them is this third 
question: “Which is more dense, dry or moist air?” (The 
answer is dry).

Most people in general love talking about the 

weather and that includes pilots. Nine out of ten 

initial conversations begin with the topic of 

weather. It seems Shakespeare liked weather too. . .there are 

642 weather references in his complete works.

Let’s get right to the nuts And 
boLts of weAther. . .

The Atmosphere (Composition)
The air we breathe is a mixture of many gases. Much of 
what we fill our lungs with is nitrogen (which makes 
up 78% by volume of normal air) and oxygen (21%)). The 
remainder is argon, carbon dioxide, carbon monoxide 
and other trace gases. In terms of weather, however, the 
most important component of air is water vapor. (Also, 
relevant to the study of weather are “aerosols,” such as 
salt, pollution, dust and smoke particles, which contrib-
ute to the composition of air. We will learn how these 
play a significant role in our weather a little later in 
this book).

Most pilot weather books start with the same 

basic topic. . . the composition of air. You, as a pi-

lot, will know it as wind, turbulence, clouds, pre-

cipitation, icing, and fog, with tons of beautiful clear skies 

thrown in.

The percentage of water vapor in the air fluctuates any-
where from zero to four percent. This is a surprisingly 
low percentage considering it’s what makes clouds and 
precipitation. Nevertheless, it’s the most important com-
ponent of air as far as weather goes! And remember: 
water vapor is found largely in the lower layers of the 
atmosphere with very little above 50,000 feet. 

The amount of dew covering a basketball left out 

overnight is analogous to all the moisture within 

the atmosphere and on the earth.
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Properties (Weight)
Here’s another important characteristic of air: it has 
weight. For many people, this fact is hard to fathom 
— how can something invisible and intangible have 
weight? Well, it turns out that if we took a square inch 
column of air and lifted it to the top of the atmosphere 
(for argument’s sake, let’s assume that top is located 
around 100 miles above the Earth), then that square 
inch column would exert 14.7 pounds of pressure at sea 
level. Of course, the weight of air diminishes with alti-
tude, so at, say, 20,000 feet, the weight of the square 
inch column would only be about 6.75 pounds. In prac-
tice, this means that half of the weight of the entire 
atmosphere is below 18,000 feet! Keep in mind that the 
weight of the atmosphere also varies according to the 
time of day, latitude and moisture content.

It may seem like 18,000 feet is not quite the 

middle of the atmosphere. That’s because the 

atmosphere itself is compressible onto itself. Essentially at 

sea level, the pressure is about 1,000 mb (millibars). At the 

top of the atmosphere, the pressure is nearly 0 mb. So, at 

500 mb (or roughly 18,000 feet), half of the weight of the 

atmosphere is below this level and half the weight is above. 

Other Properties
Here’s another important question: “If we compress or ex-
pand air, what impact does it have on the temperature?” 

When air expands, it cools. Conversely, compressed 
air heats up. Thus, the important properties of air are its 
mobility and its capacity for expansion and compression. 
True, the atmosphere is often compared to an ocean of 
air, but as a gas, air has much more freedom than water 
to compress, expand, and move around. As a parcel of air 
rises, it will expand and cool. This process, called adiabatic 
expansion, is the most important factor contributing to 
the formation of clouds and subsequent precipitation. 
When a parcel of air sinks (subsidence) or descends (to 
where the air pressure is higher), it compresses (adiabatic 
compression) and heats up, causing clouds to dissipate 
(evaporate).

The pumping of air with a bicycle pump causes 

the bottom portion of the pump to heat up due to 

compression. When that same air is released through the tire 

valve, the air cools as it expands. (Scuba tanks also heat up 

as they are filled under high pressure).

Divisions of the Atmosphere
By analyzing the atmosphere and by compiling statistics 
from around the world, weather folks have determined 
that four main layers or “spheres” of atmosphere exist 
and are differentiated by temperature and altitude. 

