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O xford University Press is proud to present the second edition of Weather 

and Climate, an in-depth, scienti�cally grounded, thoroughly Canadian 

introduction to the study of weather and climate. With improvements that in-

clude expanded coverage of storms and severe weather, extensively updated 

material on climate change,  and a new technical art program, this second edi-

tion builds on the strong foundation of the �rst edition to even better meet the 

needs of Canadian students. Sheila Ross’s rigorous yet accessible approach to 

the discipline illuminates the often-hidden processes that create and in�uence 

weather and climate across the globe. Moreover, the focus on contemporary 

Canadian issues and research, which is balanced by examples from around 

the world, makes this text particularly relevant and relatable to students in 

Canada today. 

Highlights of the Second Edition

• Increased coverage of climate change—including an expanded and 

updated chapter on the changing atmosphere—helps students better 

understand the role of human activities in anthropogenic climate 

change and evaluate actions taken to address this global challenge.

• A completely revised technical art program illustrates concepts 

more clearly and accurately to enhance student understanding of the 

material.

• New and expanded discussions of critical topics—such as Earth as a 

system, tornadoes, arctic ampli�cation, changes in Earth’s re�ectivity, 

ocean currents, and climate oscillations—give students greater insight 

into key factors related to weather and climate.

• “Example” boxes show students how to apply key equations to actual 

problems.

• Extensive online resources for students and instructors enhance the 

learning and teaching experience.
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Features

Designed for students new to the discipline, this thorough introduction includes a wide array of fea-

tures that will help students make the most of their learning experience.

The Study of the Atmosphere

LEARNING GOALS 

After studying this chapter, you should be able to

• distinguish between weather and climate;

• describe how the various components of the climate system interact;

• explain the process of scientific study;

• apply the system of units used in atmospheric science; and

• describe how Earth’s atmosphere changes with height.

1
Learning goals, revised in the second edition 

to be more concise, give students an at-a-

glance overview of what they will encounter 

in each chapter, while chapter summaries 

remind students of the most significant 

concepts that have been covered. 

184 Weather and Climate

FIGURE 8.7 As air rises on the windward side of a mountain, it cools at the DALR until it reaches its dew-

point temperature at the LCL. As it continues to rise, water vapour begins to condense, and the air cools at 

the SALR. a) When all the liquid water in the cloud falls as precipitation on the windward side, air descend-

ing on the leeward side will warm at the DALR. On the leeward side, the air will be warmer and drier than 

it was on the windward side. b) When no precipitation falls from the cloud on the windward side, the air 

descending on the leeward side will warm at the SALR until the liquid water of the cloud has evaporated. 

As it continues to descend, it will warm at the DALR. Thus, on the leeward side, the air will have the same 

temperature and moisture content as it had on the windward side, at the same height. c) When some 

precipitation falls from the cloud on the windward side, the rest of the water will be evaporated as the air 

descends down the leeward side. With less water, the cloud base will be higher here than it was on the 

windward side. At the base of the mountain, the state of the air will be somewhere between what it was in 

a) and what it was in b). (Example 8.8 illustrates how a thermodynamic diagram can be used to determine 

the changing state of the air as it descends the leeward side of a mountain under scenarios like those de-

scribed here.) 
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2199 | Condensation

that they produce thunder and lightning, and often 

hail, as well as rain (Section 14.4). Cumulonimbus 

clouds are also distinguished from cumulus con-

gestus and cumulus humilis clouds in that they 

contain ice crystals in addition to water droplets. 

The ice crystals change the appearance of the top of 

the cloud, making it more ragged and less distinct 

(Figure 9.15, bottom).

In order for cumulus congestus and cumulo-

nimbus clouds to form, the air must be able to rise 

past the inversion. This could happen simply as a 

result of greater surface heating. Over the course of 

the day, surface heating can raise the temperature 

of the air enough that the air can rise past the in-

version. Alternatively, the rising air could be pushed 

through the inversion as a result of forced lifting. 

Either way, the cloud can continue to grow. If it 

grows to the point where its top reaches tempera-

tures of about −10°C, ice crystals will form, making 

the cloud a cumulonimbus. Normally these clouds 

are able to grow until their tops reach the stable 

layer marking the tropopause, approximately 11 km 

above the surface. However, at times they can 

extend several kilometres more, extending into the 

stratosphere. When cumulonimbus clouds reach 

their maximum heights, the tops of these clouds 

spread out, forming anvils (Figure  9.15, bottom). 

Because they are composed of ice crystals, these 

anvil tops resemble cirrus clouds.

While the large cumulus 

clouds we’ve discussed so far tend 

to have moderate widths and 

can extend to many kilometres 

characteristic of cumulus clouds (Figure 9.14). The 

condensing cloudy air will continue to rise until 

it reaches the temperature of the surrounding air, 

somewhere in the inversion. The tops of the clouds 

will not be �at, however, because the momentum 

of the rising air will cause overshoot, and thus 

the cauli�ower-like tops associated with cumulus 

clouds will appear. The cloud height ultimately 

depends on the difference between the height of 

the LCL and the height at which the air stops rising 

due to the inversion. 

Cumulus congestus clouds develop from 

growing cumulus humilis clouds; in turn, 

 cumulonimbus clouds develop from growing 

cumulus congestus clouds (Figure 9.15). Whereas 

cumulus humilis clouds do not produce precipi-

tation, cumulus congestus clouds can, and cumu-

lonimbus clouds do. The rain from these clouds 

is typically very heavy and of short duration; it is 

quite different from the rain produced by strati-

form clouds. Cumulonimbus clouds are unique in 

Mixed Layer
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FIGURE 9.13 The formation of a cumulus humilis cloud. 

The temperature of the surrounding air is shown by the ELR 

(blue line). Air rising from the ground will follow the DALR 

(red line) until it reaches its LCL, at which point it will begin 

to condense; the air will continue to rise and cool at the 

SALR (orange line), forming a cloud. The inversion creates 

a “cap” that prevents the air from rising past the point at 

which it reaches the same temperature as the surround-

ing air. How would the conditions shown on this diagram 

need to be di�erent in order for a cumulus congestus or a 

 cumulonimbus cloud to form?

FIGURE 9.14 A sky of cumulus humilis clouds. 

Note that the bases of these clouds are all at the 

same height, reflecting the uniform moisture con-

ditions over this area.

anvil top

The horizontally spreading 

top of a cumulonimbus 

cloud. 

Richly illustrated content—including new and updated figures, maps, tables, and photos—

emphasizes visual learning and enhances student understanding of the material. 
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either side of the jet stream can bring longer spells 

of clear, dry weather. When the jet stream meand-

ers equatorward of a location, the polar high brings 

unseasonably cold, dry weather, but longer breaks 

can often occur when the jet stream meanders 

poleward of a location. Under such a �ow regime, 

the subtropical high moves poleward, and un-

seasonably warm temperatures result. In addition, 

these highs are often referred to as blocking highs 

because, being warm highs, they extend through 

the troposphere (Section 14.1), blocking the paths 

of cyclones and, thus, forcing the cyclones to travel 

around them. Such a blocking pattern is known as 

an omega high (Figure 14.21). The result of such a 

block is that regions situated within the high, and 

slightly west of it, will likely experience weather 

that is warmer than normal, while regions to the 

east of the high will experience weather that is 

cooler than normal. In addition, because cyclones 

On the other hand, anti-

cyclonic weather is character-

ized by clear skies and light 

winds. Recall that the clear 

skies associated with anti-

cyclones are caused by sink-

ing air and that this sinking air can also produce 

 upper-air, or subsidence, inversions (Section 8.5.2). 

Clear skies mean anticyclones can bring very 

high temperatures in summer and very low 

temperatures in winter. In addition, recall that 

winds associated with anticyclones are light be-

cause there is a limit to the strength of the pres-

sure gradients that can develop in anticyclones 

(Section 12.4; Figure 14.20). Light winds, combined 

with upper-air inversions, mean that, although the 

skies may be cloud-free, visibility in anticyclones 

can often be reduced by fog, haze, or pollution 

(Section 17.1.2).

As we have seen so far in this chapter, the 

cyclones of the mid-latitudes form as a result of 

divergence in the upper air�ow, while the anti-

cyclones of the mid-latitudes form below areas of 

upper-air convergence. These are the anticyclones 

that provide brief relief from the cloudy, rainy con-

ditions normally associated with the proximity of 

the jet stream. However, during periods of strong 

meridional �ow, the large anticyclones that lie on 

FIGURE 14.20 This weather map for 12 March 

2012 at 1200 UTC shows that the pressure gradi-

ents around the two lows over the Pacific Ocean 

are much greater than that around the high lying 

just to the south of them. (The pressures labelled 

on the map are in hPa and the isobars are set at 4 

hPa intervals.)

H

L

L

1034

964

970

FIGURE 14.19 Idealized weather conditions associated 

with a mid-latitude cyclone.
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A ridge of high pressure that 

forms in the shape of the 

Greek letter omega (Ω) in the 

upper airflow.
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a relative humidity of 50 per 

cent may not sound like any-

thing to be concerned about, a 

humidex of 45 indicates that it 

might be. 

Although indices such as 

the humidex are widely used, 

some scientists believe that an 

index is not really necessary. 

Instead, they argue, we should 

use dew-point temperature, 

psychrometric equation can also be written for 

vapour pressure. 

 e = ews − γ (T − Tw) (7.16) 

In Equation 7.16, ews is the saturation vapour pres-

sure at the wet-bulb temperature, and the psychro-

metric constant is equal to 65 Pa/K. 

7.7 Humidity and Human 
Comfort

Since the amount of water vapour in the air deter-

mines how effectively our sweat will evaporate, 

hot and humid conditions feel hotter than hot and 

dry conditions. This is because when humidity is 

high our sweat will not readily evaporate, making 

it more dif�cult for our bodies to regulate our in-

ternal temperature. At �rst, we may just feel sticky 

and uncomfortable, but as temperature and hu-

midity rise, heat stroke becomes a possibility. 

To quantify our perceptions of just how hot 

it feels under conditions of high humidity, indi-

ces have been developed. These indices are used 

to warn people of the potential dangers of high 

temperatures combined with high humidity. In 

Canada, we use an index known as the humidex. 

In the United States, the heat index, or apparent tem-

perature, is used. The humidex is calculated using 

temperature and dew-point temperature in a re-

gression equation that has been developed based 

on peoples’ perceptions of how hot it is. This index 

is a dimensionless number meant to represent tem-

perature. It is analogous to wind chill, a measure 

of how cold we feel when it is windy as well as cold. 

Because they are based on our perceptions, these 

indices are rather abstract. We all respond quite 

differently to our environment; what is hot to one 

person might be comfortable to another.

Table 7.4 provides the relationship between 

ranges of humidex values and our degree of com-

fort. Table  7.5 is used to determine the humidex, 

given air temperature and relative humidity. For 

example, if the temperature is 35°C and the rela-

tive humidity is 50 per cent, the table shows that 

the humidex is 45. Table 7.4 tells us that such a 

humidex means people will feel great discomfort, 

and that they should avoid exertion. So, whereas 

humidex

An index used in Canada 

to provide a measure of 

how warm it feels due 

to a combination of high 

temperature and high 

humidity.

wind chill  

A measure of how cold it 

feels due to a combination 

of low temperature and 

high wind.

Example 7.15 

A psychrometer reading gives a dry-bulb temper-

ature of 16°C and a wet-bulb temperature of 14°C. 

Determine the vapour pressure, relative humidity, 

and dew-point temperature for this air. 

Use Table 7.1 to obtain the saturation vapour pressure 

at the wet-bulb temperature, then use Equation 7.16 

to calculate vapour pressure. 

e = 1598 Pa − 65 Pa/K (16°C − 14°C)

= 1468 Pa

= 1.468 kPa

Use Table 7.1 to obtain the saturation vapour pres-

sure for 16°C, then use Equation 7.11 to calculate 

relative humidity. 







×RH

1.468kPa

1.817kPa
100%=

= 81%

Note that you can also obtain relative humidity from 

Table 7.3 or Figure 7.16.

Use Table 7.1, and the vapour pressure of 1.5 kPa 

obtained above, to determine that the dew-point 

temperature is about 13°C. 

Source: Environment Canada, http://www.ec.gc.ca/meteo-weather 

/default.asp?lang=En&n=6C5D4990-1#humidex, 30 August 2016.

Humidex Degree of Comfort

20–29 little discomfort

30–39 some discomfort

40–45 great discomfort; avoid exertion

46 and over dangerous; possible heat stroke

TABLE 7.4 Humidex and degree of comfort. 

Marginal definitions of key terms ensure 

that students have a full understanding of 

the more discipline-specific terminology 

used in each chapter. Expanded definitions 

also appear in an end-of-text glossary for 

quick reference.

Equations and formulas make complex 

theories and processes accessible by 

breaking them down into their component 

parts, while “Example” boxes show 

students how to apply key equations 

to actual problems. Equations that 

students will find particularly useful 

for solving end-of-chapter problems 

are highlighted in shaded boxes 

throughout the text and printed inside 

the front and back covers of this text. 

http://www.ec.gc.ca/meteo-weather/default.asp?lang=En&n=6C5D4990-1#humidex
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ranges make these climates a bit more variable 

than the wet equatorial climates. These dry cli-

mates lie between 10° and 30° N and S, with the 

steppes often forming transitional zones sur-

rounding the drier deserts. Together, the dry 

desert and steppe climates of the subtropics 

and the mid-latitudes cover about one-third of 

Earth’s land area (Figure 16.6). In fact, BWh—the 

hot, arid desert climate—is the most common 

climate type, as it covers 14.2 per cent of Earth’s 

land surface (Peel, Finlayson, & McMahon, 2007). 

The world’s largest area of desert climate ex-

tends from the Sahara in northern Africa all the 

way through the Middle East and includes the 

mid-latitude deserts of central Asia. Subtropical 

deserts also occur in Mexico and the southwest-

ern United States, southern Africa, and most of 

Australia. Finally, the Atacama Desert, described 

above, is situated in the tropics along South 

America’s west coast.

Faya-Largeau, Chad, located in the middle of 

the Sahara Desert, is an example of a subtropical 

desert, while Monterrey, Mexico, is an example of 

a subtropical steppe (Figure 16.15). Both climates 

have annual temperature ranges that are larger 

than those we have seen for any other tropical cli-

mate, due mostly to their higher latitudes. Faya-

Largeau receives, on average, only 18 mm of rain 

per year. Monterrey receives considerably more— 

approximately 383 mm per year—but it remains a 

dry climate because of its high temperatures and 

the fact that most of its precipitation falls in summer. 

Using Köppen’s formulas, Faya-Largeau is classi-

�ed as a BWh climate, while Monterrey, with lower 

temperatures and more precipitation, is classi�ed 

as a BSh climate. Both Faya-Largeau and Monterrey 

are designated with the third letter h because their 

mean annual temperatures are above 18°C. 

Notice that a pattern is beginning to emerge. 

