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Most of us know someone who at one time was 

“sick of school.” But what about someone who 

was “sick in school”? That’s what happened to many of 

the nearly 700 college students who took off from 

Vancouver, British Columbia, on January 18, 2005, for a 

100-day “semester at sea.”

After days of riding the huge waves of the north 

Pacifi c, the weather turned real ugly, as a storm greeted 

the ship (see the X on the chapter opening satellite 

image). In the wee hours of the morning on January 26, 

hurricane-force winds and huge waves — one estimated 

at 50 feet high — smashed the glass on the bridge and 

shorted out the ship’s electrical and navigational systems. 

With three of the four engines disabled, the 590-foot 

vessel swayed from side to side, knocking students from 

their bunks onto the fl oor, where they dodged fl ying 

books, television sets, coffee pots, and furniture.

The captain ordered everyone to put on their life 

jackets and get into the ship’s narrow hallways. As the 

students huddled together, the ship continued to roll 

from side to side. Students found themselves tumbling 

over one another as they slid across the fl oor. The storm 

gradually subsided and the ship was soon under control. 

The vessel with its cargo of anxious students then limped 

into Honolulu, Hawaii, for repairs. Fortunately, except for 

a few bumps and bruises and many nauseated passen-

gers, no one was seriously injured, and many of the 

students continued their “semester at sea” in the air, 

fl ying from one destination to another.

What these students learned fi rsthand on this adven-

ture was how the interaction between the atmosphere 

and ocean can have a rather exciting, if not violent, 

outcome.
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❂
In Chapter 9, we learned that local winds vary consid­
erably from day to day and from season to season. As 
you may suspect, these winds are part of a much 

larger circulation—the little whirls within larger whirls that 
we spoke of before. Indeed, if the rotating high­ and low­
pressure areas we see on a weather map are like spinning ed­
dies in a huge river, then the fl ow of air around the globe is 
like the meandering river itself. When winds throughout the 
world are averaged over a long period of time, the local wind 
patterns vanish, and what we see is a picture of the winds on 
a global scale — what is commonly called the general circula­
tion of the atmosphere. Just as the eddies in a river are car­
ried along by the overall fl ow of water, so the highs and lows 
in the atmosphere are swept along by the general circulation. 
We will examine this large­scale circulation of air, its effects 
and its features, in this chapter.

General Circulation 
of the Atmosphere
Before we study the general circulation, we must remember 
that it only represents the average air fl ow around the world. 
Actual winds at any one place and at any given time may vary 
considerably from this average. Nevertheless, the average can 
answer why and how the winds blow around the world the 
way they do — why, for example, prevailing surface winds are 
northeasterly in Honolulu, Hawaii, and westerly in New York 
City. The average can also give a picture of the driving mech­
anism behind these winds, as well as a model of how heat and 
momentum are transported from equatorial regions pole­
ward, keeping the climate in middle latitudes tolerable.

The underlying cause of the general circulation is the 
unequal heating of the earth’s surface. We learned in Chapter 
2 that, averaged over the entire earth, incoming solar radia­
tion is roughly equal to outgoing earth radiation. However, we 
also know that this energy balance is not maintained for each 
latitude, since the tropics experience a net gain in energy, 
while polar regions suffer a net loss. To balance these inequi­
ties, the atmosphere transports warm air poleward and cool 
air equatorward. Although seemingly simple, the actual fl ow 
of air is complex; certainly not everything is known about it. 
In order to better understand it, we will fi rst look at some 
models (that is, artifi cially constructed simulations) that 
eliminate some of the complexities of the general circulation.

SINGLE-CELL MODEL The fi rst model is the single­cell 
model, in which we assume that:

1. The earth’s surface is uniformly covered with water (so 
that differential heating between land and water does not 
come into play).

2. The sun is always directly over the equator (so that the 
winds will not shift seasonally).

3. The earth does not rotate (so that the only force we need 
to deal with is the pressure gradient force).

With these assumptions, the general circulation of the atmo­
sphere on the side of the earth facing the sun would look 
much like the representation in ●  Fig. 10.1a, a huge thermally 
driven convection cell in each hemisphere. (For reference, the 
names of the different regions of the world and their ap­
proximate latitudes are given in Figure 10.1b.)

The circulation of air described in Fig. 10.1a is the Hadley 
cell (named after the eighteenth­century English meteorolo­
gist George Hadley, who fi rst proposed the idea). It is referred 
to as a thermally direct cell because it is driven by energy from 
the sun as warm air rises and cold air sinks. Excessive heating 
of the equatorial area produces a broad region of surface low 
pressure, while at the poles excessive cooling creates a region of 
surface high pressure. In response to the horizontal pressure 
gradient, cold surface polar air fl ows equatorward, while at 
higher levels air fl ows toward the poles. The entire circulation 
consists of a closed loop with rising air near the equator, sink­
ing air over the poles, an equatorward fl ow of air near the 
surface, and a return fl ow aloft. In this manner, some of the 
excess energy of the tropics is transported as sensible and latent 
heat to the regions of energy defi cit at the poles.*

Such a simple cellular circulation as this does not actually 
exist on the earth. For one thing, the earth rotates, so the 
Coriolis force would defl ect the southward­moving surface 
air in the Northern Hemisphere to the right, producing east­
erly surface winds at practically all latitudes. These winds 
would be moving in a direction opposite to that of the earth’s 
rotation and, due to friction with the surface, would slow 
down the earth’s spin. We know that this does not happen 
and that prevailing winds in middle latitudes actually blow 
from the west. Therefore, observations alone tell us that a 
closed circulation of air between the equator and the poles is 
not the proper model for a rotating earth. But this model 
does show us how a nonrotating planet would balance an 
excess of energy at the equator and a defi cit at the poles. How, 
then, does the wind blow on a rotating planet? To answer, we 
will keep our model simple by retaining our fi rst two as­
sumptions — that is, that the earth is covered with water and 
that the sun is always directly above the equator.