This is the lowest layer of air, blanketing the earth. 
It’s where we live and where most weather occurs. This 
layer can be as low as 26,000 feet near the poles (think 
of cooler air settling) and as high as 55,000 feet near the 
equator (think of warm air rising). Within this layer, it is 
important to appreciate that temperature, density, and 
humidity all usually decrease with height while winds 
usually increase with height. It goes against many 
people’s intuition to think of temperature decreasing 
with height. After all, as one goes higher, one gets pro-
gressively closer to the sun. Shouldn’t the temperature 
therefore increase? Well, it turns out it’s not so much the 
sun that heats the atmosphere, but the earth. Here’s how 
it works: first sunlight infiltrates the atmosphere on a 
short wavelength and heats the earth. Next, the earth 
radiates this thermal energy back upwards on a longer 
wavelength to heat the atmosphere (note that it is infra-
red radiation we are talking about here, not nuclear 
radiation).

Many folks recall the Greek fable of Icarus and 

his father, Daedalus. In the fable, Daedalus warns 

Icarus not to fly too close to the sun, because his 

wings are made of feathers and wax. Icarus defies his fath-

er’s wish, however, and as he nears the sun, Greek lore has 

him crashing back to Earth because the sun has melted his 

wax wings. We all know now that the logic here is erroneous: 

air gets colder with height, not warmer. 

Most of the earth’s weather occurs in the tropo-
sphere, which exhibits characteristic vertical air move-
ment due to the constant exchange of heat and moisture 
between this bottom layer of air and the earth. 

figure 1-1: depicts the four layers of the atmosphere and the standard 
temperature profile.
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Tropopause (Top of the First Layer)
Before we go higher, you should know that the name of 
the boundary between layers of atmosphere uses the 
suffix “pause.” The first boundary is called the “tropo-
pause.” You’ll learn this is where jet streams live (think 
meandering currents of air with great velocity) and that 
this boundary tends to be where turbulence lurks. 
Therefore, if an airline pilot wants to give passengers a 
smooth ride, then knowing where the airplane is in rela-
tion to the tropopause is a must. The height of the 
tropopause is higher near the equator than at the poles 
and it decreases in height during the winter. The tropo-
pause is where thunderstorm tops begin to f latten as 

they lose their upward momentum, where cloud layers 
end, and where visibility tends to improve.

Second Layer (Stratosphere)
Above an average mid-latitude altitude of about 36,000 
feet, temperature no longer decreases, but either stays 
the same or warms up. Vertical air movement gives way 
to horizontal air movement. Airliners primarily f ly in 
the top portion of the troposphere and the lower portion 
of the stratosphere, because jet engines are more effi-
cient at these altitudes. The temperature remains rela-
tively constant in the stratosphere, while the thickness 
of the air varies considerably. This layer is deepest over 

compression. When that same air is released through the tire 

valve, the air cools as it expands. (Scuba tanks also heat up 

as they are filled under high pressure).

Divisions of the Atmosphere
By analyzing the atmosphere and by compiling statistics 
from around the world, weather folks have determined 
that four main layers or “spheres” of atmosphere exist 
and are differentiated by temperature and altitude. 

This is the lowest layer of air, blanketing the earth. 
It’s where we live and where most weather occurs. This 
layer can be as low as 26,000 feet near the poles (think 
of cooler air settling) and as high as 55,000 feet near the 
equator (think of warm air rising). Within this layer, it is 
important to appreciate that temperature, density, and 
humidity all usually decrease with height while winds 
usually increase with height. It goes against many 
people’s intuition to think of temperature decreasing 
with height. After all, as one goes higher, one gets pro-
gressively closer to the sun. Shouldn’t the temperature 
therefore increase? Well, it turns out it’s not so much the 
sun that heats the atmosphere, but the earth. Here’s how 
it works: first sunlight infiltrates the atmosphere on a 
short wavelength and heats the earth. Next, the earth 
radiates this thermal energy back upwards on a longer 
wavelength to heat the atmosphere (note that it is infra-
red radiation we are talking about here, not nuclear 
radiation).