Regions of wet equatorial climates are wet all year 

when the trees lose their leaves and the grasses 

wither, the grazing animals that are dependent on 

the savanna migrate in search of food. Although it is 

not certain, it seems that �res occurring during the 

drought season are what maintain this type of vege-

tation. In Köppen’s system, wet-dry tropical climates 

are classed as Aw because the precipitation of the 

driest month is less than 60 mm, but the total annual 

precipitation is not enough to support forests. The 

Aw climate type is the second most common climate 

type, covering 11.5 per cent of Earth’s land surface 

(Peel, Finlayson, & McMahon, 2007). 

There are at least two climate types that are 

similar to wet-dry tropical climates but that don’t �t 

the Aw designation. The �rst type occurs in places 

where the dry season occurs during the time of high 

sun rather than low sun; this type is designated As 

in Köppen’s system. These climate types are rare; 

an example is Honolulu, Hawaii. The second type 

occurs in tropical locations that are at high alti-

tudes. Because these climates have dry seasons at 

the time of low sun but are too cold to be classed 

as tropical climates, they are designated Cwa or 

Cwb. An example of a place with a Cwa climate is 

Guadalajara, Mexico, which is located at about 21° N,  

at an altitude of just over 1500 m. An example of a 

place with a Cwb climate is Cuzco, Peru, which is 

located at 13½° S, at an altitude of 3400 m.

16.4.4 | Subtropical Desert and 
Steppe Climates (BWh, BSh)

The subtropical desert and steppe climates are hot 

and dry year-round. Larger annual temperature 

FIGURE 16.14 Savanna vegetation on the Serengeti 

plains, Tanzania, with widely spaced acacia trees. 

CHECK YOUR UNDERSTANDING

How do you think the Cwa and Cwb climate types 

associated with high-altitude tropical locations 

could be included in the genetic climate classifica-

tion system outlined in Table 16.1?
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imagine a marble sitting in the bottom of a bowl 

(Figure 8.10b). A slight disturbance could cause 

the marble to roll up the side of the bowl, but the 

marble will naturally roll right back to its starting 

position. This marble is in a stable position. Finally, 

imagine a marble on a �at surface (Figure 8.10c). If 

this marble is disturbed, it will roll away from its 

starting point and stop. This marble is in a neutral 

position; it neither keeps moving away from nor 

returns to its starting point.

In the atmosphere, stability is associated 

with temperature differences. An undisturbed 

air parcel will be at the same temperature as its 

surroundings. If the air parcel is vertically dis-

placed by turbulence, it will likely �nd itself in a 

situation where its temperature is different from 

that of its surroundings (Figure  8.11). There are 

two possible reasons for this difference in tem-

perature. First, the air parcel itself will experi-

ence an adiabatic temperature change resulting 

from its displacement. Second, the temperature 

of the new surroundings may be different from 

the temperature of the original surroundings; 

this difference is determined by the ELR of the air 

layer and the direction in which the parcel trav-

elled. Once in its new position, if the air parcel 

is warmer than its surroundings, it will be less 

dense and, therefore, have a tendency to rise. On 

the other hand, if it is colder than its surround-

ings, it will be more dense and have a tendency 

to sink.

To determine atmospheric stability, we com-

pare the temperature of a displaced air parcel—

using the DALR or the SALR—to that of the 

 surroundings—using the ELR. First, let’s consider 

the conditions that characterize an unstable air layer. 

8.4 Stability Types 

So far, we have seen how thermodynamic dia-

grams can be used to study the changes in state 

of ascending and descending air parcels. When 

atmospheric soundings are plotted on these dia-

grams, as shown in Figure 8.9, they can be used to 

analyze atmospheric stability. 

Atmospheric stability is a measure of the ten-

dency for air—once it has been disturbed by tur-

bulence (Section 4.4.2)—to move vertically due to 

temperature differences. We can characterize an 

air parcel as either unstable, stable, or neutral, based 

on the way in which it reacts when it is disturbed. 

If air that is disturbed continues in the direction 

of the disturbance, vertical motion is favoured, 

and the air is said to be unstable. If the disturbed 

air parcel returns to its original position, verti-

cal motion is suppressed, and the air is said to be 

stable. If the disturbed air parcel remains in its new 

position, the air is said to be neutral. 

The following analogy should help clarify 

these three stability types. Imagine a marble bal-

anced on top of a dome (Figure 8.10a). As long as 

the marble is undisturbed, it will remain there, but 

the slightest disturbance will cause it to roll off the 

dome. This marble is in an unstable position. Now, 

As an unsaturated air parcel rises, it follows the 

dry adiabat corresponding to its air temperature at 

the surface, and the isohume corresponding to its 

dew-point temperature at the surface. This shows 

that as unsaturated air rises, its temperature and 

dew-point temperature decrease, while its poten-

tial temperature and mixing ratio remain constant. 

The LCL of this air parcel is the point where these 

two lines intersect. 

Above the LCL, the air parcel is saturated. As 

saturated air rises, it follows a saturated adiabat. 

This shows that as saturated air rises, and the water 

vapour in it condenses, its temperature and dew-

point temperature are equal to each other and de-

crease together, and its saturation mixing ratio and 

actual mixing ratio are also equal to each other and 

decrease together. As the water vapour mixing ratio 

decreases, the amount of liquid water in the cloud 

increases.

REMEMBER THIS 

FIGURE 8.10 These diagrams provide very simple models 

of di�erent stability conditions. a) A marble on a dome rep-

resents unstable conditions. b) A marble at the bottom of 

a bowl represents stable conditions. c) A marble on a flat 

surface represents neutral conditions.

a) b) c)

“Check Your Understanding” boxes 

ask students to reflect on what they have 

learned and apply key topics to real-world 

processes.

“Remember This” boxes draw students’ 

attention to key points and provide valu-

able tools for review.
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In the Field

I Chase the Wind

Mark Robinson, stormhunter.ca

I chase the wind. It’s the basis of everything I do. 

Tornadoes, hurricanes, blizzards. If the wind is toss-

ing stu� through the air, I’m there with an anemom-

eter in one hand and a camera in the other. 

Chasing the wind isn’t easy or risk-free, but it’s a 

passion that I’ve had for many years. During my meteor-

ology schooling, I learned the basic equations for the 

fluid dynamical nature of the atmosphere, which laid 

out the marvelous manner in which the air moves across 

the oceans and the land. Going into the field to see the 

motion of air took the world of textbooks and made it 

real. Seeing the updraft of a thunderstorm punch into 

the upper layers of the troposphere takes things way 

beyond math. And if that thunderstorm produces the 

ultimate wind, then things become very real, very fast. 

I think of thunderstorms as a sculpture of wind and 

water churning in the sky above me. But to get that 

sculpture, you need the wind to be doing the right thing. 

Speed and directional shear are critical for tornado de-

velopment. Without these factors, the core of the storm 

can’t get spinning and supercells can’t develop. 

Supercells are the ultimate prize for a storm 

chaser. These cells produce all types of severe 

weather, including giant hail, high winds, lightning, 

torrential rains, and tornadoes. My ultimate encoun-

ter with these storms happened in 2013. My chase 

partner, Jaclyn Whittal, and I were close to the town 

of El Reno, Oklahoma, waiting on storms to fire in the 

late afternoon. The atmospheric parameters were 

close to perfect if you wanted violent, long-track tor-

nadoes. But as much as we wanted to see a tornado 

track across open fields in the middle of nowhere, 

we were very close to some highly populated areas. 

The first storms popped up right on schedule and im-

mediately began to rotate, but very quickly they con-

gealed into a massive mess that looked like it wasn’t 

going to produce anything but a lot of rain and some 

lightning. We headed toward the southern end of the 

storm, hoping to at least get some shots of interesting 

cloud formations.  What we didn’t realize was that the 

storm had started to build one massive updraft that 

was corkscrewing deep inside the concealing cloud.  

We halted on a road just southeast of the storm 

and set up our cameras. We watched as the main up-

draft of the storm slowly emerged from the low-level 

clouds, and we could see the telltale signature of a 

powerful storm. The wind had sculpted the white mass 

of the cloud that formed the storm into a massive bell 

shape, signifying that the storm was not only powerful, 

but also spinning like a top. There was almost un-

doubtedly a tornado buried in the grey mass of rain 

and cloud that seemed to scrape the ground itself.

And yet, even with all those indicators, we 

couldn’t see the tornado. Jaclyn and I peered use-

lessly into the storm, trying to get a glimpse of the 

white funnel we knew must be there. The radar indi-

cations of a tornado got stronger and stronger. I’d 

never seen a radar screen that looked like this. The 

only way the radar could be right was if the biggest 

tornado the world had ever seen was bearing right 

down on us. And that’s exactly what was happening.

The grey wall that was roaring toward us was the 

tornado, and it was heading right for us. I yelled at 

Jaclyn to get in the car, and a flash of green lit up 

the tornado as it tore up power lines in the field. We 

had to make it south as fast as we could to get out of 

its way. We made it, but not every chaser did. Sadly, 

three of our colleagues—Tim Samaras, Paul Samaras, 

and Carl Young—were killed by the 4.5 km–wide tor-

nado. It was a tragic day for storm chasers.

That’s part of what drives me to seek out the big 

winds. Learning how the winds move across the planet 

and why storms do what they do helps me be a better 

meteorologist and a better forecaster. If I can take my 

experience with the wind and warn those in its path 

what’s coming, then I’m doing my job. The risks of chas-

ing the wind are real for storm chasers and for everyone 

who encounters storms, but it’s a part of what I do, and 

I’ll continue to be out there every day the big winds blow.

MARK ROBINSON is a meteorologist, a severe weather 

expert, an educator, and a storm chaser based out of 

Toronto, Canada. He documents and investigates severe 

weather throughout North America. 

“In the Field” boxes—written by top re-

searchers from across Canada—o�er students 

insight into the types of research meteorolo-

gists and climatologists do every day. Topics 

covered include measuring levels of aerosols 

in the atmosphere, studying precipitation pat-

terns on regional and global scales, assessing 

the impact of forest fires on air quality, and 

understanding and monitoring atmospheric 

characteristics of Arctic environments.

Guide to Weather Station Symbols

Appendix

N

�

CM

CL

CH

TdTd

TT PPP

PP  aww

dd

CH High Cloud Type

CM Middle Cloud Type

CL Low Cloud Type

N Cloud Cover

TT Air Temperature (°C) 

TdTd Dew-Point 

Temperature (°C)

ww Present Weather

PPP Sea-Level Pressure*

PP Pressure Change in 

the Last 3 Hours**

a Pressure Tendency

dd Wind Direction 

­ Wind Speed

*The initial 9 or 10 is omitted. For example, a pressure of 996.3 hPa is indicated as 963, and 

a pressure of 1023.5 hPa is indicated as 235.

**The decimal point is omitted. For example, a pressure change of 1.1 hPa is indicated as 11.

Key to Upper Air Weather Station Symbols

Key to Surface Weather Station Symbols 

DD

TT hh

dd

�

TT Air Temperature (°C)

DD Dew-Point Depression (°C) 

dd Wind Direction 

­ Wind Speed 

hh Height of Pressure Surfaces

*The first digit is omitted. For example, a height of 546 decametres is 

indicated as 46.

Present Weather

Rain

Drizzle

Freezing rain

Snow

Ice pellets

Hail

Rain shower

Heavy rain shower

Snow shower

Squalls

Ice pellets (shower)

Haze

Mist

Fog

Lightning

Thunderstorm

Thunderstorm with rain and/or snow

Thunderstorm with hail

A list of weather station symbols, in-

cluded in an appendix, gives students 

the information they need to perform in-

depth analyses of weather maps.
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Review Questions

1. What is the di�erence between constant gases 

and variable gases? Give an example of each. How 

is residence time an important determinant of 

whether or not a gas will be constant or variable? 

2. What sinks for oxygen are sources for carbon di-

oxide? What sinks for carbon dioxide are sources 

for oxygen? 

3. How can photosynthesis lead to a) short-term 

carbon storage and b) long-term carbon storage? 

4. How does the carbonate–silicate cycle influ-

ence climate? How does climate influence the 

 carbonate–silicate cycle? 

5. How does production and destruction of strato-

spheric ozone protect life on Earth from ultraviolet 

radiation? 

6. What is the importance of each of the following 

variable gases in our atmosphere: water vapour, 

carbon dioxide, and ozone? 

7. What are the di�erences between primary aerosols 

and secondary aerosols? Give examples of each. 

8. What important roles do aerosols play in the 

atmosphere?

9. How is the composition of the troposphere similar 

to and di�erent from that of the stratosphere? 

10. What are the two most abundant gases in today’s 

atmosphere? What were the two most abundant 

gases in Earth’s primitive atmosphere? How do you 

account for this change? 

11. What evidence do we have that oxygen did not 

begin to accumulate in the atmosphere until about 

2 billion years ago?

12. What is the largest reservoir in the Earth system for 

a) carbon, b) water, and c) nitrogen? 

13. What is the significance of each of the following 

to the evolution of Earth’s atmosphere: a) distance 

from the sun, b) life, c) plate tectonics, d) Earth’s 

size, and e) the solubility of carbon dioxide in water? 

Suggestions for Research

1. Explore how either the carbon cycle or the ni-

trogen cycle is being altered by human activities. 

Examine the short- and long-term consequences 

of these changes, and find out what, if anything, is 

being done to slow or reverse the changes.

2. Research di�erent theories—both past and  current— 

that account for the evolution of Earth’s atmo-

sphere. Evaluate the evidence behind each theory, 

and comment on why such theories are continually 

being revised.
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End-of-chapter review questions and 

problems help students synthesize what 

they have learned, while suggestions for 

further research encourage students to de-

velop their research skills by investigating 

key topics related to each chapter. 
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CIRRUS CLOUDS appear as fibrous streaks scat-

tered across the sky. Because they form high in the 

troposphere, where it is both dry and cold, cirrus are 

relatively thin clouds, composed of ice crystals.

CIRROCUMULUS CLOUDS are high-altitude clouds 

made of ice crystals. They are layer clouds that have 

been destabilized to produce tiny individual clumps 

of cloud that are usually arranged in a regular pat-

tern, between which blue sky can be seen.

CIRROSTRATUS CLOUDS are high ice-crystal clouds 

that form a veil across the sky. This layer of cloud is 

often so thin that direct sunlight can cast shadows on 

the ground below it. The ice crystals in cirrostratus 

clouds can produce a halo around the sun or moon.

ALTOCUMULUS CLOUDS are middle-height clouds 

that form a layer that covers most of the sky. Like cir-

rocumulus clouds, they are produced when a cloud 

layer is destabilized. Unlike cirrocumulus, the indi-

vidual clumps of altocumulus cloud shadow each 

other and appear larger because they are closer to 

the ground.

ALTOSTRATUS CLOUDS are middle-height clouds 

that form a featureless sheet across the sky. Altostra-

tus cloud is thicker than cirrostratus cloud, so the sun 

appears as though it is shining through frosted glass, 

and its light becomes too di�use to cast shadows on 

the ground.