THREE-CELL MODEL If we allow the earth to spin, the 
simple convection system breaks into a series of cells as 
shown in ●  Fig. 10.2. Although this model is considerably 
more complex than the single­cell model, there are some 
similarities. The tropical regions still receive an excess of heat 
and the poles a defi cit. In each hemisphere, three cells instead 
of one have the task of energy redistribution. A surface high­
pressure area is located at the poles, and a broad trough of 
surface low pressure still exists at the equator. From the equa­
tor to latitude 30°, the circulation is the Hadley cell. Let’s look 
at this model more closely by examining what happens to the 
air above the equator. (Refer to Fig. 10.2, as you read the fol­
lowing section.)

Over equatorial waters, the air is warm, horizontal pres­
sure gradients are weak, and winds are light. This region is 

*Additional information on thermal circulations is found on p. 238 in Chapter 9.
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referred to as the doldrums. (The monotony of the weather 
in this area has given rise to the expression “down in the dol­
drums.”) Here, warm air rises, often condensing into huge 
cumulus clouds and thunderstorms called convective “hot” 
towers because of the enormous amount of latent heat they 
liberate. This heat makes the air more buoyant and provides 
energy to drive the Hadley cell. The rising air reaches the 

tropopause, which acts like a barrier, causing the air to move 
laterally toward the poles. The Coriolis force defl ects this 
poleward fl ow toward the right in the Northern Hemisphere 
and to the left in the Southern Hemisphere, providing west­
erly winds aloft in both hemispheres. (We will see later that 
these westerly winds reach maximum velocity and produce 
jet streams near 30° and 60° latitudes.)

● F I G U R E  1 0 .1  Diagram (a) shows the general circulation of air on a nonrotating earth uniformly covered with water and 

with the sun directly above the equator. (Vertical air motions are highly exaggerated in the vertical.) Diagram (b) shows the names

that apply to the different regions of the world and their approximate latitudes.

AC T I V E  F I G U R E  1 0 . 2   The idealized 

wind and surface­pressure distribution over a 

uniformly water­covered rotating earth. Visit 

the Meteorology Resource Center to view this 

and other active fi gures at academic.cengage.

com/login
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As air moves poleward from the tropics, it constantly 
cools by giving up infrared radiation, and at the same time 
it also begins to converge, especially as it approaches the 
middle latitudes.* This convergence (piling up) of air aloft 
increases the mass of air above the surface, which in turn 
causes the air pressure at the surface to increase. Hence, at 
latitudes near 30°, the convergence of air aloft produces 
belts of high pressure called subtropical highs (or anticy­
clones). As the converging, relatively dry air above the highs 
slowly descends, it warms by compression. This subsiding 
air produces generally clear skies and warm surface tem­
peratures; hence, it is here that we fi nd the major deserts of 
the world, such as the Sahara. Over the ocean, the weak 
pressure gradients in the center of the high produce only 
weak winds. According to legend, sailing ships traveling to 
the New World were frequently becalmed in this region, 
and, as food and supplies dwindled, horses were either 
thrown overboard or eaten. As a consequence, this region is 
sometimes called the horse latitudes.

From the horse latitudes, some of the surface air moves 
back toward the equator. It does not fl ow straight back, how­
ever, because the Coriolis force defl ects the air, causing it to 
blow from the northeast in the Northern Hemisphere and 
from the southeast in the Southern Hemisphere. These steady 
winds provided sailing ships with an ocean route to the New 
World; hence, these winds are called the trade winds. Near 
the equator, the northeast trades converge with the southeast 
trades along a boundary called the intertropical convergence 
zone (ITCZ). In this region of surface convergence, air rises 
and continues its cellular journey.

Meanwhile, at latitude 30°, not all of the surface air 
moves equatorward. Some air moves toward the poles and 
defl ects toward the east, resulting in a more or less westerly 
air fl ow — called the prevailing westerlies, or, simply, wester­
lies — in both hemispheres. Consequently, from Texas north­
ward into Canada, it is much more common to experience 
winds blowing out of the west than from the east. The west­
erly fl ow in the real world is not constant as migrating areas 
of high and low pressure break up the surface fl ow pattern 
from time to time. In the middle latitudes of the Southern 
Hemisphere, where the surface is mostly water, winds blow 
more steadily from the west.

As this mild air travels poleward, it encounters cold air 
moving down from the poles. These two air masses of con­
trasting temperature do not readily mix. They are separated 

by a boundary called the polar front, a zone of low pres­
sure — the subpolar low — where surface air converges and 
rises, and storms and clouds develop. Some of the rising air 
returns at high levels to the horse latitudes, where it sinks 
back to the surface in the vicinity of the subtropical high. In 
this model, the middle cell (a thermally indirect cell, in which 
cool air rises and warm air sinks, called the Ferrel cell, after 
the American meteorologist William Ferrel) is completed 
when surface air from the horse latitudes fl ows poleward to­
ward the polar front.