Many folks recall the Greek fable of Icarus and 

his father, Daedalus. In the fable, Daedalus warns 

Icarus not to fly too close to the sun, because his 

wings are made of feathers and wax. Icarus defies his fath-

er’s wish, however, and as he nears the sun, Greek lore has 

him crashing back to Earth because the sun has melted his 

wax wings. We all know now that the logic here is erroneous: 

air gets colder with height, not warmer. 

Most of the earth’s weather occurs in the tropo-
sphere, which exhibits characteristic vertical air move-
ment due to the constant exchange of heat and moisture 
between this bottom layer of air and the earth. 

figure 1-1: depicts the four layers of the atmosphere and the standard 
temperature profile.
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Third Layer (Mesosphere) 
Here’s where the atmosphere gets a little lackluster as 
far as pilot weather is concerned. Temperature decreases 
significantly in the mesosphere. One neat thing about 
this layer, though, is that it is the place where meteors 
tend to break up as they enter the atmosphere. That’s 
something you may be lucky enough to see on one of 
those starlit night flights. Temperature decreases to near 
−100 °C (ICAO says −86 °C) at the top of this layer. The 
“mesopause” marks the top of this layer (and is not to be 
confused with another similar word describing a change 
middle-aged women go through!)

Fourth and Final Layer (Thermosphere)
 Just by the nature of the name, you might be thinking 
that the “thermosphere” has something to do with high 
temperatures. You’d be right! Temperature begins to rise 
dramatically in this layer, to about plus 2,000 C to 
3,000°C, but don’t think if you stuck your hand out of 
the International Space Station it would disintegrate 
from the heat. We know air is thin at high altitudes, so 
scientists equate the amount of energy that air particles 
have (kinetic energy) to its equivalent in terms of tem-
perature. No one truly knows where this layer ends and 
where space begins, but if you’ve ever played the game 
“Trivial Pursuit,” you’ll know that the atmosphere is es-
timated to be about 100 miles thick. There is no 
thermopause if one adheres to the four-layer model. . . 
but see below.

Other Layers
Exosphere: Some books include the exosphere as the 
fifth layer. The higher portion of the thermosphere is 
labelled the exosphere, the level at which the atmospheric 
pressure nears zero (the pressure reading in a complete 
vacuum). It’s where the atmosphere meets space, and it’s 
in this layer, 50 to 400 miles in altitude, that the Space 
Shuttle is located, about 200 miles up. The exosphere is 
also where we see the spectacular sights of the aurora 
borealis (northern lights). Down under, the technical 
name is aurora australis (southern lights). The amazing 
color displays and formations are produced by the solar 
wind, a stream of charged particles emanating from the 
sun that are trapped by the earth’s magnetic field. As 

the poles and very shallow or non-existent over the 
equator. There is next to no water vapor in the strato-
sphere and not much vertical air movement other than 
what is associated with gravity waves (more about that 
later). Some clouds, called “mother of pearl” or “nacre-
ous” clouds, can occasionally form in this layer. These 
clouds are composed of ice crystals and, while they are 
rare, their presence indicates that some moisture does 
exist in the stratosphere. 

It’s interesting to note that a marked increase in 
temperature (to near zero Celsius or even warmer) oc-
curs at the top of the stratosphere. This temperature in-
crease is due to ultra violet (UV) absorption by the ozone 
layer. We hear about ozone in the media now and again 
because it is this layer that protects us from harmful 
ultraviolet radiation. The stratosphere contains about 
97% of all the ozone in the atmosphere. The boundary 
name at the top of this layer is the “stratopause.”