STRATOCUMULUS CLOUDS are the most common 

of all cloud types. They are low clouds that have 

characteristics of both stratiform and cumuliform 

clouds, being both layered and heaped in form. The 

individual cloud mounds are larger than they are in 

altocumulus clouds, and they show more tonal vari-

ation than is apparent in stratus clouds. These clouds 

can produce light precipitation.
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A cloud chart, located at www.oup.canada 

.com/Ross2e, provides a concise comparison 

of the most common types of clouds, 

to help students classify clouds when 

they make their own observations of the 

atmosphere.

http://www.esrl.noaa.gov/gmd/ccgg/trends/full.html
http://www.oup.canada.com/Ross2e
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Robust Online Ancillary Suite

Weather and Climate: An Introduction, second edition, is supported by a wide range of sup-

plementary items for students and instructors. These resources are guaranteed to enrich 

and complete the learning and teaching experience.

For Students

A comprehensive study guide with supplemental material related to each chapter offers 

students additional content to help them understand the key concepts presented in the text 

and review for tests and exams.

For Instructors

The following instructor’s resources are available to qualifying adopters. Please contact 

your OUP Canada sales representative for more information.

• An instructor’s manual offers additional resources—including sample syllabi, 

solutions for in-text questions and problems, and additional suggestions for 

 research—to help instructors make learning material as relevant and engaging as 

possible for students.

• PowerPoint slides for use in classroom lectures provide concise overviews of ma-

terial covered in the text.

• A test generator offers a variety of options for sorting, editing, importing, and 

distributing questions.

• An image bank includes a wide selection of stunning photos that will enhance the 

vibrancy of slides and handouts.

www.oupcanada.com/Ross2e

http://www.oupcanada.com/Ross2e


T his book is a guide to understanding the atmosphere and how it produces weather 

and climate. While the processes that are largely responsible for creating weather and 

climate are transfers and transformations of energy, mass, and motion that occur in the 

atmosphere, the atmosphere does not operate alone. Instead, the atmosphere is part of a 

system—referred to in this book as the Earth system—in which the atmosphere constantly 

interacts with the water, ice, life, and rocks of this planet. For example, clouds form as air 

ascends and cools within the atmosphere, but clouds cannot form without the water and par-

ticles that are supplied by processes operating at Earth’s surface. Although we have quite a 

good understanding of many of the processes associated with cloud formation that oper-

ate within the atmosphere itself, much research still needs to be done to understand the 

relationships between cloud formation and such things as soil moisture, vegetation, and 

the type and abundance of particles released into the atmosphere. Thus, in order to fully 

understand clouds, we must fully understand all the processes associated with their for-

mation, because changes in any of these processes will likely also change clouds. In turn, 

changes in clouds cause changes in Earth’s climate. It follows that viewing Earth as a 

system allows us to better understand global change.

Although such a holistic approach to understanding Earth has ancient roots, many 

twentieth-century scienti�c thinkers and researchers tended toward specialization. 

This specialization likely contributed to the period’s great scienti�c and technological 

advancements. However, we are becoming increasingly aware that specialization does 

not provide a complete understanding of how Earth operates. Such awareness led to 

the emergence of the discipline of Earth system science and the formulation of the Gaia 

hypothesis in the 1970s. These two diverse approaches to Earth science—described 

in sections 1.2 and 2.11 of this book—each recognize that Earth behaves as a system 

characterized by complex interactions and feedbacks. 

In recent decades, undoubtedly as a result of this shift in perspective, the word 

interdisciplinary has increasingly appeared in university and college course descriptions 

and textbooks. Further, research is now often interdisciplinary in nature. This trend is 

illustrated in some of the “In the Field” boxes scattered throughout this book; in these 

boxes, a variety of Canadian atmospheric scientists describe their research, which often 

involves investigating linkages between the atmosphere and the processes operating 

outside the atmosphere. As the discussions in these boxes reveal, this sort of broader-based 

research, which falls outside traditional disciplinary boundaries, can offer many exciting 

challenges and rewards.

As you read through this book, take note of the many linkages within the Earth system, 

while keeping in mind that we are far from having a complete understanding of most of 

them. As we take a systems-based approach, we will undoubtedly come to understand 

Earth with greater clarity. Hopefully, such clarity will make it possible to more accurately 

predict the consequences of our actions, to reverse—or at least lessen—the impact of 

the environmental degradation that we have already caused, and, ultimately, to prevent 

further damage.

Preface
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The Study of the Atmosphere

LEARNING GOALS 

After studying this chapter, you should be able to

• distinguish between weather and climate;

• describe how the various components of the climate system interact;

• explain the process of scientific study;

• apply the system of units used in atmospheric science; and

• describe how Earth’s atmosphere changes with height.
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2 Weather and Climate

I n the Earth sciences, we use the term  atmosphere 

to refer to the layer of gases that surrounds a 

planet or other celestial body 

(Figure 1.1). Interestingly, we 

also use the word atmosphere 

more generally when referring 

to the feeling we get from our 

surroundings. Planetary atmospheres certainly 

shape the feeling at the surface of a planet, and 

Earth’s atmosphere is no exception.

Earth would be an entirely different place 

without its atmosphere. To begin, the “sky” would 

appear black rather than blue (Figure 1.2). There 

would be no air to breathe, and no ozone layer 

to prevent the sun’s dangerous ultraviolet radia-

tion from reaching Earth’s surface. Temperatures 

would reach extreme highs and lows, as there 

would be nothing to re�ect away solar radiation 

by day, and nothing to keep in warmth by night. 

Because sound won’t travel in a vacuum, it would 

be very quiet. There would be no wind, and there 

would certainly be no clouds, nor would there be 

rain or, perhaps, any liquid water at all. In short, 

there would be no weather. All of these character-

istics of the atmosphere, and more, result from the 

operation of processes that are mostly invisible. 

1.1 Weather and Climate 

Atmospheric science is our quest to understand these 

processes and how they create weather and cli-

mate. Indeed, atmospheric sci-

ence is often divided into two 

subdisciplines: meteorology, 

which is the study of weather, 

and climatology, which is the 

study of climate. Weather is 

the state of the atmosphere at 

a speci�c time and place. We 

describe the state of the atmo - 

sphere in terms of the elements of  

weather, which include atmo- 

spheric pressure, clouds, pre-

cipitation, wind, temperature, 

atmosphere

The layer of gases 

surrounding a planet or 

celestial body.

weather

The state of the atmosphere 

at a given place and time. 

climate

The average conditions of 

the atmosphere.

meteorology

The study of the 

atmospheric processes 

responsible for weather. 

climatology

The study of climate. 

FIGURE 1.1 Planet Earth from space. The blue 

haze around the edge of Earth is its atmosphere. 

Although Earth’s atmosphere is thin in comparison 

to the size of the planet, this layer of gases has a dra-

matic impact on the conditions at Earth’s surface.

and humidity. An important characteristic of the 

weather elements is their ability to quickly change. In 

fact, the atmosphere is in a constant state of change, 

and this is what makes weather so changeable. 

Weather is an integral part of life on this 

planet. It affects how we feel and what we wear. 

 When viewed from space, Earth’s atmosphere appears to be a simple, thin blue layer that is quite separate 

from the surface of the planet. In actuality, the atmosphere is part of a complex system in which it continually 

interacts with the surface, e�ectively shaping climate and, ultimately, the planet’s ability to sustain life.

Photo: NASA 
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FIGURE 1.2 The moon’s “sky.” With no atmosphere, 

the moon’s “sky” appears black.
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It might cause us to cancel plans, and it might 

give us something to talk about with strangers. It 

creates an ever-changing skyscape to �ll us with 

wonder and delight when we take the time to pay 

attention. However, the effects of weather can also 

be far from trivial. Weather can ruin crops, �atten 

buildings, sink ships, cause �oods or droughts, 

and much more (Figure 1.3). Most importantly, 

weather provides an essential service: as clouds 

form and rain falls, weather �lters and replenishes 

our water supplies. A practical motivation to study 

the atmosphere is to understand what causes 

weather to change and, thus, to be able to make 

weather forecasts (Chapter 15). 

While weather is characterized by change, cli-

mate is less about change and more about what 

stays the same—although even climate varies over 

the long term. As such, climate is often de�ned 

weather forecast

An estimate of the future 

state of the atmosphere.

Weather is short term, while climate is long term. 

REMEMBER THIS

simply as “average weather,” but a complete de-

scription of the climate of a place usually also in-

cludes information about extremes. The difference 

between weather and climate is nicely illustrated 

by comparing a weather map to a climate graph 

(Figure 1.4). A weather map depicts atmospheric 

conditions at a moment in time. On the other hand, 

a climate graph is based on temperature and pre-

cipitation measurements made over a period of  

30 years, which are then averaged to provide so-

called climate normals. Thirty years is the period 

recommended by the World Meteorological 

Organization (WMO) for obtaining an accur-

ate depiction of the climate of a place. Canada’s 

most recently available set of climate normals is 

for the period from 1981 to 2010. These statistics 

can be found at Environment Canada’s Weather 

Of�ce website (climate.weather.gc.ca). If you visit 

this website, you will notice that information on 

weather extremes—such as extreme maximum 

and minimum temperatures, and extreme daily 

precipitation—is also provided. 

The climate graph in Figure 1.4a depicts cli-

mate at the regional scale for Regina, Saskatchewan, 

and its immediate surroundings. Climate graphs 

are included throughout this book to illustrate fac-

tors that control climate at a regional scale. The most 

important of these climate controls is latitude: low 

latitude climates are warmer than high latitude cli-

mates. In addition, most coastal climates experience 

milder temperatures and more rainfall than do most 

continental climates. It can even make a difference 

to climate if a place is located on a west coast or an 

east coast. For example, in Canada, prevailing winds 

from the west mean that west coast climates are more 

strongly in�uenced by the ocean than are east coast 

climates. Mountain ranges also affect climate. Some 

of the wettest places on Earth are on the windward 

sides of mountains, while some 

of the driest places are on their 

leeward sides (Figure 1.5). There 

is even the familiar correlation 

FIGURE 1.3 A section of Calgary during the Alberta 

flooding in June 2013. Over 100,000 people were 

displaced by the flooding, which was caused by 

extremely heavy rainfall. Up to 200 mm of rain fell 

in some of the southwestern parts of the province.
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FIGURE 1.4 a) A climate graph for the mid-latitude continental location of Regina, Saskatchewan.  

b) A weather map of Canada for 11 May 2016 at 0000 UTC. 

Sources: a) Data from Environment Canada, National Climate Data and Information Archive, “Canadian Climate Normals 

1971–2000” for Regina Int’l A, www.climate.weathero�ce.gc.ca/climate_normals, accessed 9 May 2012; b) Environment 

Canada, Weather O�ce, www.weathero�ce.gc.ca/analysis/index_e.html, 11 May 2016. 
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between increasing altitude and decreasing tempera-

ture. We will consider these controls on regional cli-

mates in more depth in Chapter 16. 

Climate is studied at scales both smaller and 

larger than the regional scale. The smallest scale 

climates occur over areas of a few square metres 

to several square kilometres. In Chapter 6, we will 

see how the characteristics of a surface—such as 

a lawn or a parking lot—in�uence energy �ows, 

thereby creating microclimates. Such microcli-

mates include anything from a cool, shady spot 

under a tree to the “heat island” created by an ur-

banized surface. Indeed, the effects of an urban 

surface may cause the climates of some cities to 

differ from that of the surrounding region. 

Today we are increasingly interested in cli-

mate at the planetary scale; the average temperature 

FIGURE 1.5 Mountains a�ect climate. Top: Situated 

on the windward side of the Coast Mountains, 

Vancouver receives high levels of precipitation, with 

some locations on the city’s north shore receiv-

ing more than 2500 mm of precipitation per year. 

Bottom: Osoyoos, in the southern Okanagan, is lo-

cated in the rain shadow of these mountains and re-

ceives only about 300 mm of precipitation per year. 

microclimate

The climate of a small area at 

Earth’s surface. 

greenhouse effect

The part of a planet’s 

temperature attributable to 

the presence of greenhouse 

gases in its atmosphere.

greenhouse gas

A gas that allows the shorter 

wavelength radiation from 

the sun to pass through the 

atmosphere, while it absorbs 

the longer wavelength radiation 

leaving Earth’s surface.

global warming

The increase in Earth’s 

temperature caused by 

increasing concentrations of 

greenhouse gases associated 

with human activities. 

anthropogenic

Related to human activities. 

system

A set of parts that interact. 

of our planet is currently just 

below 15°C. This temperature 

results from a combination of 

the amount of energy Earth 

receives from the sun, the 

amount of this energy Earth 

re�ects back to space, and the 

greenhouse effect created by 

Earth’s atmosphere (Section 

6.4). A planet’s greenhouse 

effect results from the pres-

ence of greenhouse gases in 

its atmosphere, and makes 

the planet warmer than it 

would be otherwise. Today 

we are particularly motivated 

to understand the complex-

ities of climate at the plan-

etary scale because human 

activities are increasing the 

amount of greenhouse gases 

in the atmosphere, and caus-

ing changes to the atmosphere 

and surface that are affecting 

Earth’s re�ectivity. The net 

result of these changes is an observed increase in 

global  temperature of close to 1°C over the last 100 

years (Figure 1.6). Known as global warming, this 

increase in temperature has, in turn, affected other 

aspects of Earth’s climate. Such anthropogenic 

climate change is addressed throughout this book 

and in Section 17.3 in particular. 

There are three controls on Earth’s temperature at 

the planetary scale: 

• the amount of energy Earth receives from the sun,

• Earth’s reflectivity, and

• Earth’s greenhouse e�ect.

REMEMBER THIS

1.2 The Earth System

To best understand weather and climate, we must 

recognize that the atmosphere does not act in-

dependently. Instead, it is part of a system that 
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Over the last few decades, we 

have come to recognize the import-

ance of identifying and studying 

the interactions between the parts 

of the Earth system. Such studies 

go beyond traditional discipline 

boundaries and represent a new 

approach to understanding Earth. 

This approach is known as Earth 

system science—science that takes a 

holistic view of Earth. Earth system 

science has been facilitated by 

our increasing understanding of 

how our planet works, and the ap-

proach has been motivated by the 

awareness of the signi�cant impact 

of human actions on natural pro-

cesses. In fact, it has been suggested 

that we have now entered a new geological epoch 

in which humans have become a major force rival-

ling the forces of nature. The name proposed for 

this new epoch of the geological time scale is the 

Anthropocene, or the recent age of man. Signi�cantly, 

the concept of the Anthropocene not only recog-

nizes that humans now play a major role in Earth 

processes, it also implies that, perhaps, armed with 

our increasing understanding of Earth, we may 

now have the power to reverse our damaging ef-

fects. Thus, a systems approach to studying Earth 

allows us to consider not only natural processes 

but also those processes associated with human 

actions, in order to better understand, predict, and 

even mitigate the consequences of our actions. 

As you might expect, Earth system science must 

draw from—and integrate—knowledge from many 

areas of science, including atmospheric science. 

The focus of this book is, of course, the atmosphere 

and, as such, the content of this book contributes 

to our overall understanding of Earth as a system. 

However, although this book focuses on the atmos-

phere, a systems thinking approach implies that the 

workings of the atmosphere cannot be well under-

stood without consideration of processes operating 

outside the atmosphere. As a result, you will notice 

that such interactions are considered throughout 

this book; together these interactions make up the 

climate system—the system responsible for Earth’s 

climate (Figure 1.8). 
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FIGURE 1.6 The increase in Earth’s temperature from 1880 to 2015. 