Notice in Fig 10.2 that, in the Northern Hemisphere, 
behind the polar front, the cold air from the poles is defl ected 
by the Coriolis force, so that the general fl ow of air is from the 
northeast. Hence, this is the region of the polar easterlies. In 
winter, the polar front with its cold air can move into middle 
and subtropical latitudes, producing a cold polar outbreak. 
Along the front, a portion of the rising air moves poleward, 
and the Coriolis force defl ects the air into a westerly wind at 
high levels. Air aloft eventually reaches the poles, slowly sinks 
to the surface, and fl ows back toward the polar front, com­
pleting the weak polar cell.

We can summarize all of this by referring back to Fig. 10.2 
and noting that, at the surface, there are two major areas of 
high pressure and two major areas of low pressure. Areas of 
high pressure exist near latitude 30° and the poles; areas of low 
pressure exist over the equator and near 60° latitude in the vi­
cinity of the polar front. By knowing the way the winds blow 
around these systems, we have a generalized picture of surface 
winds throughout the world. The trade winds extend from the 
subtropical high to the equator, the westerlies from the sub­
tropical high to the polar front, and the polar easterlies from 
the poles to the polar front.

How does this three­cell model compare with actual ob­
servations of winds and pressure? We know, for example, that 
upper­level winds at middle latitudes generally blow from the 
west. The middle Ferrel cell, however, suggests an east wind 
aloft as air fl ows equatorward. Hence, discrepancies exist be­
tween this model and atmospheric observations. This model 
does, however, agree closely with the winds and pressure dis­
tribution at the surface, and so we will examine this next.

AVERAGE SURFACE WINDS AND PRESSURE: THE REAL 
WORLD When we examine the real world with its conti­
nents and oceans, mountains and ice fi elds, we obtain an av­
erage distribution of sea­level pressure and winds for January 
and July, as shown in ●  Fig.10.3a and 10.3b. Look closely at 
both maps and observe that there are regions where pressure 
systems appear to persist throughout the year. These systems 
are referred to as semipermanent highs and lows because 
they move only slightly during the course of a year.

In Fig. 10.3a, we can see that there are four semiperma­
nent pressure systems in the Northern Hemisphere during 
January. In the eastern Atlantic, between latitudes 25° and 
35°N is the Bermuda–Azores high, often called the Bermuda 
high, and, in the Pacifi c Ocean, its counterpart, the Pacifi c 
high. These are the subtropical anticyclones that develop in 
response to the convergence of air aloft near an upper­level 

*You can see why the air converges if you have a globe of the world. Put your fi n­

gers on meridian lines at the equator and then follow the meridians poleward. 

Notice how the lines and your fi ngers bunch together in the middle latitudes.

WEATHER WATCH

Christopher Columbus was a lucky man. The year he set sail for 
the New World, the trade winds had edged unusually far north, 
and a steady northeast wind glided his ships along. Only for about 
ten days did he encounter the light and variable wind, more 
typical of this notorious region (30°N)  —  the horse latitudes.
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● F I G U R E  1 0 . 3  Average sea­level pressure distribution and surface wind­fl ow patterns for January (a) and for July (b). 

The solid red line represents the position of the ITCZ.
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jet stream. Since surface winds blow clockwise around these 
systems, we fi nd the trade winds to the south and the prevail­
ing westerlies to the north. In the Southern Hemisphere, 
where there is relatively less land area, there is less contrast 
between land and water, and the subtropical highs show up 
as well­developed systems with a clearly defi ned circulation.

Where we would expect to observe the polar front (be­
tween latitudes 40° and 65°), there are two semipermanent 
subpolar lows. In the North Atlantic, there is the Greenland­
Icelandic low, or simply Icelandic low, which covers Iceland 
and southern Greenland, while the Aleutian low sits over the 
Gulf of Alaska and Bering Sea near the Aleutian Islands in the 
North Pacifi c. These zones of cyclonic activity actually repre­
sent regions where numerous storms, having traveled east­
ward, tend to converge, especially in winter.* In the Southern 
Hemisphere, the subpolar low forms a continuous trough 
that completely encircles the globe.

On the January map (Fig. 10.3a), there are other pressure 
systems, which are not semipermanent in nature. Over Asia, 
for example, there is a huge (but shallow) thermal anticyclone 
called the Siberian high, which forms because of the intense 
cooling of the land. South of this system, the winter monsoon 

shows up clearly, as air fl ows away from the high across Asia 
and out over the ocean. A similar (but less intense) anticyclone 
(called the Canadian high) is evident over North America.

As summer approaches, the land warms and the cold 
shallow highs disappear. In some regions, areas of surface low 
pressure replace areas of high pressure. The lows that form 
over the warm land are thermal lows. On the July map (Fig. 
10.3b), warm thermal lows are found over the desert south­
west of the United States and over the plateau of Iran. Notice 
that these systems are located at the same latitudes as the 
subtropical highs. We can understand why they form when 
we realize that, during the summer, the subtropical high­
pressure belt girdles the world aloft near 30° latitude.* Within 
this system, the air sinks and warms, producing clear skies 
(which allow intense surface heating by the sun). This air 
near the ground warms rapidly, rises only slightly, then fl ows 
laterally several hundred meters above the surface. The out­
fl ow lowers the surface pressure and, as we saw in Chapter 9, 
a shallow thermal low forms. The thermal low over India, 
also called the monsoon low, develops when the continent of 
Asia warms. As the low intensifi es, warm, moist air from the 
ocean is drawn into it, producing the wet summer monsoon 
so characteristic of India and Southeast Asia. Where these 
surface winds converge with the general westerly fl ow, rather 
weak monsoon depressions form. These enhance the position 
of the monsoon low on the July map.