One of the neatest airports to fly into is Las Vegas, 

Nevada at night. The tallest building in Vegas, the 

Stratosphere, peaks at 1,149 feet. It’s easily seen, with ex-

terior thrill-seeker rides perched 100 stories up. Referred to 

as the “needle,” it’s used as a reference for visual navigation 

by pilots.

figure 1-2: The Stratosphere hotel located 
on the “strip” during a Las Vegas layover.
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how the Atmosphere is heAted

Incoming short-wave solar radiation (e.g. visible light) 
that passes through the atmosphere warms the planet-
ary surface, which then re-emits some of this heat 
energy back to the atmosphere in the form of longer-
wave infrared thermal radiation (think of a house radi-
ator and not nuclear radiation). This process of the land 
heating the atmosphere is known as “terrestrial radia-
tion.” Because it emanates from the land itself, it is 
strongest closest to the earth’s surface, and normally 
gets colder as one ascends.

Weather satellites detect this long-wave radiation 

(heat) on the infrared scale — at a wavelength of 

10.7 microns, to be precise. On satellite images, 

the warm earth is depicted in a dark tone, whereas high cold 

cloud tops are depicted in shades of white. However, many 

weather sites have these images prettied up (enhanced) with 

a mosaic of colors. 

Incoming short-wave radiation from the sun is also 
known as “solar irradiation” or “insolation.” Clouds ab-
sorb some of this incoming insolation and some is re-
flected, especially by surfaces such as snow and ice. The 
tendency of a surface to reflect incoming solar radiation 
is called its albedo. A snow surface can reflect 90% of 
incoming radiation (high albedo) compared to 10% for 
dark soil or asphalt. On a bright sunny winter’s day, frigid 
temperatures well below zero Celsius occur because the 
solar energy is reflected and not absorbed. Water and 
land heat up and store energy differently as well. Water 
absorbs and retains about five times as much energy as 
land. Hence, water is a heat sink.

The asphalt runways in Thule, Greenland are 

painted white to enhance the albedo and prevent 

heating of the permafrost beneath the surface. 

The runway is nearly 10,000 feet long and because it is so 

far north (76.3° N) the runway is oriented in True.

these particles collide with gases in the upper atmosphere, 
the collisions produce electrical discharges, which ener-
gize atoms of oxygen and nitrogen, causing the release 
of various colors of light. If one included the exosphere 
as a fifth layer, then technically a thermopause would 
also exist. But heck, we pilots are only concerned about 
the first two layers anyway. 

You’ll certainly be seeing a fair share of those 

northern lights if your flying job takes you to the 

northern latitudes. I remember fondly many opportunities to 

witness Mother Nature’s light shows while setting course to 

Europe or Asia during Canada’s long winter nights.

figure 1-3: On a flight from YYC (Calgary) to FRA (Frankfurt, 
Germany) over northern Canada on the Dreamliner B787. (Erik 
Ritterbach’s picture)

Ionosphere: This ionized layer sits mostly in the upper 
thermosphere, where it plays an important part in radio 
propagation. HF (High Frequency) radio works by propa-
gating (bouncing) radio waves off the ionosphere to far-
away distances on Earth. In fact, increased solar activity, 
like the solar wind, can disturb the ionosphere and have 
a significant impact on telecommunications. This may 
also have an impact on transpolar flight operations.

Given the importance of minimizing disruptions to 
telecommunications, there has been an emerging re-
search focus in recent years on “Space Weather,” where 
solar activity and the resulting changes in the high 
atmosphere are studied and predicted. 
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In some ways, this is similar to the mechanism at work 
in a typical greenhouse: the sun’s energy comes in 
through the glass, and as the innards of the greenhouse 
heat up, the glass windows trap the heat, thus keeping 
the plants warm. However, because a real greenhouse is 
enclosed, it does not allow convection (air circulation) to 
carry away heat and cool the inside. This is where a true 
“greenhouse” effect fundamentally differs from what 
happens in our atmosphere, and hence the source of the 
misnomer. The comparison does hold to a certain extent 
though, while the atmosphere has no glass enclosure, 
gases like water vapor, CO2 and methane act like the 
glass to absorb this heat and radiate it back to Earth. 