Source: Adapted from NASA Goddard Institute for Space Studies, http://data.giss 

.nasa.gov/gistemp/graphs/, accessed 16 August 2016.

we call the Earth system. The 

�ve major parts of the Earth 

system are the lithosphere, the 

 biosphere, the hydrosphere, 

the cryosphere, and, of course, 

the atmosphere itself. The litho-

sphere is made up of the rocks 

of the planet, the biosphere 

comprises all life on the planet, 

the hydrosphere includes all 

the water of the planet, and the cryosphere includes 

the ice of the planet (Figure 1.7). 

lithosphere

The rocks of Earth. 

biosphere

Life on Earth. 

hydrosphere

The water of Earth. 

cryosphere

The ice of Earth. 

Atmosphere

Lithosphere

Hydrosphere
Biosphere

Cryosphere

FIGURE 1.7 A schematic depiction of the interactions 

 between the five spheres of the Earth system.

http://data.giss
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Cryosphere

Atmosphere

Biosphere

Lithosphere

Hydrosphere

Ocean 
Circulation

Terrestrial Radiation

Heat, Gases, and Particles

Solar Radiation

Water

FIGURE 1.8 The climate system. Flows of energy and material connect the atmosphere to the rest of the Earth system.  

Understanding the climate system is a central 

goal of Earth system science largely because of 

our need to understand, and deal with, anthropo-

genic climate change. The atmosphere is, of course, 

where most of the processes associated with climate 

happen. Such processes include, but are not limited 

to, the absorption and re�ection of radiation by gases 

and particles; the vertical and horizontal motions of 

the air itself; and the phase changes of water that 

lead to the formation of clouds and precipitation. 

As water changes phase, both water and heat 

are transferred between the atmosphere and the 

hydrosphere. Water is important to the climate 

system in other ways. In liquid form, water has 

a tremendous capacity to store heat. This means 

that cold air can warm signi�cantly if it moves 

over warmer water as large amounts of heat can be 

transferred from the water to the air. In addition, 

bodies of water are very good absorbers of the sun’s 

radiation, whereas in the form of ice or snow—the 

cryosphere—water is a very good re�ector of the sun’s 

radiation. Further, gases can dissolve in water. For 

example, carbon dioxide—an important green-

house gas—is constantly exchanged between the 

atmosphere and the ocean. An increase in atmos-

pheric carbon dioxide causes more carbon dioxide 

to dissolve in the oceans, while a drop in atmos-

pheric carbon dioxide causes it to diffuse out of the 

oceans and into the air. 

Like water, life—whether 

in the form of plants, animals, 

or bacteria—also exchanges 

gases with the atmosphere. 

Consider your own  respiration, 

which removes oxygen from 

the atmosphere and returns 

carbon dioxide; consider also 

the process of photosynthesis, 

which does the opposite. In 

fact, throughout Earth’s long 

respiration

The life process in which 

oxygen is removed from 

the atmosphere and carbon 

dioxide is returned.

photosynthesis

The life process in which 

energy from the sun is used 

to convert carbon dioxide 

and water to oxygen and 

carbohydrates. 
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history, life has signi�cantly impacted the com-

position of the atmosphere, and thus in�uenced 

climate, as we will see in Chapter 2. Apart from 

the exchange of gases, the biosphere in�uences the 

climate system in other ways. Forests are good 

absorbers of the sun’s radiation, while grasses are 

more re�ective, and bare ground is more re�ect-

ive still. However, scientists believe that forests— 

especially the tropical rainforests—have a net cool-

ing effect on Earth despite their low re�ectivity. 

This cooling effect results in part because forests 

remove carbon dioxide from the atmosphere, but 

other factors are also responsible. To begin, trees 

absorb water from the soil and then release water 

vapour into the air through the stomata in their 

leaves. Because the transformation of water from 

liquid to vapour requires energy, the air is cooled. 

In addition, through this process of cycling water 

from the soil to the air, tropical rainforests are be-

lieved to help sustain the rainy climate to which 

they are adapted. The clouds 

that are produced when water 

is returned to the atmosphere 

will re�ect sunlight, further 

contributing to cooling. 

Even the rocks of the litho-

sphere play important roles in the climate system. 

Whenever a volcano erupts, it sends particles 

and gases into the atmosphere. Because particles 

associated with volcanic eruptions tend to be 

re�ective of the sun’s radiation, the short-term 

effect of a large volcanic eruption is often cool-

ing. However, over the long term, an extended 

period of volcanic activity can cause warming 

because carbon dioxide emitted by volcanoes 

accumulates in the atmosphere. Further, while 

volcanoes add carbon dioxide to the atmo sphere, 

the chemical breakdown of rocks at Earth’s sur-

face—a process known as weathering—removes 

carbon dioxide from the atmosphere. The ways 

in which these geological processes in�uence the 

atmosphere’s composition will be explored fur-

ther in Chapter 2. 

Finally, human actions now impact the climate 

system at the global scale (Chapter 17). Most sig-

ni�cantly, when we mine and burn fossil fuels—

coal, oil, and natural gas—we are returning carbon 

We have good reasons to understand the atmosphere:

• forecasting the weather,

• predicting how human actions might influence 

climate at a variety of scales, and

• understanding Earth from a systems perspective. 

REMEMBER THIS

dioxide to the atmosphere much more quickly 

than it would return naturally. This causes carbon 

dioxide to accumulate in the atmosphere. We are 

also making other changes to the atmosphere, and 

to Earth’s surface, that alter the re�ectivity of our 

planet to the sun’s radiation. Just as the climate 

system is impacted by all parts of the Earth system, 

these other parts are, in turn, in�uenced by the cli-

mate system. All of these interactions, and more, 

will be considered in depth throughout this book. 

Simply due to the sheer number of interactions 

involved, the study of Earth as a system can be a 

daunting task. This task is further complicated by 

the operation of feedback effects—disturbances 

in systems that lead to a sequence of events that 

eventually either amplify or lessen the initial dis-

turbance. A positive feedback effect is a mechanism 

that operates within a system to amplify the effects 

of an initial change. A negative feedback effect is a 

mechanism that operates within a system to lessen 

the effects of an initial change. While positive feed-

back effects can be destabilizing, negative feedback 

effects can be stabilizing. There are many simple 

everyday examples of negative feedback. For ex-

ample, when you are cold, you put on a sweater 

and feel warm again. If you fail an exam, you might 

study harder and do better the next time. As men-

tioned above, human actions are causing Earth’s 

temperature to increase; this change in temper-

ature is an example of a disturbance in the climate 

system that is likely triggering several positive 

feedback effects. A simple one is the ice- albedo feed-

back effect, which occurs because warming causes 

ice to melt. As ice melts, the re�ectivity of the 

planet decreases, absorption of the sun’s radiation 

increases, and warming is ampli�ed (Figure  1.9). 

Unfortunately, few negative feedback effects are 

feedback effect

A mechanism that operates 

within a system to either 

amplify or lessen an initial 

change.
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likely to be triggered by increasing temperatures. 

We will explore feedback effects associated with 

climate change in Chapter 17.

5.2.1). In words, this law tells us that the amount 

of radiation emitted by an object increases with 

the fourth power of the temperature of that object. 

The mathematical expression of this law is given in 

Equation 5.4. In either form, this law describes the 

relationship between temperature and the amount 

of radiation emitted. It was determined by experi-

ment, and it can be used in its mathematical form 

to make predictions.

Theories provide an explanation of how nature 

works. Theories are generally far more complex 

than laws, as they tend to encompass a large body of 

knowledge. Unlike laws, they cannot be expressed 

as a single equation, although they can include equa-

tions. An example of a theory described in this book 

is the polar front theory, which provides a detailed 

description of the structure and development of 

the storms known as mid- latitude  cyclones—major 

producers of clouds, precipitation, and winds in 

the mid-latitudes (Section 14.2.1). This theory came 

about as a result of the work carried out by several 

Norwegian scientists interested in being able to 

forecast the weather. Over the years, the polar front 

theory has been modi�ed as further investigation 

has increased our understanding of the processes 

that create these storms of the mid-latitudes. 

Scienti�c investigation follows the scienti�c 

method and begins with observation. Observation 

can be as simple as perceiving some aspect of the 

world around us and wondering how it operates, 

but there are many possible sources of observations, 

such as the results of an experi-

ment or unexplained patterns 

in a set of measurements. If an 

observation arouses our curios-

ity, we will ask a question. After 

further observation, we might 

form a hypothesis—an initial 

attempt to answer the question 

posed. Here is an example of 

how this method might oper-

ate: �rst, we observe that the sky 

is blue; next, we ask why the sky 

is blue; then, we speculate on a 

reason for the sky being blue. 

Once we make a hypothesis, we 

must test it. If testing shows the 

More Solar Radiation

Absorbed

Ice Melts

Reflectivity of Earth 

Decreases

Temperature

Increases

FIGURE 1.9 The loop associated with the ice- 

albedo feedback e�ect.

• Positive feedback e�ects are destabilizing be-

cause they strengthen the e�ects of disturbances. 

• Negative feedback e�ects are stabilizing be-

cause they lessen the e�ects of disturbances.

REMEMBER THIS

scientific law

A precise statement that 

describes the behaviour of 

nature and is believed to 

always hold true.

scientific theory

A body of knowledge 

that provides a detailed 

explanation for a set of 

observations.

scientific method

A series of steps followed in 

scientific investigation. 

hypothesis

A tentative explanation for 

an observation. 

1.3 The Role of Science

The purpose of science is to understand the complex-

ities in the world around us by trying to �nd order, 

or patterns. In fact, scientists often marvel at the fact 

that there is order in nature. In practising science, 

we begin by making observations that provoke us to 

ask questions and investigate further. These investi-

gations can ultimately lead us to the development of 

scienti�c laws and theories that can be used to de-

scribe and explain how the world works. Laws and 

theories are similar in several ways: they are widely 

accepted by the scienti�c community, they can be 

used to make predictions, and they can be rejected 

if shown to be untrue. Yet there are important differ-

ences between laws and theories as well. 

Laws provide a description of how nature works, 

and they can be expressed in words, mathematical 

equations, or both. An example of a scienti�c 

law used in atmospheric science is the radiation 

law known as the Stefan–Boltzmann law (Section 
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hypothesis to be true, we will accept it, although we 

have not yet proven it. If testing shows the hypothe sis 

to be untrue, we will reject it. 

We can test a hypothesis by performing an 

experiment, making further observations, or util-

izing a model. Models are representations of re-

ality that scientists use to describe, explain, and 

predict. They are particularly 

useful in atmospheric science, 

where traditional experiments 

are often dif�cult—if not  

impossible—to perform. The 

essential purpose of a scien-

ti�c model is to simplify reality so that we can 

understand it. There are three types of models: 

conceptual, physical, and mathematical.

general circulation model 

(GCM)

A computer program that 

represents the physics of the 

atmosphere through a set of 

equations.

CHECK YOUR UNDERSTANDING

What observations could you make about clouds? 

What questions could you derive from your ob-

servations? How might you follow the scientific 

method to investigate those questions? 

rotated to represent Earth’s rotation. Dishpan ex-

periments allow us to investigate the causes of the 

large-scale wind patterns over Earth by varying 

certain conditions. For example, by varying the 

speed of rotation of the annulus we can investigate 

the effect of Earth’s rotation on global wind pat-

terns (Section 12.3). Another example of a physical 

model is a cloud chamber, which—as its name 

suggests—allows us to simulate, and thus explain, 

processes at work in clouds. Cloud chambers have 

helped us to understand the processes that turn 

cloud droplets into raindrops (Section 10.3).

Conceptual models—also known as mental 

models—represent our attempts to present our 

ideas about how something works. They are often 

used in teaching to show relationships or to ex-

plain abstract concepts, and they are generally 

presented as diagrams. A very simple example is 

the loop diagram used to illustrate the feedback 

mechanism described in Section  1.2 (Figure  1.9). 

Another example is the diagram, created by the 

Norwegian meteorologists as part of their polar 

front theory, that shows the stages in the life cycle 

of a mid-latitude cyclone (Figure 14.6).

An example of a physical model in atmospheric 

science is a rotating annulus, which has been used 

to perform “dishpan” experiments (Figure 12.23). 

In these experiments, the annulus is �lled with 

water to represent the �uid 

character of the atmosphere. 

It is then heated at the outer 

edge to represent the equator 

and cooled in the middle to 

represent the poles, and it is 

There are five steps in the scientific method:

1. making an observation; 

2. asking a question; 

3. formulating a hypothesis; 

4. making further observations, conducting an 

experiment, and/or utilizing a model; and 

5. reaching a conclusion, by which science 

moves forward. 

REMEMBER THIS

Mathematical models allow us to investigate 

the effects of a change in conditions by varying 

the numerical inputs to the model. Such models 

can be as simple as one equation with one vari-

able, or as complex as a computer program that 

makes use of vast sets of equations and takes 

hours to run. Many of the equations introduced 

in this book could be thought of as models. For 

example, in Chapter 6 we will derive a simple 

equation for calculating the temperature of a 

planet based on the output of the sun, the plan-

et’s distance from the sun, and the planet’s re�ec-

tivity (Equation 6.3). Each of these variables can 

be changed to explore its effects on the planet’s 

temperature. Working on a larger scale, computer 

models known as general circulation models, 

or GCMs, are attempts to simulate the workings 

of Earth’s entire climate system. These models are 

currently being used to make predictions about 

how climate might change as a result of human 

activities (Section 17.3).

Our investigations will certainly not always 

result in the formulation of laws and theories—in 

model

A representation of 

reality used to help in 

understanding complex or 

abstract natural phenomena. 
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fact, most of the time they don’t—but they do often 

lead to important advances in science or technol-

ogy. They can also result in signi�cant warnings 

to humankind, as the following story illustrates. 

F. Sherwood Rowland and Mario J. Molina’s now- 

famous work on the depletion of the ozone layer 

was triggered by an observation made by another sci-

entist, James Lovelock. In the early 1970s, Lovelock 

was making measurements of atmospheric com-

position with a new device he had invented, which 

could detect minute concentrations of gases. His 

measurements showed that a group of synthetic 

gases known as chloro�uorocarbons (CFCs) was 

accumulating in the atmosphere. Although he re-

ported his �ndings, he was not concerned about 

them because, at the time, CFCs were regarded as 

harmless. Rowland and Molina, however, were 

curious about what might ultimately end up hap-

pening to these gases. By conducting experiments, 

they determined that once CFCs reached the layer 

of the atmosphere known as the stratosphere, they 

would likely be broken down by ultraviolet radia-

tion and release chlorine. 

Curious about what would happen to this 

chlorine, Rowland and Molina made use of a math-

ematical model that had been developed by previous 

researchers. The results showed that one chlorine 

atom is capable of destroying hundreds of thou-

sands of ozone molecules and that a product of 

these reactions is chlorine monoxide. This work led 

Rowland and Molina to put forward the hypothe - 

sis that CFCs could destroy Earth’s ozone layer—the 

layer of the atmosphere that protects life on Earth 

from the harmful effects of ultraviolet radiation. 