When we compare the January and July maps, we can see 
several changes in the semipermanent pressure systems. The 
strong subpolar lows so well developed in January over the 
Northern Hemisphere are hardly discernible on the July map. 
The subtropical highs, however, remain dominant in both sea­
sons. Because the sun is overhead in the Northern Hemisphere 
in July and overhead in the Southern Hemisphere in January, 
the zone of maximum surface heating shifts seasonally. In re­
sponse to this shift, the major pressure systems, wind belts, and 
ITCZ (heavy red line in Fig.10.3) shift toward the north in July 
and toward the south in January.† ●  Figure 10.4 illustrates a 
winter weather map where the main features of the general 
circulation have been displaced southward.

THE GENERAL CIRCULATION AND PRECIPITATION PAT-
TERNS The position of the major features of the general 
circulation and their latitudinal displacement (which annu­
ally averages about 10° to 15°) strongly infl uence the precipi­
tation of many areas. For example, on the global scale, we 
would expect abundant rainfall where the air rises and very 
little where the air sinks. Consequently, areas of high rainfall 
exist in the tropics, where humid air rises in conjunction with 
the ITCZ, and between 40° and 55° latitude, where middle­
latitude storms and the polar front force air upward. Areas of 
low rainfall are found near 30° latitude in the vicinity of the 

*For a better picture of these cyclonic storms in the Gulf of Alaska during the 

winter, see the opening satellite image on p. 258.

● F I G U R E  1 0 . 4  A winter weather map depicting the main features 

of the general circulation over North America. Notice that the Canadian 

high, polar front, and subpolar lows have all moved southward into the 

United States, and that the prevailing westerlies exist south of the polar 

front. The arrows on the map illustrate wind direction.

*An easy way to remember the seasonal shift of pressure systems is to think of 

birds — in the Northern Hemisphere, they migrate south in the winter and north 

in the summer.

†This belt of high pressure aloft shows up well in Fig. 10.8b, p. 266, the average 

500­mb map for July.

WEATHER WATCH

Time fl ies when you’re having fun and when you’re fl ying in the 
same direction as the jet stream. When the jet stream is oriented 
from west to east, a transatlantic fl ight from New York City to 
Europe takes about an hour less time than the return fl ight.
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subtropical highs and in polar regions where the air is cold 
and dry (see ●  Fig. 10.5).

Poleward of the equator, between the doldrums and the 
horse latitudes, the area is infl uenced by both the ITCZ and 
the subtropical high. In summer (high sun period), the sub­
tropical high moves poleward and the ITCZ invades this area, 
bringing with it ample rainfall. In winter (low sun period), 
the subtropical high moves equatorward, bringing with it 
clear, dry weather.

During the summer, the Pacifi c high drifts northward to 
a position off the California coast (see ●  Fig.10.6). Sinking air 
on its eastern side produces a strong upper­level subsidence 
inversion, which tends to keep summer weather along the 
West Coast relatively dry. The rainy season typically occurs in 
winter when the high moves south and the polar front and 

storms are able to penetrate the region. Observe in Fig. 10.6 
that along the East Coast, the clockwise circulation of winds 
around the Bermuda high brings warm tropical air northward 
into the United States and southern Canada from the Gulf of 
Mexico and the Atlantic Ocean. Because subsiding air is not as 
well developed on this side of the high, the humid air can rise 
and condense into towering cumulus clouds and thunder­
storms. So, in part, it is the air motions associated with the 
subtropical highs that keep summer weather dry in California 
and moist in Georgia. (Compare the rainfall patterns for Los 
Angeles, California, and Atlanta, Georgia in ●  Fig. 10.7.)

AVERAGE WIND FLOW AND PRESSURE PATTERNS ALOFT 
●  Figures 10.8a and 10.8b are average global 500­mb charts for 
the months of January and July, respectively. Look at both 
charts carefully and observe that some of the surface features 
of the general circulation are refl ected on these upper­air 
charts. On the January map, for example, both the Icelandic 
low and Aleutian low are located to the west of their surface 
counterparts. On the July map, the subtropical high­pressure 
areas of the Northern Hemisphere appear as belts of high 

● F I G U R E  1 0 . 5  Rising and sinking air associated with the major 

pressure systems of the earth’s general circulation. Where the air rises, 

precipitation tends to be abundant (blue shade); where the air sinks, 

drier regions prevail (tan shade). Note that the sinking air of the 

subtropical highs produces the major desert regions of the world.

● F I G U R E  1 0 . 6  During the summer, the Pacifi c 

high moves northward. Sinking air along its eastern 

margin (over California) produces a strong subsid­

ence inversion, which causes relatively dry weather to 

prevail. Along the western margin of the Bermuda 

high, southerly winds bring in humid air, which rises, 

condenses, and produces abundant rainfall.

● F I G U R E  1 0 . 7  Average annual precipitation for Los Angeles, 

California, and Atlanta, Georgia.
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● F I G U R E  1 0 . 8 
Average 500­mb chart for 

the month of January (a) 

and for July (b). Solid 

lines are contour lines in 

meters above sea level. 

Dashed red lines are 

isotherms in °C. Arrow­

heads illustrate wind 

direction.
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height (high pressure) that tend to circle the globe south of 
30°N. In both hemispheres, the air is warmer over low lati­
tudes and colder over high latitudes. This horizontal tem­
perature gradient establishes a horizontal pressure (con­
tour) gradient that causes the winds to blow from the west, 
especially in middle and high latitudes.* Notice that the 
temperature gradients and the contour gradients are steeper 
in January than July. Consequently, the winds aloft are 
stronger in winter than in summer. The westerly winds, 
however, do not extend all the way to the equator, as easterly 
winds appear on the equatorward side of the upper­level 
subtropical highs.