Without this life-sustaining natural process, Earth’s 
average temperature would be −18°C instead of the much 
warmer 15°C! Of course, an increase in gases like CO2 
and methane from the burning of fossil fuels enhances 
this effect, resulting in a gradual rise in the average tem-
perature of the planet.

figure 1-6: depicts the earth’s distance from the sun in each of the four seasons. Summer 
in the Northern Hemisphere occurs because the earth is tilted toward the sun, even though it 
is further away at 94.8 million miles.

figure 1-5: Thule, Greenland and its white runway and taxiways. 
(Picture is public domain) 

good And not-so-good 
greenhouse effects

The term greenhouse effect is widely (and somewhat in-
correctly) used to describe the phenomena of atmos-
pheric heating. The term refers to a process by which 
shortwave energy passes through the atmosphere to heat 
the earth, after which the absorption of the outgoing 
longwave radiation by greenhouse gases “traps” the heat 
and helps prevent all of it from radiating back into space. 

figure 1-4: depicts percentages of ‘short wave’ solar radiation and ‘long wave’ infrared radiation 
making up the heat-balance equation: 49% of incoming radiation is absorbed by or reflected into 
the atmosphere, with 51% being absorbed by the Earth’s surface, which is then retransmitted 
through thermal radiation, evaporation, convection and conduction.



T H E  A T M O S P H E R E 7

and compression that air undergoes as it flows 
down a mountainside results in warmer and 
drier air. This process happens during a Santa 
Ana wind event often creating an extreme fire 
hazard in southern California.

How The Atmosphere is Cooled
1. At night, when there is no incoming solar radia-

tion, the earth continues to radiate its heat, 
causing temperatures to decrease. Note: clouds 
radiate this heat back, which is why cloudy 
nights are warmer than clear ones.

2. Advective cooling causes cool air to move hori-
zontally into a warmer region.

3. Conduction occurs as air moves over a colder 
surface, like snow, ice, or the cold sea. 

4. The most important cooling process results 
from expansion when air is forced to rise. 
Called adiabatic expansion, this process will be 
discussed further in the next chapter when we 
deal with lapse rates — how temperature changes 
with height. 

But There Are Other Processes Going On
1. Convection. The air at the surface of the earth 

is heated, becomes buoyant, and rises. This pro-
cess carries heat upward. (Convection in weather 
leads to vertical air movement).

2. Conduction. A transfer of heat within a body. 
Think of a hot pot on the stove where heat is 
transferred through the pot to its non-insulated 
handle. 

3. Turbulent Mixing. Wind mixes things up, caus-
ing heated air at lower levels to mix with colder 
upper air.

4. Latent Heat. Water vapor evaporated into the 
air will release heat when it rises and condenses 
into clouds and precipitation. This process is 
what fuels hurricanes. 

5. Advective Warming (or Cooling). Advection is 
the horizontal movement of air from warm to 
cold or from cold to warm. 

6. Compression. Large portions of the atmosphere 
descend (subsidence). The air in a high pressure 
area subsides, warms up and dries. The descent 

In some ways, this is similar to the mechanism at work 
in a typical greenhouse: the sun’s energy comes in 
through the glass, and as the innards of the greenhouse 
heat up, the glass windows trap the heat, thus keeping 
the plants warm. However, because a real greenhouse is 
enclosed, it does not allow convection (air circulation) to 
carry away heat and cool the inside. This is where a true 
“greenhouse” effect fundamentally differs from what 
happens in our atmosphere, and hence the source of the 
misnomer. The comparison does hold to a certain extent 
though, while the atmosphere has no glass enclosure, 
gases like water vapor, CO2 and methane act like the 
glass to absorb this heat and radiate it back to Earth. 