Although this hypothesis caused alarm and led 

some countries to ban the use of CFCs in aerosol 

sprays in the late 1970s, there was no proof that the 

ozone layer was indeed being destroyed until two 

separate research groups discovered the ozone 

hole over Antarctica in 1985 (Section 17.2) . Further 

observations showed that the ozone hole was not 

CHECK YOUR UNDERSTANDING

What are the characteristics of a good model? 

only an area of low ozone concentrations, it was 

also an area containing high amounts of chlorine 

monoxide. From this, researchers drew the con-

clusion that ozone was indeed being destroyed by 

the chlorine from CFCs. Shortly thereafter, action 

was taken to ban CFCs on a global level and, for 

their discovery, Rowland and Molina won the 

1995 Nobel Prize in Chemistry.

We can see the scientific method at work in the 

early research on the depletion of the ozone layer.

1. Observation: CFCs are accumulating in the 

atmosphere.

2. Question: What will happen to the CFCs?

3. Hypothesis: The chlorine from the CFCs is 

destroying the ozone layer. 

4. Further observations: There is a hole in the 

ozone layer, and that hole contains high 

amounts of chlorine monoxide. 

5. Conclusion: Chlorine from CFCs is destroying 

the ozone layer.

REMEMBER THIS 

1.4 The Role of Math:  
A Language and a Tool 

As explained in the previous section, most scienti�c 

laws can be written as mathematical equations, and 

many scienti�c models are mathematical. In science, 

math provides a way of communicating the form of 

a relationship. For this reason, math has often been 

described as the language of science. The famous 

physicist Richard Feynman was referring to math 

when he eloquently wrote, “If you want to learn 

about nature . . . it is necessary to learn the language 

that she speaks in. She offers her information only 

in one form” (1967, p. 52). In order to understand sci-

ence, then, it is essential to understand math. 

In addition to being the language of science, 

math is also an important tool of science. First, math 

provides us with a set of numbers that we can use 

to quantify our observations. For example, most of 

the elements of weather can be expressed quantita-

tively. We can say that the temperature is 11°C or that 

3 mm of rain fell in the last 6 hours. Numbers allow 

us to keep records and look for patterns. Second, as 
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mentioned above, math provides us with a means 

to make predictions. For example, as we will see in 

Chapter 8, parcels of air cool at a regular rate as they 

rise in the atmosphere; thus, we can use math to 

predict the temperature an air parcel will have once 

it has risen a certain distance (Example 1.1).

Example 1.1

We know that an unsaturated air parcel cools at a rate 

of 10°C for every kilometre it rises in the atmosphere. 

If the air temperature at Earth’s surface is 26°C, what 

will be the temperature of this air if it rises 2.3 km? 

26°C − 2.3 km (10°C/km) = 3°C

Using math, we predict that if the air rises 2.3 km, it 

will cool to 3°C. 

are degrees kelvin. A kelvin degree is the same size 

as a Celsius degree, but while 0 K corresponds to 

absolute zero, 0°C corresponds to the freezing point 

of water. Both units will be used in this book. All 

other dimensions are derived from the basic ones. 

An example of a derived dimension is density, ρ, 

which is de�ned as the amount of mass, m, in a unit 

volume, V (ρ = m/V). Thus, using the basic units, we 

derive the units of density to be kilograms per cubic 

metre (kg/m3). Four derived dimensions that are 

commonly used in atmospheric science are force, 

energy or work, power, and pressure (Table 1.2).

The units used for force can be explained using 

Sir Isaac Newton’s �rst two laws of motion. His 

�rst law states that if an object is stationary, it will 

remain stationary unless an unbalanced force is 

applied to make it move, and if an object is moving 

at a constant speed and in a constant direction, it 

will continue to do so unless an unbalanced force 

is applied to change its speed, direction, or both. 

In the context of physics, a change in speed or 

direction is an acceleration. Therefore, we can use 

Newton’s �rst law to de�ne force as an action ca-

pable of accelerating an object. Newton’s second 

law then tells us that the force, F, required to ac-

celerate a given mass is simply the product of the 

mass, m, and the acceleration, a. 

 Force = F = m a = kg · m · s−2 = 1 newton (1.1)

Mathematical equations are introduced 

throughout this book; those that are particularly 

important are highlighted in shaded boxes. In 

most cases, a new equation is followed by an ex-

ample to illustrate its use. For each of these exam-

ples, consider that the equation is being used as a 

language to help you understand a new concept, as 

a tool to make a prediction, or both.

1.5 Dimensions and Units

In order to make measurements and perform calcu-

lations, we need a consistent, generally accepted set 

of units with which to work. 

In this book, we will use the 

system of units known as 

the MKS system, which cor-

responds to the internation-

ally adopted International 

System of Units (SI). This 

system is based on seven 

basic dimensions; we will 

use four of them: length, 

mass, time, and temperature 

(Table 1.1). Notice that the 

name “MKS” comes from the 

�rst letters of the base units 

corresponding to the �rst 

three dimensions: metres, 

kilograms, and seconds. The 

base units for temperature 

density

The amount of mass in a unit 

volume. 

force

An action capable of 

accelerating an object. 

energy

The capacity to do work. 

work

The transfer of energy by 

mechanical means. 

power

The rate at which energy is 

transferred, or work is done. 

pressure

The force per unit area. 

Dimension Unit

Length metre (m)

Mass kilogram (kg)

Time second (s)

Temperature kelvin (K)

TABLE 1.1 Four of the basic dimensions 
of the MKS system, along with 
their units. 

Derived Dimension Unit Basic Unit

Force newton (N) kg�·�m�·�s−2

Energy (Work) joule (J) kg�·�m2�·�s−2

Power watt (W) kg�·�m2�·�s−3

Pressure pascal (Pa) kg�·�m−1�·�s−2

TABLE 1.2 Four derived dimensions of the 
MKS system. 
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Equation 1.1 shows that the basic units of force are 

kg · m · s−2, or the units for mass (kg) multiplied by 

the units for acceleration (m · s−2 or m/s2). The name 

given to these units is, appropriately, newtons (N). 

The de�nition of energy as the capacity to 

do work shows that energy and work are related. 

Through this de�nition, energy and work both 

have the same units. To determine these units, we 

use the de�nition of work, which is that work, W, is 

done when a net force, F, moves an object through 

a distance, d. 

 Work = W = F d = kg · m · s−2 · m 

 = kg · m2 · s−2 = 1 joule (1.2)

Equation 1.2 gives the basic units of energy and 

work as kg · m2 · s−2. The name given to these units 

is joules (J). Just as the units for force recognize 

Newton’s work on motion, the units for energy rec-

ognize the work of James Prescott Joule on energy. 

Power is the rate at which energy �ows, or work 

is done. Using this de�nition, power is energy, E, 

or work, W, divided by time, t.

= = ⋅ ⋅ ⋅− −Power
E

t
or

W

t
kg m s s2 2 1

 = kg · m2 · s−3 = 1 watt (1.3)

Equation 1.3 shows that the basic units of power 

are kg · m2 · s−3. The name given to these units is 

watts (W) after James Watt, an engineer known for 

his work in improving the ef�ciency of steam en-

gines. Watt also developed the units of horsepower: 

one horsepower is equivalent to 746 watts. Related 

to power is energy �ux density, the rate of energy 

�ow per unit area of surface. The units used for 

energy �ux density are watts per square metre  

(W/m2). In climatology, energy �ux density is used 

to quantify energy �ows through a surface. 

Finally, pressure, P, is de�ned as the force, F, per 

unit area, A. 

Pressure P
F

A
kg m s m2 2= = = ⋅ ⋅ ⋅− −

 = kg · m−1 · s−2 = 1 pascal (1.4)

Equation 1.4 shows that the basic units of pressure 

are kg · m−1 · s−2, or pascals (Pa), after Blaise Pascal, 

who clari�ed the meaning of pressure. Atmospheric 

energy flux density

The rate of the flow of energy 

per unit area of surface. 

atmospheric pressure

The force exerted by the 

atmosphere on Earth’s 

surface. 

CHECK YOUR UNDERSTANDING

How would changes in Earth’s size, or changes in the 

mass of the atmosphere, a�ect sea level pressure? 

Example 1.2 

Given that the average pressure at sea level is 

101.325 kPa, and that Earth’s radius is 6.37 × 106 m, 

approximate the mass of the atmosphere. 

First, convert the pressure to pascals: 101.325 kPa = 

101,325 Pa. Then use Equation 1.5 in Equation 1.4, 

and solve for m. 

P
m g

A
, m

P A

g

[(101, 325Pa)4 10 m ]

9.8 m/s

6 2

2
= = =

π (6.37 × )

= 5.27 × 1018 kg

It likely comes as a surprise that the atmosphere is 

so heavy. 

pressure is the force exerted by 

the atmosphere on Earth’s sur-

face. This force results from the 

weight of the atmosphere. Using 

Newton’s second law, weight, W, 

can be de�ned as the force on an 

object due to gravity. 

 W = m g (1.5)

In Equation 1.5, g is 9.8 m/s2, which is the accelera-

tion due to gravity. 

Atmospheric pressure is regularly measured  

as part of routine weather observations. In Canada, it 

is usually reported in kilopascals (kPa). In Canadian 

meteorological of�ces, however, hectopascals (hPa) 

are also used. There are 100 pascals in a hectopas-

cal. The average atmospheric pressure at sea level  

is 101.325 kPa, or 1013.25 hPa (Example 1.2).

1.6 The Structure of the 
Atmosphere

The standard atmosphere is a 

set of values representing the 

average vertical distribution 

of pressure, temperature, and 

standard atmosphere

A set of values that 

represents the average 

vertical distribution of 

pressure, temperature, and 

density in the atmosphere.
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density in the atmosphere (Table 1.3). These values 

are calculated, but they correspond well with aver-

ages of observations made by balloons and aircraft. 

Figure 1.10, created using the data in Table 1.3, pro-

vides a visual representation of the atmosphere’s 

average structure. Notice that pressure and density 

decrease almost exponentially with height, while 

the change in temperature with height de�nes 

four distinct layers—two in which temperature de-

creases with height, and two in which temperature 

increases with height.

1.6.1 | Pressure and Density

Pressure decreases with height in the atmosphere 

because, as shown in Example 1.2, pressure re-

sults from the weight of the overlying atmosphere. 

Height  

(km)

Temperature  

(°C)

Pressure  

(kPa)

Density  

(kg/m3)

0 15.0 101.325 1.23

1 8.5 89.874 1.11

2 2.0 79.501 1.01

3 −4.5 70.121 0.91

4 −11.0 61.660 0.82

5 −17.5 54.048 0.74

6 −23.9 47.217 0.66

7 −30.5 41.105 0.59

8 −36.9 35.651 0.53

9 −43.4 30.800 0.47

10 −49.9 26.499 0.41

11 −56.5 22.699 0.37

12 −56.5 19.400 0.31

14 −56.5 14.170 0.23

16 −56.5 10.352 0.17

18 −56.5 7.565 0.12

20 −56.5 5.529 0.09

25 −51.6 2.549 0.04

30 −46.6 1.197 0.02

35 −36.1 0.559 0.01

40 −22.1 0.288 0.004

45 −8.1 0.152 0.002

50 −2.5 0.078 0.001

60 −26.2 0.021 0.0003

70 −53.6 0.005 0.00008

80 −74.6 0.001 0.00002

90 −86.3 0.0002 0.000003

100 −78.0 0.00003 0.0000006

TABLE 1.3 The standard atmosphere. 

Pressure is greatest at Earth’s surface because the 

weight of the entire atmosphere lies above. Higher 

up, there is less overlying atmosphere, so the pres-

sure is less. In a similar way, water pressure is 
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FIGURE 1.10 a) The change in pressure with 

height in the atmosphere. b) The change in density 

with height in the atmosphere. c)  The change in 

temperature with height in the atmosphere.
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is about half of the pressure exerted by the entire 

mass of the atmosphere at sea level.

The fact that density decreases with height 

explains why the decrease in pressure with height 

is almost exponential, rather than linear. In the 

 higher-density air near the surface, pressure 

will drop very quickly; higher up, where air  

molecules are farther apart, pressure will drop 

more slowly.

FIGURE 1.11 Climbers on the Khumbu Icefall, 

Mount Everest, heading for their base camp, which 

lies at an altitude of just over 5000 m. High-altitude 

hikers such as these carry oxygen to compensate 

for the thinning atmosphere on the ascent.

CHECK YOUR UNDERSTANDING

Notice that the standard atmosphere shows that 

surface air is warmer than air above. What keeps 

this warm surface air from continually rising?

troposphere

The layer of the atmosphere 

extending from Earth’s 

surface to an average height 

of 11 km. 

tropopause

The top of the troposphere.

greatest on the ocean �oor because of the entire 

weight of the water lying above. In fact, divers and 

submarines must adjust for the increase in pressure 

as they go deeper, or they will be crushed.

Density decreases with height in the atmo-

sphere because air is compressible—that is, it can 

be squeezed into a smaller volume (Section 3.3). 

Because air near the surface is compressed by 

the weight of the air above, density is greatest at 

the surface. It is because the atmosphere rapidly 

thins with height that high-altitude hikers must 

carry oxygen (Figure 1.11). An important result of 

the atmosphere’s compressibility is that half the 

mass of the atmosphere is squeezed into its lowest 

5.5 km, while the other half is spread over many 

tens of kilometres (Figure  1.10a). Table 1.3 shows 

that the pressure at 5.5 km is about 50 kPa, which 

1.6.2 | Temperature

The change in temperature with height shows 

alternating layers of decreasing and increasing 

temperature (Figure 1.10c). The lowest layer, the 

troposphere, extends from Earth’s surface to 

the tropopause, located at an average height of 

11  km. As shown by the standard atmosphere, 

temperature decreases through the troposphere 

at an average rate of 6.5°C/km (Table 1.3); the tro-

popause is the height at which temperature stops 

decreasing. The troposphere is warmest on the 

bottom because it is heated by Earth’s surface, in 

much the same way as a stove element warms the 

air above. Because tropical latitudes are warmer 

than polar latitudes, the effects of Earth’s surface 

will extend higher into the atmosphere in tropical 

latitudes. Thus the tropopause can be as high as 

16 km in the tropics, while it reaches only about 

8 km above the poles. Additionally, because it is 

warmed from the bottom, the troposphere is a tur-

bulent layer throughout which heat, water vapour, 

and particles originating at 

Earth’s surface are thoroughly 

mixed. Both turbulence and 

water vapour are needed for 

weather and, as a result, the 

troposphere is the layer in 

which all our weather occurs 

and almost all clouds form.
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The next layer of the atmosphere, the 

 stratosphere, stretches from the tropopause to the 

stratopause, located at an altitude of about 50 km. 

This layer contains very little moisture because 

almost all of the water vapour from Earth’s surface 

is removed by the weather processes operating in 

the troposphere. From the tropopause to an altitude 

of about 20 km, temperature 

remains constant with height. 

Above this isothermal layer, 

temperature begins to increase 

with height, a condition called 

an inversion. Because of this 

inversion, the stratosphere 

is not turbulent—with the 

warmest air at the top, there 

is little vertical movement 

and, therefore, little mixing. If 

particles from Earth’s surface 

make it to the stratosphere, 

they can remain there for sev-

eral years. Thus, volcanic erup-

tions can have a longer lasting 

impact on climate if the gases 

and dust they produce reach 

the stratosphere (Figure  1.12). 