In middle and high latitudes, the westerly winds continue 
to increase in speed above the 500­mb level. We already know 
that the wind speed increases up through the friction layer, but 

why should it continue to increase at higher levels? You may 
remember from Chapter 8 that the geostrophic wind at any 
latitude is directly related to the pressure gradient and inversely 
related to the air density. Therefore, a greater pressure gradient 
will result in stronger winds, and so will a decrease in air den­
sity. Owing to the fact that air density decreases with height, 
the same pressure gradient will produce stronger winds at 
higher levels. In addition, the north­to­south temperature gra­
dient causes the horizontal pressure (contour) gradient to in­
crease with height up to the tropopause. As a result, the winds 
increase in speed up to the tropopause. Above the tropopause, 
the temperature gradients reverse. This changes the pressure 
gradients and reduces the strength of the westerly winds. 
Where strong winds tend to concentrate into narrow bands at 
the tropopause, we fi nd rivers of fast­fl owing air — jet streams.
(In the following section, you will read about a wavy jet stream. 
The Focus section above describes an experiment that illus­
trates how these waves form.)

*Remember that, at this level (about 5600 m or 18,000 ft above sea level), the 

winds are approximately geostrophic, and tend to blow more or less parallel to the 

contour lines.

The “Dishpan” Experiment

FOCUS ON AN OBSERVATION

We know that the primary cause of the atmo-

sphere’s general circulation is the unequal heat-

ing that occurs between tropical and polar 

regions. A laboratory demonstration that tries 

to replicate this situation is the “dishpan” 

experiment.

The dishpan experiment consists of a fl at, 

circular pan, fi lled with water several centime-

ters deep. The pan is positioned on a rotating 

table (see Fig. 1a). Around the edge of the pan, 

a heating coil supplies heat to the pan’s “equa-

tor.” In the center of the pan, a cooling cylinder 

represents the “pole,” and ice water is continu-

ally supplied here. When the pan is rotated 

counterclockwise, the temperature difference 

between “equator” and “pole” produces a 

thermally driven circulation that transports heat 

poleward.

Aluminum powder (or dye) is added to 

the water so that the motions of the fl uid can 

be seen. If the pan rotates at a speed that 

corresponds to the rotation of the earth, the 

fl ow develops into a series of waves and rotat-

ing eddies similar to those shown in Fig. 1b. 

The atmospheric counterpart of these eddies 

are the cyclones and anticyclones of the middle 

latitudes. At the earth’s surface, they occur as 

winds circulating around centers of low- and 

high-pressure. Aloft, the waves appear as a se-

ries of troughs and ridges that encircle the 

globe and slowly migrate from west to east 

(see Fig. 2). The waves represent a fundamental 

feature of the atmosphere’s circulation. Later in 

this chapter we will see how they transfer mo-

mentum, allowing the atmosphere to maintain 

its circulation. In Chapter 12, we will see that 

these waves are instrumental in the develop-

ment of surface mid-latitude cyclonic storms.

● F I G U R E  1  (a) A “dishpan” with a hot “equator” and a cold “pole” rotating at a speed 

corresponding to that of the earth (b) produces troughs, ridges, and eddies, which appear 

(when viewed from above) very similar to the patterns we see on an upper-level chart.

● F I G U R E  2  The circulation of the air aloft is 

in the form of waves — troughs and ridges — that 

encircle the globe.
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Jet Streams
Atmospheric jet streams are swiftly fl owing air currents thou­
sands of kilometers long, a few hundred kilometers wide, and 
only a few kilometers thick. Wind speeds in the central core of 
a jet stream often exceed 100 knots and occasionally exceed 
200 knots. Jet streams are usually found at the tropopause at 
elevations between 10 and 15 km (6 and 9 mi), although they 
may occur at both higher and lower altitudes.

Jet streams were fi rst encountered by high­fl ying military 
aircraft during World War II, but their existence was sus­
pected before the war. Ground­based observations of fast­
moving cirrus clouds had revealed that westerly winds aloft 
must be moving rapidly.

●  Figure 10.9 illustrates the average position of the jet 
streams, tropopause, and general circulation of air for the 
Northern Hemisphere in winter. From this diagram, we can see 
that there are two jet streams, both located in tropopause gaps, 
where mixing between tropospheric and stratospheric air takes 
place. The jet stream situated near 30° latitude at about 13 km 
(43,000 ft) above the subtropical high is the subtropical jet 
stream.* The jet stream situated at about 10 km (33,000 ft) 
near the polar front is known as the polar front jet stream or, 
simply, the polar jet stream. Since both are found at the tropo­
pause, they are referred to as tropopause jets.

In Fig. 10.9, the wind in the center of the jet stream 
would be fl owing as a westerly wind away from the viewer. 
This direction, of course, is only an average, as jet streams 
often fl ow in a wavy west­to­east pattern. When the polar jet 
stream fl ows in broad loops that sweep north and south, it 
may even merge with the subtropical jet. Occasionally, the 

polar jet splits into two jet streams. The jet stream to the 
north is often called the northern branch of the polar jet, 
whereas the one to the south is called the southern branch.
●  Figure 10.10 illustrates how the polar jet stream and the 
subtropical jet stream might appear as they sweep around the 
earth in winter.

● F I G U R E  1 0 . 9  Average position of the polar jet 

stream and the subtropical jet stream, with respect 

to a model of the general circulation in winter. Both 

jet streams are fl owing from west to east.