Without this life-sustaining natural process, Earth’s 
average temperature would be −18°C instead of the much 
warmer 15°C! Of course, an increase in gases like CO2 
and methane from the burning of fossil fuels enhances 
this effect, resulting in a gradual rise in the average tem-
perature of the planet.

figure 1-6: depicts the earth’s distance from the sun in each of the four seasons. Summer 
in the Northern Hemisphere occurs because the earth is tilted toward the sun, even though it 
is further away at 94.8 million miles.
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When vacationing in warm southern climates (or on 

a layover), you will notice that sunrise and sunset 

happen at a consistent time throughout the year. But if you 

fly in northern Canada or Alaska you will be flying in the 

“land of the midnight sun.” 

At the end of May, I flew to the resort island of 

Aruba located at 12 degrees north latitude. I was 

astounded to see that at high noon a vertical pole in the 

ground essentially casts no shadow since the sun was dir-

ectly overhead.

ThinGS You ShouLD Know . . . 

•	 Water vapor that makes up all cloud and pre-
cipitation varies from a concentration of zero 
to four percent in the atmosphere.

•	 The atmosphere is composed of four layers, 
divided up according to temperature change 
with altitude: troposphere, stratosphere, meso-
sphere and thermosphere. 

•	 Some sources claim there are five layers by in-
cluding the exosphere. 

•	 The boundary between the layers (spheres) is 
called a “pause.” 

•	 The tropopause changes height significantly 
with season and latitude. 

•	 The tropopause is higher in a warm tropo-
sphere and lower in a cold one.

•	 The most important component of air for 
weather is moisture.

•	 Three main properties of air: mobility, expan-
sion, and compression.

•	 Incoming short wave solar radiation heats the 
earth and in return, heat is distributed back to 
the atmosphere by outgoing long wave terres-
trial radiation.

•	 Other processes that balances the heat budget 
are: conduction, convection, turbulent mixing, 
and advection.

•	 Evaporation (although a cooling process) trans-
ports heat indirectly to the atmosphere by re-
leasing latent heat from condensation.

Anything that has a temperature will radiate some 

energy even if the temperature is well below 

freezing. The general rule is that the warmer the object, the 

more energy that will be radiated from that object.

Why We Have Weather
Due to the curvature of the Earth, solar radiation is ab-
sorbed differently at different points. The same square 
foot of overhead solar energy will have a more intense 
impact at the equator than at the poles, where the sun’s 
angle is more oblique. This reason alone causes it to be 
hot at the equator and cold at the poles.

Solar radiation is also absorbed differently in dif-

ferent places due to the makeup of the earth’s 

surface (water, land, vegetation, urban develop-

ment, etc.), but in this section, we’re just going to focus on 

how it varies from the equator to the poles. 

Another factor that comes into play in heating the 
atmosphere is the earth’s tilt: our entire planet is canted 
on its axis by 23.5 degrees. It is why we have seasons. (See 
Figure 1-6). If you took a globe that was mounted at a 
similar angle to that of the earth and moved it around a 
light source replicating the sun, you would see a change 
in the concentration of light, especially at the poles, as 
the globe moved. The North Pole is tilted toward the sun 
in the summer, and away from it in the winter. Many 
people believe that seasons occur because different parts 
of the earth are at different distances from the sun. It’s 
true that Earth’s orbit is elliptical, but in fact, the earth 
and the sun are at their farthest distance from one an-
other during our summer!

Unequal heating from the sun sets air in motion. 
The law of physics states that heat will flow from warm 
to cold. Hence, warm air wants to move to colder tem-
peratures to achieve a balance.

The average Earth-to-Sun distance is 93 million 

miles. The distance during a Northern Hemisphere 

summer is 94.8 million miles. In the dead of winter, 

it is 91.1 million miles. This means the earth’s orbit around 

the sun is elliptical.