In addition, the stratosphere 

contains most of the atmo - 

sphere’s ozone. Because this 

gas absorbs ultraviolet radi-

ation from the sun, the ozone 

layer not only protects life on 

FIGURE 1.12 When Mount Pinatubo in the 

Philippines erupted in June 1991, it sent an explo-

sion of ash high into the atmosphere. 

The troposphere

• is defined by a decrease in temperature with 

height,

• contains almost all the water vapour in the 

atmosphere,

• is turbulent, and

• produces weather.

The stratosphere

• is defined by an increase in temperature with 

height, 

• contains almost all the ozone in the atmo-

sphere, and

• is non-turbulent.

REMEMBER THIS

stratosphere

The layer of the atmosphere 

extending from, on average, 

11 to 50 km above Earth’s 

surface.

stratopause

The top of the stratosphere.

inversion

An increase in temperature 

with altitude.

mesosphere

The layer of the atmosphere 

that extends from about  

50 km above Earth’s surface 

to about 85 km above the 

surface.

mesopause

The top of the mesosphere. 

thermosphere

The top layer of the 

atmosphere. Its base is 

located at an altitude of 

about 85 km; it has no  

well-defined top.

Earth from the harmful effects of this radiation, it 

also warms the stratosphere. Since the stratosphere 

is heated by the sun, it is warmest on top.

Above the stratosphere is the mesosphere, a 

layer in which temperature decreases with height 

from the relatively warm stratopause up to the 

 mesopause at about 85 km. This height also marks 

the bottom of the thermosphere, a layer in which 

temperature begins to increase again due to strong 

absorption of the shortest wavelengths of the sun’s 

radiation. At the bottom of the thermosphere, most 

of this very short wavelength radiation has been 

absorbed, leaving little to warm the mesosphere. 

Due to the nature of gases, there is no clearly 

de�ned boundary between the top of the atmo-

sphere and space. Instead, the transition is 

very gradual. Because of air’s compressibility,  

80 per cent of the atmosphere’s mass lies in the 

troposphere, and 99.9 per cent of its mass lies below 

the stratopause. Of the remaining 0.1 per cent,  

99 per cent is in the mesosphere, meaning that there 

is very little air left at the altitude of the thermo-

sphere. However, even at a height of roughly  

400 km above Earth’s surface, the International 

Space Station’s orbit is in�uenced by the effects of 

friction with Earth’s atmosphere.

Temperatures in the upper thermosphere can 

reach upward of about 1000°C. Yet despite the very 

high temperatures, the thermosphere would not 

feel warm, because the air is so thin. High tempera-

tures mean molecules are moving fast, but for 
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heat to be transferred, molecules must collide. At 

Earth’s surface, a person is hit by billions of mol-

ecules every second, and heat is rapidly trans-

ferred. In the thermosphere, such collisions are 

relatively rare, so there is little heat transfer. Thus, 

although the molecules at the upper limits of the 

atmosphere are moving at the speed of 1000°C 

molecules, there are not enough of them to trans-

fer this heat. 

Until very recently, people were con�ned to 

Earth’s surface and knew next to nothing about 

conditions throughout most of the atmosphere. 

Undoubtedly, some observers would have intui-

tively realized that pressure should decrease with 

height above Earth’s surface, but the changes in 

temperature with height would have been far less 

easy to anticipate. By climbing mountains, people 

realized that temperature decreased with alti-

tude, and many assumed it would continue to do 

so. Others argued, however, that since the upper 

atmosphere is closer to the sun, temperatures must 

start to increase again at some point. With our ad-

vanced technology, we have not only reached the 

top of the atmosphere but beyond to space, and we 

now know that both suppositions were correct. 

As our frontiers have expanded, so has our 

knowledge, but the more observations we make, 

the more there is to explain. 

1. Processes at work in the atmosphere create 

weather and climate. Weather describes the state 

of the atmosphere at a given time and place. The 

elements of weather include temperature, pres-

sure, humidity, wind, clouds, and precipitation. 

Climate describes the average conditions of the 

atmosphere on a variety of scales, from the micro 

scale to the planetary scale. 

2. The atmosphere is part of the Earth system, which 

also includes the rocks, the water, the ice, and the 

life of the planet. Earth system science is a holis-

tic approach to understanding Earth that considers 

interactions between the atmosphere and Earth’s 

other spheres, as well as the impact of human 

actions on Earth processes. The Earth system is ex-

tremely complex and is made even more compli-

cated by the operation of feedback e�ects, which 

are mechanisms that develop within systems and 

reinforce or lessen the e�ects of an initial change. 

3. Science is about trying to understand and explain the 

observations we make about the world. Scientific 

investigation follows the scientific method. It has 

led to our discovery of laws that describe the way 

nature works, most of which can be expressed as 

mathematical equations. Scientific investigation 

has also led to our development of  theories—large 

bodies of knowledge used to explain the way nature 

works. 

4. Math acts as both a language and a tool in science. 

Measurements and calculations make use of the 

internationally adopted MKS system of units. Four 

derived dimensions are important in atmospheric 

science: force, energy or work, power, and pressure. 

5. Pressure and density decrease with height in the 

atmosphere. Pressure decreases with height be-

cause the mass of the atmosphere lying above 

decreases with height. Density decreases with 

height because air is compressible. The decrease 

in density with height causes pressure to decrease 

exponentially with height. 

6. The change in temperature with height defines four 

atmospheric layers: the troposphere, the strato-

sphere, the mesosphere, and the thermosphere. The 

troposphere is the layer closest to the surface where 

all weather occurs. It contains more moisture and is 

more turbulent than the stratosphere, the layer dir-

ectly above. In comparison, the stratosphre contains  

more ozone. 

1.7 Chapter Summary
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Review Questions 

1. What are some reasons for studying the atmosphere? 

2. How are weather and climate di�erent from one 

another? 

3. What characteristics of a place might influence its 

climate?

4. In what ways are scientific laws similar to scientific 

theories? In what ways do they di�er? 

5. What are the three types of models that research-

ers use? How do they use these models to advance 

science?

6. How can we account for the almost exponential 

decrease in both pressure and density with height 

in the atmosphere? 

7. How are the troposphere and the stratosphere 

di�erent from one another? What accounts for 

these di�erences? 

Suggestions for Research

1. Investigate the sorts of studies that atmospheric 

researchers do in the field. To find this information, 

you could consult journal articles and abstracts, 

visit websites maintained by Environment Canada 

or other organizations involved in conducting 

atmospheric research, or even talk to some of the 

professors at your university who have partici-

pated in atmosphere-related research projects.

2. Find specific examples of conceptual models, 

physical models, and mathematical models that 

have been used in atmospheric research. For 

each model, describe how it represents reality, 

and explain how researchers have used it to make 

predictions and/or test hypotheses. 



The Composition 

of the Atmosphere

LEARNING GOALS

After studying this chapter, you should be able to

• describe the composition of Earth’s atmosphere, and the processes by which the most 

common gases enter and leave the atmosphere;

• evaluate the roles of carbon dioxide, water vapour, ozone, and aerosols in the climate  

system; and

• outline the evolution of Earth’s atmosphere. 
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I n Chapter 1, you learned about the structure of 

the atmosphere; in the present chapter, you will 

learn about the composition of the atmosphere. With 

the exception of Mercury, all of the planets in our 

solar system have atmospheres, but Earth’s atmo-

sphere is a unique mix that makes life possible: it 

directly supports most life processes, it protects life 

from harmful radiation from the sun, and its com-

position helps produce the ideal climate for life. In 

fact, as you will see in Chapter 5, re�ection and ab-

sorption of radiation by the atmosphere helps keep 

Earth from becoming too warm or too cold. 

You will also �nd in this chapter the story of 

how our atmosphere has evolved. As you will see, 

life has played an important role in creating the 

atmosphere that supports it. Ironically, human 

activities are now in�uencing the composition 

of the atmosphere in ways that could be detri-

mental to life. We will focus on these changes in 

Chapter 17. 

2.1 The Chemical 
Composition of Air

Our atmosphere is a mixture of gases, commonly 

referred to as air. The major gases in Earth’s atmo-

sphere are listed in Table 2.1. Together, nitrogen (N2) 

and oxygen (O2) make up 99 per cent of the atmo-

sphere, while argon (Ar) makes up most of the re-

maining 1  per cent. Next in abundance are water 

vapour (H2O) and carbon di-

oxide (CO2). The concentrations 

of all other atmospheric gases 

are very small; for this reason 

they are more commonly ex-

pressed in parts per million 

(ppm) rather than percentages 

(1 per cent equals 10,000 ppm). 

Only one group of gases 

listed in Table  2.1, the chlo- 

ro�uorocarbons (CFCs), does 

not occur naturally. These gases have been gradually 

increasing in the atmosphere since they were �rst 

synthesized in the 1930s. There are also hundreds 

of other gases, not listed, that occur in even smaller 

quantities; these can be detected only by very sensi-

tive instruments.

Table 2.1 is divided between constant gases 

and variable gases. Constant gases are well mixed 

throughout the atmosphere up to a height of about 

80 km. On time scales of hundreds of years, they 

exist in approximately the same concentrations. 

No matter when or where a sample of air is taken, 

the concentration of a constant gas shouldn’t 

change. For example, in a sample of air contain-

ing 100  molecules, 78 should be nitrogen. Nitrogen, 

oxygen, and the inert gases are all constant gases. 

Variable gases are those that have concentrations 

that vary in time and space. The concentration of a 

 The gases and particles that make up Earth’s atmosphere scatter light from the sun, producing the brilliant 

colours we often see at sunrise and sunset.

Photo: Dean_Fikar/Thinkstock

constant gases

Gases that have consistent 

concentrations across the 

atmosphere, up to a height 

of about 80 km.

variable gases

Gases that have di�erent 

concentrations in di�erent 

areas of the atmosphere and 

at di�erent times. 

TABLE 2.1 The composition of Earth’s 
atmosphere

Constant Gases

Per Cent of Air  

by Volumea

Nitrogen (N2) 78.08

Oxygen (O2) 20.95

Argon (Ar) 0.93

Neon (Ne) 0.00182

Helium (He) 0.00052

Hydrogen (H2) 0.00006

Variable Gases 

Water Vapour (H2O) 0.25

Carbon Dioxide (CO2) 0.04

Methane (CH4) 0.0002

Nitrous Oxide (N2O) 0.00003

Carbon Monoxide (CO) 0.000009

Ozone (O3) 0.000004

Chlorofluorocarbons (CFCs) 0.00000005b

a The percentages given in this table are expressed by volume of dry 

air for all of the gases except for water vapour. The value given for 

water vapour is its average percentage by volume of moist air. The 

amount of water vapour in the atmosphere is so variable that changes 

in this quantity will significantly a�ect the percentage by volume of all 

the other atmospheric gases.

b This percentage is for CFC-12 specifically.
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variable gas will likely be different depending on 

when, or where, a sample of air is taken.

Carbon dioxide is one of the variable gases. 

As shown in Figure 2.1, carbon dioxide exhibits 

both a seasonal variation and a general upward 

trend. Because plants use carbon dioxide for pho-

tosynthesis, the concentration of this gas is lower 

in summer and higher in winter. Surprisingly, al-

though the graph in Figure 2.1 is representative of 

carbon dioxide concentrations for the entire planet, 

the seasonal variation is still evident. The northern 

hemisphere pattern dominates because the south-

ern hemisphere is mostly ocean.

In addition to showing seasonal variation, 

Figure 2.1 shows the increase in carbon dioxide 

con centrations that has occurred since measure-

ments began at Hawaii’s Mauna Loa Observatory 

in 1958. At that time, the amount of carbon dioxide 

in the atmosphere was 316 ppm; today it is just 

over 400 ppm. By examining ice cores, researchers 

have estimated that the pre-industrial value of atmo-

spheric carbon dioxide was about 280 ppm. These 

ice cores show that carbon dioxide concentrations 

have likely not signi�cantly exceeded 280 ppm for 

at least the last 800,000 years (Section 16.7). Thus, 

the amount of carbon dioxide in the atmosphere has 

increased just over 40 per cent since the beginning 

of the industrial revolution. This increase is mostly 

due to fossil fuel combustion, deforestation, and the 

degradation of soils. Over the last decade, the aver-

age rate of increase of carbon dioxide concentration 

has been a little higher than 2 ppm per year (NOAA, 

2016). Because carbon dioxide is a greenhouse gas, 

this increase in its concentration is the main driver 

of the observed increase in global temperature 

noted in Section 1.1 and shown in Figure 1.6.

FIGURE 2.1 Mean carbon dioxide measurements at Mauna Loa Observatory in Hawaii.

Source: Data from NOAA, Earth System Research Laboratory, Global Monitoring Division, http://www.esrl.noaa.gov/gmd 

/ccgg/trends/full.html, August 2016.
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Ozone (O3) is also a variable 

gas. In particular, this gas varies 

with height in the atmosphere 

(Figure 2.2). It is most abun-

dant in the stratosphere, where 

it forms the ozone layer. The 

concentration of ozone in the 

stratosphere is about 10  ppm.  

The ozone concentration given 

in Table 2.1 is the concentra-

tion ozone would have if it 

were mixed evenly through-

out the atmosphere.

Water vapour is the most 

variable gas in the atmo-

sphere. If water vapour were 

mixed evenly throughout the 

atmosphere, its concentra-

tion would be about 0.25  per 

cent. In reality it varies, in 

both space and time, from 

almost nothing to about 4 per 

cent. There is usually more 

water vapour in the air in the 

summer, when it is hot, than 

there is in the winter, when it 

is cold. Even over the course 

of a day, the amount of water 

vapour in the air can change signi�cantly—a rain 

storm might add water vapour to the air, while a 

continental air mass might bring in much drier air. 

Atmospheric water vapour varies from place to 

place as well. There is more in equatorial regions, 

for example, than there is over deserts or at the 

poles. In addition, most water vapour lies in the 

lowest two km of the atmosphere; there is virtually 

no water vapour above the tropopause.

2.2 Gases in the Climate 
System: Stocks and Flows 

Most elements that make up gases—such as the 

carbon of carbon dioxide—don’t just occur in the 

atmosphere. Instead, they �ow through the Earth 

system in cycles known as  biogeochemical cycles. 

As the pre�xes bio and geo imply, these cycles 

involve both the living and non-living parts of 

our planet, respectively; the materials that �ow 

through the Earth system are chemicals, and the 

�ows are driven by chemical reactions. Two biogeo-

chemical cycles that are of particular signi�cance 

to the atmosphere are the nitrogen cycle and the 

carbon cycle. Both of these cycles will be consid-

ered in this chapter. In the context of biogeochemi-

cal cycles, the atmosphere and the other spheres of 

the Earth system are reservoirs, or storage places, 

for substances being cycled (Figure 2.3). The stock 

is the amount of a substance that has accumulated 

in a reservoir. Stocks change through time as a 

result of �ows into and out of the reservoir.