AC T I V E  F I G U R E  1 0 .1 0  A jet stream is a swiftly fl owing current 

of air that moves in a wavy west­to­east direction. The fi gure shows the 

position of the polar jet stream and subtropical jet stream in winter. Al­

though jet streams are shown as one continuous river of air, in reality 

they are discontinuous, with their position varying from one day to the 

next. Visit the Meteorology Resource Center to view this and other ac­

tive fi gures at academic.cengage.com/login

*The subtropical jet stream is normally found between 20° and 30° latitude.



Wind: Global Systems 269

We can better see the looping pattern of the jet by studying 
●  Fig. 10.11a, which shows the position of the polar jet stream 
and the subtropical jet stream at the 300­mb level (near 9 km 
or 30,000 ft) on March 9, 2005. The fastest fl owing air, or jet 
core, is represented by the heavy dark arrows. The map shows 
a strong polar jet stream sweeping south over the Great Plains 
with an equally strong subtropical jet over the Gulf states. No­
tice that the polar jet has a number of loops, with one off the 
west coast of North America and another over eastern Canada. 
Observe in the satellite image (Fig. 10.11b) that the polar jet 
stream (blue arrows) is directing cold, polar air into the Plains 
States, while the subtropical jet stream (orange arrow) is 
sweeping subtropical moisture, in the form of a dense cloud 
cover, over the southeastern states.

The looping (meridional) pattern of the polar jet stream 
has an important function. In the Northern Hemisphere, 
where the air fl ows southward, swiftly moving air directs cold 
air equatorward; where the air fl ows northward, warm air is 
carried toward the poles. Jet streams, therefore, play a major 
role in the global transfer of heat. Moreover, since jet streams 
tend to meander around the world, we can easily understand 
how pollutants or volcanic ash injected into the atmosphere 
in one part of the globe could eventually settle to the ground 
many thousands of kilometers downwind. And, as we will see 
in Chapter 12, the looping nature of the polar jet stream has 
an important role in the development of mid­latitude cy­
clonic storms.

The ultimate cause of jet streams is the energy imbalance 
that exists between high and low latitudes. How, then, do jet 
streams actually form?

THE FORMATION OF THE POLAR FRONT JET AND THE 
SUBTROPICAL JET Horizontal variations in temperature 
and pressure offer clues to the existence of the polar jet 

stream. ●  Figure 10.12 is a 3­D model that shows a side view 
of the atmosphere in the region of the polar front. Since the 
polar front is a boundary separating cold polar air to the 
north from warm subtropical air to the south, the greatest 
contrast in air temperature occurs along the frontal zone. We 
can see this contrast as the �20°C isotherm dips sharply 
crossing the front. This rapid change in temperature pro­
duces a rapid change in pressure (as shown by the sharp 
bending of the constant pressure (isobaric) 500 mb surface as 
it passes through the front). In Figure 10.12b we can see that 
the sudden change in pressure along the front sets up a steep 
pressure (contour) gradient that intensifi es the wind speed and 
causes the jet stream. Observe in Figure 10.12b that the wind 
is blowing along the front (from the west), parallel to the 
contour lines, with cold air on its left side.* The north­south 
temperature contrast along the polar front is strongest in 
winter and weakest in summer. This situation explains why 
the polar­front jet shows seasonal variations. In winter, the 
winds blow stronger and the jet moves farther south as the 
leading edge of the cold air extends into subtropical regions. 
In summer, the jet is weaker, and is usually found over more 
northern latitudes.

The subtropical jet stream, which is usually strongest 
slightly above the 200­mb level (above 12 km), tends to form 
along the poleward side of the Hadley cell as shown in 
Fig. 10.9, p. 268. Here, warm air carried poleward by the Had­
ley cell produces sharp temperature contrasts along a bound­
ary sometimes called the subtropical front. In the vicinity of 

● F I G U R E  1 0 .1 1  (a) Position of the polar jet stream (blue arrows) and the subtropical jet stream (orange arrows) at the 300­mb level 

(about 9 km or 30,000 ft above sea level) on March 9, 2005. Solid lines are lines of equal wind speed (isotachs) in knots. (b) Satellite image showing 

clouds and positions of the jet streams for the same day.

*Recall from Chapter 8 that any horizontal change in temperature causes the iso­

baric surfaces to dip or slant. The greater the temperature difference, the greater 

the slanting, and the stronger the winds. The changing wind speed with height due 

to horizontal temperature variations is referred to as the thermal wind. The ther­

mal wind always blows with cold air on its left side in the Northern Hemisphere 

and on its right side in the Southern Hemisphere.
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the subtropical front (which does not have a frontal structure 
extending to the surface), sharp contrasts in temperature 
produce sharp contrasts in pressure and strong winds.

When we examine jet streams carefully, we see that an­
other mechanism (other than a steep temperature gradient) 
causes a strong westerly fl ow aloft. The cause appears to be 
the same as that which makes an ice skater spin faster when 
the arms are pulled in close to the body — the conservation of 
angular momentum.

At the equator, the earth rotates toward the east at a 
speed close to 1000 knots. On a windless day, the air above 
moves eastward at the same speed. If somehow the earth 
should suddenly stop rotating, the air above would continue 
to move eastward until friction with the surface brought it to 
a halt; the air keeps moving because it has momentum.

Straight­line momentum — called linear momentum — is 
the product of the mass of the object times its velocity. An 
increase in either the mass or the velocity (or both) produces 
an increase in momentum. Air on a spinning planet moves 
about an axis in a circular path and has angular momentum. 
Along with the mass and the speed, angular momentum de­
pends upon the distance (r) between the mass of air and the 
axis about which it rotates. Angular momentum is defi ned as 
the product of the mass (m) times the velocity (v) times the 
radial distance (r). Thus

Angular momentum � mvr.