Processes by which substances enter a  reservoir— 

say, the atmosphere—are called sources, and pro-

cesses by which substances leave a reservoir are 

called sinks (Figure 2.3). For example, respiration 

is a source for atmospheric carbon dioxide because 

this process adds carbon dioxide to the atmo-

sphere. On the other hand, photosynthesis is a sink 

for carbon dioxide because this process removes 

carbon dioxide from the atmosphere. A sink might 

also be a chemical transformation that occurs in 

the atmosphere. For example, an impor tant sink 

for methane gas (CH4) is its reaction with hydroxyl 

radicals (OH), as shown by Equation 2.1. 

 CH4 + OH → CH3 + H2O (2.1)

A condition known as steady state exists when 

the �ows into a reservoir are equal to the �ows out 

FIGURE 2.2 The variation of ozone with height in 

the atmosphere.

Source: Adapted from Turco, 2002, p. 411.
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biogeochemical cycle

The various pathways 

that chemical elements 

repeatedly follow as 

they flow through the 

atmosphere, rocks, water, 

ice, and life of Earth. 

reservoir

A storage place. 

stock

The amount of a substance 

in a reservoir of a system. 

flow

The rate of movement of 

substances into and out of a 

reservoir in a system.

source

A process by which a 

substance enters a reservoir. 

sink

A process by which a 

substance leaves a reservoir.

steady state

A condition that exists when 

the inflows to a reservoir are 

equal to the outflows from 

the reservoir.



232 | The Composition of the Atmosphere

of that reservoir and, as a consequence, the stock 

remains constant. Over the short term, and under 

conditions free from such arti�cial interventions 

as industrial activity, most atmospheric gases are 

close to being in steady state. When an atmospheric 

gas is in steady state, a molecule of that gas can be 

expected to remain in the atmosphere for a certain 

amount of time, known as its residence time. The 

residence time of a gas in steady state can be cal-

culated as shown in Equation 2.2 and Example 2.1. 

Residence Time =  
Reservoir Size

Inflow/Outflow Rate
 (2.2)

In this equation, the reservoir size is the stock 

of the gas in the atmosphere. As the equation 

demonstrates, residence time will be longest when 

the stock of a gas is large and/or when the gas 

�ows in and out of the reservoir slowly. The latter 

is generally the case for gases with low reactivity.

Example 2.1

The methane sink shown in Equation 2.1 occurs 

at a rate of about 400 megatonnes (Mt) per year. 

Considering that the stock of methane in the at-

mosphere is about 4000 Mt, what is the residence 

time of methane?

Use Equation 2.2.

Residence Time =  
4000 Mt

400 Mt/yr
 = 10 yrs

This is a relatively short residence time. 

(This example is based on Turco, 2002, p. 376.)

Table 2.2 gives residence times for some at-

mospheric gases. Nitrogen has the longest resi-

dence time—on average, a molecule of nitrogen 

that enters the atmosphere will remain there for 

1,600,000 years; this is because nitrogen is abun-

dant and not very reactive. Oxygen has a shorter 

residence time because there 

is less of it and it is consider-

ably more reactive. As you can 

see, longer residence times are 

characteristic of the constant 

gases, while shorter residence 

times are associated with the variable gases. This 

is because the longer a gas stays in the atmosphere, 

the more time it has to become thoroughly mixed. 

The large variability of water vapour is linked to 

FIGURE 2.3 This diagram illustrates the atmosphere as a reservoir, with some of the sources and sinks for 

carbon dioxide.

Atmospheric Reservoir

Stock = Mass of CO2

Source =

Respiration,

Combustion,

Decay

Flow = Mass of CO2/Time

Sink =

Photosynthesis

Flow = Mass of CO2/Time

residence time

The average amount of 

time that a substance might 

be expected to remain in a 

reservoir of the Earth system.

TABLE 2.2 Residence times for select 
atmospheric gases 

Atmospheric Gas Residence Time

Nitrogen (N2) 1,600,000 years

Oxygen (O2) 3000–4000 years

Water Vapour (H2O) 10 days

Carbon Dioxide (CO2) 100–300 yearsa

Methane (CH4) 12 years

Nitrous Oxide (N2O) 121 years

Ozone (O3) hours to days

Chlorofluorocarbons (CFCs) 100 yearsb

a Because of the complexity of the carbon cycle, this value is di�cult 

to estimate. 

b This residence time refers to CFC-12 specifically.
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its very short residence time. As we will see in 

Chapter 17, residence time is an important consid-

eration when comparing the impacts of various 

anthropogenic changes to atmospheric composi-

tion. Think of it this way—if a gas has damaging 

effects, its potential to do damage is much greater 

if it has a long residence time than if it has a short 

residence time. 

Carbon dioxide is one of those troublesome 

gases—it causes warming and it has a relatively 

long residence time. The increase in carbon diox-

ide shown in Figure 2.1 indicates that this gas is no 

longer in steady state. Due to human actions, the 

�ows of carbon dioxide into the atmosphere are 

now greater than the �ows of carbon dioxide out of 

the atmosphere. As a result, the stock of carbon di-

oxide in the atmosphere is increasing (Figure 2.1). 

Scientists have warned that continuing increases 

in carbon dioxide could lead to dangerous changes 

in the climate system and that 

to prevent such changes we 

need to stabilize atmospheric 

carbon dioxide concentrations 

at below 450 ppm—recall 

that today the concentration 

of carbon dioxide in the at-

mosphere is about 400 ppm. 

A systems perspective on 

this problem indicates that in 

order to stabilize the amount 

of atmospheric carbon dioxide 

at today’s levels, our emissions 

of carbon dioxide must drop 

considerably. This is because 

as long as in�ows of carbon 

dioxide to the atmosphere 

remain greater than out-

�ows from the atmosphere— 

even if the difference is only 

slight—the amount of carbon 

dioxide in the atmosphere will 

continue to increase. 

2.3 Nitrogen (N2)

Most of Earth’s nitrogen is stored in the atmo-

sphere as molecular nitrogen (N2), and though 

nitrogen is required to synthesize proteins, the 

triple bonds of molecular nitrogen make this 

form of nitrogen inaccessible to life. Thus, an es-

sential process known as nitrogen �xation oper-

ates to convert atmospheric nitrogen into forms 

of nitrogen that organisms can use. Most nitro-

gen �xation is performed by certain soil bacteria 

that produce �xed forms of nitrogen, such as ni-

trate ions (NO3
−
) and ammonium ions (NH 4

+). A  

much smaller amount of nitrogen is �xed in the 

atmosphere itself by lightning. The high tem-

peratures associated with a lightning strike cause 

nitrogen and oxygen gases to combine to form 

nitrogen oxide gas (NO) or nitrogen dioxide gas 

(NO2). When these nitrogen oxide gases dissolve 

in atmospheric water, they produce nitrate ions. 

The nitrate ions formed this way are rained out 

of the atmosphere and into the soil. Because it is 

soluble in water, �xed nitrogen can be taken up 

by plants. When plants—or the animals that con-

sume them—die, their decomposition returns the 

�xed nitrogen to the soil where it is once again 

available to plants. Nitrogen �xation transfers 

nitrogen from the atmosphere to the biosphere, 

making this process an important link in the  

nitrogen cycle, and the only sink for atmospheric 

nitrogen (Figure 2.4). Because atmospheric nitro-

gen exists more or less in steady state, the sink for 

this gas must be balanced by a source.

The source for atmospheric nitrogen is denitri-

�cation—a process in which certain other soil bac-

teria convert the �xed forms of nitrogen back into 

nitrogen gas or nitrous oxide gas (N2O). The only 

sink for nitrous oxide is photodissociation in the 

stratosphere, which produces either nitrogen gas 

or nitrogen oxide gases. Because it needs to reach 

the stratosphere before it will be broken apart, ni-

trous oxide has a relatively long residence time in 

the atmosphere of about 121 years (Table 2.2).

Several di�erent forms of nitrogen gases can occur 

in the atmosphere:

• molecular nitrogen (N2),

• nitrous oxide (N2O),

• nitrogen oxide (NO), and

• nitrogen dioxide (NO2).

REMEMBER THIS

nitrogen fixation

The process by which 

nitrogen gas is removed 

from the atmosphere and 

converted to a soluble form 

of nitrogen that can be taken 

up by plants.

denitrification

The process by which 

bacteria convert nitrogen  

in the soil to nitrogen gas  

or nitrous oxide gas.

photodissociation

A process in which a 

molecule is split apart by  

the absorption of radiation.

nitrogen cycle

The biogeochemical cycle  

in which nitrogen is 

transferred between the 

various reservoirs of the 

Earth system.
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The human impact on the nitrogen cycle is 

tremendous. Put simply, human activities have 

increased the amount of �xed nitrogen in the en-

vironment to such an extent that �ows of nitro-

gen through the Earth system are now more than 

double their pre- industrial values. Because a lack 

of �xed nitrogen in the soil limits plant growth, 

farmers have traditionally planted nitrogen- �xing 

crops. To further increase the amount of nitrogen in 

the soil in an effort to feed an ever- growing popu- 

lation, a method was devised in the early half 

of the twentieth century to arti�cially �x atmo-

spheric nitrogen and thereby produce synthetic  

nitrogen fertilizers. This process is known as the 

Haber process, named after its inventor. The use 

of fertilizers increases the amount of �xed nitrogen 

in soils, which can enhance plant growth and ag-

ricultural productivity, but large amounts of �xed 

nitrogen can have negative impacts. Excess soil 

nitrogen can diffuse into the atmosphere as nitro-

gen oxide gases; it can also end up in waterways 

as nitrates. Large amounts of this nutrient in water 

bodies can cause algae blooms. As the algae die 

and decay, they use up oxygen dissolved in the 

water, resulting in �sh kills. High nitrate levels 

in drinking water can cause health problems. In  

addition, with more �xed nitrogen in soils, denitri�-

cation increases, and more nitrous oxide is returned 

to the atmosphere. Increasing nitrous oxide in our at-

mosphere is of concern for two reasons. First, nitrous 

oxide is a greenhouse gas. Along with the increase in 

carbon dioxide, the increase in nitrous oxide is con-

tributing to global warming (Section 17.3). Second, 

recall that nitrous oxide is transformed to nitrogen 

oxide gases in the stratosphere. There, these gases 

destroy ozone (Section 17.2). 

In addition to intentional �xing of nitrogen to 

produce fertilizers, we also inadvertently �x nitro-

gen through combustion of biomass and fossil fuels. 

Nitrogen oxide gases are a by-product of combustion. 

As we will see in Chapter 17, nitrogen oxide gases 

are toxic and can lead to the formation of acid rain. 

FIGURE 2.4 The nitrogen cycle. The arrows in this diagram depict the flows of nitrogen through the Earth system. 

These flows have been accelerated by human activities that fix nitrogen. Today, nitrogen fixation by fertilizer pro-

duction, crops, and combustion exceeds natural nitrogen fixation by lightning and bacteria.
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2.4 Oxygen (O2)

The major source of oxygen for the atmosphere 

is photosynthesis. Photosynthesis is the process 

through which plants use energy from the sun 

to convert carbon dioxide and water into organic 

matter, or carbohydrate (CH2O), and oxygen 

(Figure 2.5). This process is shown in Equation 2.3. 

 CO2 + H2O ↔ CH2O + O2 (2.3)

Through photosynthesis, the inorganic carbon 

in carbon dioxide is converted into the organic 

carbon of carbohydrate, and carbon is transferred 

from the atmosphere to the biosphere. The double 

arrow in the equation shows that this reaction can 

go either way. 

In fact, three of the atmospheric sinks for oxygen 

are represented by the reverse of Equation  2.3.  

One of these sinks is respiration. During respiration, 

the carbohydrates in animals combine with oxygen 

to produce carbon dioxide and water. A second 

important sink for oxygen is decomposition. As 

organic material, or carbohydrate, is decomposed, 

the bacteria responsible consume oxygen and pro-

duce carbon dioxide. When oxygen is not available, 

as in a wetland, anaerobic  

decomposition occurs, and the 

bacteria produce methane and 

carbon dioxide. Equation 2.4 is 

a simpli�ed chemical equation 

for this process.

 2CH2O → CO2 + CH4 (2.4)

A third sink for oxygen is combustion. As organic 

matter burns, oxygen is consumed and carbon di-

oxide is produced.

Oxidation of minerals 

is also a sink for oxygen, al-

though it is a fairly minor sink 

compared to the other three. 

A familiar example of oxida-

tion is rusting, which is the 

oxidation of iron. Minerals 

in Earth’s crust that contain  

iron can be oxidized, produ- 

cing either ferric iron (Fe3+) or  

ferrous iron (Fe2+). As can be seen from the above 

processes, oxygen is quite reactive; were it not for 

photosynthesis, the atmosphere might be quickly 

depleted of this gas. 

2.5 Carbon Dioxide (CO2)

Most of Earth’s carbon is stored in rocks, whereas 

the atmosphere is Earth’s smallest reservoir of 

carbon. Like nitrogen and oxygen, carbon dioxide 

is essential to life. Unlike nitrogen and oxygen, 

carbon dioxide in�uences climate because it is 

a greenhouse gas. The presence of greenhouse 

gases in the atmosphere makes Earth warmer 

than it would be without them, thus the term 

greenhouse effect (Section 5.6). Without greenhouse 

gases in its atmosphere, Earth would have an av-

erage surface temperature of about −18°C instead 

of about 15°C; this means that Earth has a green-

house effect of 33°C. Without the greenhouse 

effect, Earth would be less suited to  supporting 

life. However, increasing levels of atmospheric 

carbon dioxide brought about by human activi-

ties (Figure 2.1) are strengthening the greenhouse 

effect—this will likely be detrimental to life 

(Section 17.3.2). 

The carbon cycle is an extremely complex 

biogeochemical cycle. It is associated with organic 

processes such as photosynthesis and respiration, 

and inorganic processes such as rock weathering 

and volcanic eruptions (Figure 2.6). A further 

anaerobic decomposition

A process of decay that 

occurs when oxygen is 

unavailable.

oxidation

The addition of oxygen 

to a compound, which is 

accompanied by a loss of 

electrons.

carbon cycle

The biogeochemical  

cycle in which carbon is 

transferred between the  

various reservoirs of the  

Earth system.

FIGURE 2.5 A deciduous forest canopy. Through 

the process of photosynthesis, plants remove 

carbon dioxide from the atmosphere and release 

oxygen.

V
ik

to
rC

a
p

/i
S

to
c

k
p

h
o

to



272 | The Composition of the Atmosphere

complication is that some of these are short-term 

processes, while others are very long term. This 

complexity makes it dif�cult to pinpoint the resi-

dence time of carbon dioxide, although it is usually 

given as about 100 to 300 years (Table 2.2). In addi-

tion, carbon dioxide dissolves in the oceans in such 

a way that there is normally a balance between the 

amount of carbon dioxide in the atmosphere and 

that dissolved in the oceans. Warmer water holds 

less carbon dioxide than colder water but, for a 

given water temperature, if the amount of carbon 

dioxide in the atmosphere increases, the amount in 

the ocean will too. As on land, some of the carbon 

dioxide dissolved in the ocean is used for photo-

synthesis, and carbon dioxide is released back 

into the water through the processes of decay and 

respiration. Dissolved carbon dioxide that is not 

used for photosynthesis forms a weak acid known 

as carbonic acid in the oceans (see Equation  2.5 

later in this section).

In the organic carbon cycle, the sources for 

carbon dioxide are sinks for oxygen, and the 

sources for oxygen are sinks for carbon dioxide 

(Equation 2.3). When carbon dioxide is removed 

from the atmosphere through photosynthesis, it 

can be quickly returned by decomposition, res-

piration, or combustion. In these cases, carbon is 

stored for the short term as organic matter in the 

biosphere. However, under certain circumstances 

carbon is removed from this short-term cycle and, 

instead of returning to the atmosphere as carbon 

dioxide, it will be stored for the long term—several 

FIGURE 2.6 The carbon cycle. The arrows in this diagram depict the flows of carbon through the Earth 

system. These flows are measured in PgC/yr. (A PgC is a petagram of carbon, where 1 petagram equals 

1 billion metric tonnes.) You can see that due to fossil fuel combustion and land use change, more carbon 

dioxide flows into the atmosphere than leaves the atmosphere. The result is that atmospheric carbon diox-

ide is increasing. As carbon dioxide has accumulated in the atmosphere, both the ocean and the biosphere 

have responded by absorbing increasing amounts of carbon dioxide. As a result, the atmosphere–ocean 

exchange of carbon and the short-term organic carbon cycle are no longer in balance.
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hundred thousand years or more—in the rocks of 

the lithosphere.

• Photosynthesis is a source for oxygen and a sink 

for carbon dioxide.

• Respiration is a source for carbon dioxide and a 

sink for oxygen.

• Decomposition is a source for carbon dioxide 

and a sink for oxygen.

• Combustion is a source for carbon dioxide and 

a sink for oxygen.

REMEMBER THIS

Such long-term storage of carbon occurs under 

conditions in which organic matter cannot decom-

pose due to lack of oxygen. On land, this happens 

when organic matter accumulates in wetlands or 

is buried. In the oceans, organic matter that does 

not decompose as it sinks will 

accumulate on the sea�oor. 

Either way, the organic matter 

might be buried in sediment 

that eventually forms sedimen-

tary rock. When there is a lot of 

organic matter present, and the 

conditions are right, what we 

know as fossil fuels—coal, oil, 

and natural gas—will form in 

the rock. Coal is formed from plant matter that has 

accumulated in wetlands, while oil and natural gas 

tend to form from organic matter buried on the sea-

�oor. Thus, fossil fuels are the remains of once-living 

organisms. This burial of organic carbon represents 

a long-term storage of carbon and the second-largest 

reservoir of carbon in the Earth system. 

Changes in the rate of organic carbon burial 

can affect climate. For example, during the 

Carboniferous Period, about 300 million years 

ago, large coal beds were formed. (Most oil and 

natural gas deposits were formed more recently.) 

The swampy conditions of the time meant that 

the rate of burial of organic carbon was particu-

larly high. As a result, atmospheric carbon diox-

ide levels dropped and climate cooled, leading to 

an ice age. Another consequence of the burial of 

carbon was an increase in the amount of oxygen in 

the atmosphere. 

CHECK YOUR UNDERSTANDING

Why would high rates of organic carbon burial lead 

to high oxygen levels?

Organic carbon stored in rocks is eventually 

returned to the atmosphere through chemical 

weathering of these rocks. This is a natural pro-

cess that slowly returns carbon dioxide to the at-

mosphere over millions of years. When we mine 

and burn fossil fuels, the process is chemically the 

same, but it is greatly accelerated. In fact, burning 

fossil fuels at present rates returns as much carbon 

dioxide to the atmosphere in one year as would 

be returned by hundreds of thousands of years of 

weathering (Wallace & Hobbs, 2006, p. 45).

Another long-term storage of carbon is asso-

ciated with the inorganic part of the carbon cycle. 

In this cycle, known as the carbonate– silicate 

cycle, the source for carbon dioxide is volcanic 

eruptions, and the sink for carbon dioxide is the 

chemical weathering of rocks containing silica 

(Figure 2.7). The carbonate–silicate cycle helps il-

lustrate the importance of the motions of Earth’s 

tectonic plates to the climate system. The move-

ments of the tectonic plates are responsible not 

only for driving volcanic activity, but also for 

building the mountain ranges that provide fresh 

rock for weathering. Here it is important to note 

a clear difference between the way the weather-

ing of organic carbon in�uences the carbon cycle 

and the way the weathering of silicate rocks in�u-

ences the carbon cycle. The chemical weathering 

of rocks containing organic carbon, which is part 

of the organic carbon cycle described above, is a 

source for carbon dioxide. In direct contrast, the 

chemical weathering of silicate rocks is a sink for 

carbon dioxide.

• The weathering of rocks containing organic 

carbon is a source for carbon dioxide.

• The weathering of silicate rocks is a sink for 

carbon dioxide.

REMEMBER THIS

carbonate–silicate cycle

The inorganic part of the 

carbon cycle, in which 

carbon dioxide is removed 

from the atmosphere as 

silicate rocks weather, and 

returned to the atmosphere 

hundreds of thousands to 

millions of years later by 

volcanic eruptions.
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FIGURE 2.7 The carbonate–silicate cycle. Carbon dioxide is removed from the atmosphere as it dissolves in pre-

cipitation, and it is returned to the atmosphere as it erupts from volcanoes. Note that this cycle is part of the carbon 

cycle depicted in Figure 2.6.
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The �rst step in the weathering of many rocks 

occurs when carbon dioxide dissolves in rain 

water to form carbonic acid (H2CO3), as shown in 

Equation 2.5.

 CO2 + H2O ↔ H2CO3 (2.5)

The next step is the dissociation of carbonic acid 

into hydrogen ions (H+) and bicarbonate ions 

(HCO
−

3), as shown in Equation 2.6.

 H2 CO3 ↔ H+ + HCO
−

3 (2.6)

The resulting acidic rain water then reacts with 

rocks at Earth’s surface, forming solid products as 

well as ions in solution. 

The ions important to the carbonate– 

silicate cycle are calcium ions (Ca2+) from 

calcium silicate (CaSiO3) in rocks. These ions, 

along with the bicarbonate ions, eventually 

end up in the oceans. There, marine organisms 

use them to produce the calcium carbonate  

(CaCO3) that makes up their shells and skeletons 

(Equation 2.7). 

 Ca2+ + 2HCO
−

3 → CaCO3 + H2CO3 (2.7)

This reaction can also take place abiotically— 

without life—but most of the time organisms are 

involved. When marine organisms die, their shells 

and skeletons sink. As they do so, many of them 

dissolve, but those that don’t dissolve accumulate 

on the sea�oor where they eventually form carbon-

ate rock, the most common form of which is lime-

stone. This rock is the largest reservoir for carbon in 

the Earth system.
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• Carbon is stored for the long term due to two 

processes—the burial of organic carbon and the 

weathering of silicate rock. 

• Carbon is added to the atmosphere over the 

long term by volcanic eruptions.

REMEMBER THIS

As part of oceanic crust, carbonate rock is 

eventually subducted at convergent plate bound-

aries. Subduction exposes the rock to increasingly 

higher temperatures. This leads to metamorphism 

or, with further heating, to melting and the forma-

tion of magma. These processes release carbon di-

oxide that is eventually returned to the atmosphere 

through volcanic eruptions. If carbon dioxide were 

not returned, Earth would slowly cool because at-

mospheric carbon dioxide would be gradually de-

pleted by the weathering of rocks.

CHECK YOUR UNDERSTANDING

If Earth were to become completely glaciated, so 

that all the rocks were buried in ice, how might the 

carbonate–silicate cycle work to warm the climate 

back up again?

Some scientists now believe that the carbonate– 

silicate cycle is part of a negative feedback 

mechanism that operates in 

the climate system to help 

maintain Earth’s tempera-

ture. This feedback oper-

ates because carbon dioxide 

levels influence climate, and climate, in turn, 

influences weathering. When atmospheric 

carbon dioxide levels increase, temperatures 

increase. Warmer conditions are usually also 

wetter conditions. Warm temperatures and 

more moisture lead to increased rates of chem-

ical weathering of rock. Suppose that a period 

of active volcanism increases the amount of 

carbon dioxide in the atmosphere. This will in-

crease temperatures and, therefore, weathering 

rates. As weathering rates increase, the amount 

of carbon dioxide in the atmosphere will, in 

turn, gradually decline. This will cause tem-

peratures to drop back down again (Figure 2.8). 

This mechanism is a negative feedback because 

the initial temperature increase leads to a chain 

of events that ends in a temperature decrease 

(Section 1.2). A decrease in carbon dioxide levels 

would, of course, trigger the same feedback 

effect, but in reverse. 

CHECK YOUR UNDERSTANDING

Do you think the chemical weathering of rocks 

could be relied on to reduce the amount of carbon 

dioxide presently accumulating in the atmosphere, 

thus preventing global warming? Why or why not? 

2.6 Water Vapour (H2O)

While most of Earth’s nitrogen is stored in the at-

mosphere, and most of Earth’s carbon is stored in 

the rocks, most of Earth’s water is stored in the 

oceans. Water is remarkable in that it is the only 

substance that can exist in all three 

phases—solid, liquid, and gas—at 

normal Earth temperatures. Further, 

as water changes phase, it absorbs 

and releases tremendous quantities of 

heat—known as latent heat (Section 

4.1.2). Thus, phase changes are im-

portant in transferring heat in the at-

mosphere, and these changes provide 

a source of energy for storms. In ad-

dition, the phase changes of water are 

responsible for most of what we know 

FIGURE 2.8 The carbonate–silicate cycle is believed to act as a 

negative feedback mechanism, which operates to stabilize Earth’s  

climate over the long term.
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as weather, and weather is a part of the most fa-

miliar biogeochemical cycle of all: the hydrologic 

cycle (Figure 2.9). 

Because it involves phase changes rather than 

chemical changes, the hydrologic cycle is much sim-

pler than the cycles of nitrogen, oxygen, and carbon. 

The source of water vapour for the atmosphere is 

evaporation, and the sink is condensation—the 

process that forms clouds and ultimately precipita-

tion. Water vapour tends to condense fairly quickly, 

making the residence time for water vapour in the 

atmosphere only about 10 days (Table 2.2).

Once water falls back to Earth as precipitation, it 

can run over the ground as runoff, or it can in�ltrate 

into the ground. If not taken up by plants, water 

continues to seep downward, becoming groundwa-

ter. Both groundwater and surface runoff �ow into 

rivers, ultimately ending up in the ocean. The only 

way back to the atmosphere 

is through evaporation. Water 

may be evaporated directly 

from the ocean, other water 

bodies, or the soil, or it may 

be pulled up from the soil by 

plant roots and returned to the 

atmosphere as vapour through 

the plant’s leaves. This process 

by which plants return water 

vapour to the atmosphere 

is known as transpiration. 

Because both evaporation and 

transpiration result in water 

returning to the atmosphere 

as vapour, the two processes 

together are often simply re-

ferred to as evapotranspiration. 

hydrologic cycle

The biogeochemical cycle 

in which water is transferred 

between the various reservoirs 

of the Earth system.

evaporation

The process by which a 

substance, usually water, 

changes phase from a liquid 

to a gas. 

condensation

The process by which a 

substance, usually water, 

changes phase from a gas to 

a liquid.

transpiration 

The process by which water 

vapour is returned to the 

atmosphere through the 

stomata in the leaves of plants.

FIGURE 2.9 The hydrologic cycle. The arrows in this diagram depict the flows of water through the Earth 

system. How do you think human activities might be impacting this cycle?
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CHECK YOUR UNDERSTANDING

How do you think the water cycle and the carbon 

cycle might be linked?

Through phase changes, 

water is responsible for much 

of what we know as weather. 

In addition, water, in its various 

forms, strongly in�uences climate. To begin, water 

vapour is a powerful greenhouse gas that contrib-

utes about double the warming of carbon dioxide. In 

addition, just like greenhouse gases, the water drop-

lets that make up clouds absorb Earth’s radiation. For 

this reason, cloudy nights are often warmer than 

clear nights. But clouds can also cool. Think of how 

cool it can suddenly become when a cloud passes 

over the sun on a warm summer afternoon. This 

cooling occurs because the water droplets in clouds 

re�ect the sun’s radiation. In Section 6.5, we will see 

that the effect of clouds on Earth’s climate is not 

straightforward: some cloud types have a net warm-

ing effect, while others have a net cooling effect. 

Clouds are good absorbers of radiation from Earth 

and good reflectors of radiation from the sun.

REMEMBER THIS

The re�ectivity of the water on Earth’s surface 

also has an impact on climate. As ice, water is very 

re�ective of the sun’s radiation (Section 5.4). Earth’s 

polar ice caps, for example, re�ect a signi�cant 

amount of solar radiation back into space. In lakes 

or oceans, on the other hand, water has a very low 

re�ectivity, making water bodies very good ab-

sorbers of solar radiation. If the amount and type 

of clouds, or the amount of ice, or the surface area 

of the oceans changes, so does Earth’s re�ectivity 

and, therefore, its climate. 

CHECK YOUR UNDERSTANDING

How is water’s role in weather di�erent from  

water’s role in climate?

2.7 Ozone (O3)

Ozone has several roles in Earth’s atmosphere. 

First, it absorbs ultraviolet radiation from the sun, 

thus protecting life on Earth from this harmful 

radiation. The ozone layer of the stratosphere is 

responsible for this important task. Second, it ab-

sorbs Earth’s radiation; thus, it is a greenhouse gas. 

Finally, because of its highly reactive nature, ozone 

is a pollutant. Even at very low concentrations,  

on the order of only parts per billion, it is dam-

aging to certain materials, like rubber and plastic, 

and it is harmful to people, animals, and plants. 

The ozone layer forms in two steps. First, 

oxygen molecules absorb ultraviolet radiation in 

the 0.1 to 0.2 µm wavelength range (1 µm [micron] 

= 10−6 metres), splitting the oxygen molecules into 

oxygen atoms by the photodissociation reaction 

shown in Equation 2.8. 

 O2 + ultraviolet radiation → O + O (2.8)

Second, the newly formed oxygen atoms collide with 

oxygen molecules, forming ozone (Equation 2.9). 

 O + O2 + M → O3 + M (2.9)

M represents a molecule that is needed to carry 

away excess energy; this molecule can be any gas 

molecule in the atmosphere. 

Once formed, ozone absorbs ultraviolet radia-

tion in the wavelength range from 0.2 to 0.3 µm 

and, in the process, is split into an oxygen atom 

and an oxygen molecule (Equation 2.10). 

 O3 + ultraviolet radiation → O + O2 (2.10)

While equations 2.8 and 2.9 together repre-

sent the source for ozone, Equation 2.10 represents 

the sink. Notice that the oxygen atom formed in 

Equation 2.10 is once again available to form ozone; 

thus, there is a continuing cycle of ozone produc-

tion and destruction that maintains a steady level 

of ozone in the stratosphere. Because these reac-

tions occur very quickly, ozone has a short resi-

dence time of hours to days (Table 2.2). 

As a result of the above sequence of events, 

ozone, together with oxygen, completely absorbs 

ultraviolet wavelengths shorter than about 0.3 µm. 

ultraviolet radiation

Radiation with wavelengths 

ranging from 0.1 to 0.4 µm.