As long as there are no external twisting forces (torques) 
acting on the rotating system, the angular momentum of the 
system does not change. We say that angular momentum is 
conserved; that is, the product of the quantity mvr at one time 
will equal the numerical quantity mvr at some later time. 
Hence, a decrease in radius must produce an increase in 
speed and vice versa. An ice skater, for instance, with arms 
fully extended rotates quite slowly. As the arms are drawn in 
close to the body, the radius of the circular path (r) decreases, 
which causes an increase in rotational velocity (v), and the 
skater spins faster. As arms become fully extended again, the 
skater’s speed decreases. The conservation of angular mo­
mentum, when applied to moving air, will help us to under­
stand the formation of fast­fl owing air aloft.

Consider heated air parcels rising from the equatorial 
surface on a calm day. As the parcels approach the tropo­
pause, they spread laterally and begin to move poleward. If 
we follow the air moving northward (●  Fig. 10.13), we see 
that, because of the curvature of the earth, air constantly 
moves closer to its axis of rotation (r decreases). Because an­
gular momentum is conserved (and since the mass of air is 
unchanged), the decrease in radius must be compensated for 
by an increase in speed. The air must, therefore, move faster 
to the east than a point on the earth’s surface does. To an 
observer, this is a west wind. Hence, the conservation of an­
gular momentum of northward­fl owing air leads to the gen­
eration of strong westerly winds and the formation of a jet 
stream. (A more detailed look at the general circulation and 
the exchange of momentum between the earth and the atmo­
sphere is provided in the Focus section on p. 271.)

OTHER JET STREAMS There is another jet stream that forms 
in summer near the tropopause above Southeast Asia, India, 
and Africa. Here, the altitude of the summer tropopause and 
the jet stream is near 15 km. Because the jet forms on the equa­
torward side of the upper­level subtropical high, its winds are 
easterly and, hence, it is known as the tropical easterly jet 
stream. Although the exact causes of this jet have yet to be 

● F I G U R E  1 0 .1 2  Diagram (a) is a model that shows a vertical 3­D 

view of the polar front in association with a sharply dipping 500­mb 

pressure surface, an isotherm (dashed line), and the position of the po­

lar front jet stream in winter. The diagram is highly exaggerated in the 

vertical. Diagram (b) represents a 500­mb chart that cuts through the 

polar front as illustrated by the dipping 500­mb surface in (a). Sharp 

temperature contrasts along the front produce tightly packed contour 

lines and strong winds (contour lines are in meters above sea level).

WEATHER WATCH

An unusually strong jet stream (and strong upper-level westerlies) 
during February, 2006, disrupted westbound transcontinental air 
travel over North America. These strong winds caused jet aircraft 
to make unscheduled fuel stops that added 45 minutes to some 
fl ights. To add insult to injury, many disgruntled passengers 
missed their connecting fl ights. On the bright side, these same 
winds cut many minutes from east-bound trips.



Wind: Global Systems 271

Momentum — A Case of Give and Take

FOCUS ON AN ADVANCED TOPIC

We know that energy from the sun drives the 

atmospheric circulation. Although the circula-

tion pattern is complex, the general fl ow aloft 

is westerly. However, the westerly fl ow is not 

constant, for it breaks into eddies, cyclones, 

and anticyclones that transfer heat and mo-

mentum poleward. This transfer process feeds 

energy to the jet stream and maintains the 

westerly winds aloft. Therefore, this transfer 

mechanism is responsible for maintaining the 

general circulation of the atmosphere. How, 

then, does the momentum exchange take 

place?

There is a constant exchange of momen-

tum between the earth and the atmosphere. 

Since momentum is simply mass times velocity, 

the momentum of an object whose mass is 1 is 

represented by velocity only. For such an object 

(a mass of air, for example), a change in mo-

mentum represents a change in velocity.

Consider the earth to be a rotating globe 

and the atmosphere to be your hand. When 

your hand rests on the globe and rotates with it 

at the same speed, there is, for all practical pur-

poses, no transfer of momentum. But if your 

hand is on the equator and moves more slowly 

to the east than the rotating globe, then the 

friction between your hand and the globe will 

reduce the globe’s rate of spin. Hence, there is 

a transfer of momentum from your hand to the 

globe. Because the actual winds in the tropics 

blow from east to west (and the earth rotates 

from west to east), there is a transfer of mo-

mentum from the moving air to the earth be-

low, which should slow down the earth’s rota-

tion. But the earth’s spin does not slow 

because of the westerly winds in middle lati-

tudes.

To see what effect westerly winds have on 

the earth, place your hand on a rotating globe, 

then move it faster to the east than the globe 

rotates. Momentum transferred from your hand 

to the globe will cause the globe to spin faster. 

Similarly, the westerly winds of middle latitudes 

should increase the earth’s rate of spin, but 

they do not because they are compensated for 

by the easterly winds in the tropics.

The rotating earth affects the momentum 

of the atmosphere as well. We know that the 

northeast trades blow from about 30°N lati-

tude toward the equator. As the air moves 

closer to the equator, it also moves farther 

away from the earth’s axis of rotation (r in-

creases in Fig. 10.13). Therefore, to conserve 

angular momentum, the increase in r must be 

offset by a decrease in velocity (v). However, 

the slower the air moves eastward on the rotat-

ing earth, the faster the wind appears to be 

blowing from the east to an observer on the 

earth’s surface. (For a calm wind, the air is 

moving eastward at the same rate that the 

earth spins.) As a consequence, the trades 

should be strong easterly winds near the equa-

tor. In fact, however, the trades are fairly steady, 

but weak. The reason for these weak winds is 

that friction with the earth drags the air along 

more rapidly toward the east; thus, the appar-

ent westward motion of the air decreases. The 

net result of this frictional interaction is that 

the earth imparts some of its momentum to the 

tropical air above. So, in low latitudes, the at-

mosphere gains momentum from the earth.

Meanwhile, in middle latitudes, the pre-

vailing westerlies curve slightly northward, 

away from the subtropical high. As they move 

northward, they also move closer to the earth’s 

axis of rotation (r decreases). The conservation 

of angular momentum requires that, as r de-

creases, surface wind velocity should increase 

and eventually reach the speed of a fast-fl owing 

westerly jet. Surface winds do not blow that 

fast; again, the reason is surface friction, which 

slows the westerlies and reduces the air’s angu-

lar momentum. Therefore, in middle latitudes, 

the air near the surface loses momentum to the 

earth.

If the atmosphere were to continually lose 

momentum in middle latitudes and gain mo-

mentum in low latitudes, both the prevailing 

westerlies and northeast trades would slow un-

til the air is calm. Since we know this does not 

happen, there must be a net transfer of mo-

mentum from low latitudes toward high lati-

tudes in order to maintain our wind systems. It 

is the large low- and high-pressure areas, the 

cyclones and anticyclones of the middle lati-

tudes, that are primarily responsible for this 

transfer of momentum.

For instance, a storm in the upper tropo-

sphere might look like a trough similar to the 

one seen in Fig. 3. Notice that it has an asym-

metric shape and tilts in a southwest-northeast 

direction. The winds on the east side of the 

trough are generally stronger than the winds on 

the west side. Also, the northward-moving 

winds on the east side have a stronger west-to-

east component than do the southward-moving 

winds on the west side. This situation means 

that there is a net west-to-east transfer of mo-

mentum from lower latitudes to the middle lati-

tude westerlies. Therefore, the next time a mid-

latitude cyclonic storm causes you some 

discomfort with its high winds, remember that, 

without such storms, the atmosphere could not 

maintain its circulation.

● F I G U R E  3  A well-developed surface storm 

usually shows up as a wave with a tilted trough 

(dashed line) on a 500-mb chart. The wave trans-

ports westerly momentum poleward because the 

winds east of the trough have a greater westerly 

component than do the winds west of the trough.
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completely resolved, its formation appears to be, at least in 
part, related to the warming of the air over large elevated land 
masses, such as Tibet. During the summer, the air above this 
region (even at high elevations) is warmer than the air above 
the ocean to the south. This contrast in temperature produces 
a north­to­south pressure gradient and strong easterly winds 
that usually reach a maximum speed near 15°N latitude.

Not all jet streams form at the tropopause. For example, 
there is a jet stream that forms near the top of the strato­
sphere over polar latitudes. Because little, if any, sunlight 
reaches the polar region during the winter, air in the upper 
stratosphere is able to cool to low temperatures. By compari­
son, in equatorial regions, sunlight prevails all year long, al­
lowing stratospheric ozone to absorb solar energy and warm 
the air. The horizontal temperature gradients between the 
cold poles and the warm tropics create steep horizontal pres­
sure gradients, and a strong westerly jet forms in polar re­
gions at an elevation near 50 km (30 mi). Because this wind 
maximum occurs in the stratosphere during the dark polar 
winter, it is known as the stratospheric polar night jet stream.

In summer, the polar regions experience more hours of 
sunlight than do tropical areas. Stratospheric temperatures 
over the poles increase more than at the same altitude above 
the equator, which causes the horizontal temperature gradi­
ent to reverse itself. The jet stream disappears, and in its place 
there are weaker easterly winds.

Jet streams also form in the upper mesosphere and in the 
thermosphere. Not much is known about the winds at these 

high levels, but they are probably related to the onslaught of 
charged particles that constantly bombard this region of the 
atmosphere.

Jet streams form near the earth’s surface as well. One 
such jet develops over the central plains of the United States, 
where it occasionally attains speeds of 60 knots several hun­
dred meters above the surface. This wind speed maximum, 
which usually fl ows from the south or southwest, is known as 
a low­level jet. It typically forms at night above a tempera­
ture inversion, and so it is sometimes called a nocturnal jet 
stream. Apparently, the stable air reduces the interaction be­
tween the air within the inversion and the air directly above. 
Consequently, the air in the vicinity of the jet is able to fl ow 
faster because it is not being slowed by the lighter winds be­
low. Also, the north­south trending Rocky Mountains tend to 
funnel the air northward. Another important element con­
tributing to the formation of the low­level jet is the down­
ward sloping of the land from the Rockies to the Mississippi 
Valley, which causes nighttime air above regions to the west 
to be cooler than air at the same elevation to the east. This 
horizontal contrast in temperature causes pressure surfaces 
to dip toward the west. The dipping of pressure surfaces pro­
duces strong pressure gradient forces directed from east to 
west which, in turn, cause strong southerly winds.

During the summer, these strong southerly winds carry 
moist air from the Gulf of Mexico into the Central Plains. This 
moisture, coupled with converging, rising air of the low­level 
jet, enhances thunderstorm formation. Therefore, on warm, 
moist, summer nights, when the low­level jet is present, it is 
common to have nighttime thunderstorms over the plains.

BRIEF REVIEW

Before going on to the next section, which describes the many in-
teractions between the atmosphere and the ocean, here is a review 
of some of the important concepts presented so far:

● The two major semipermanent subtropical highs that infl uence 
the weather of North America are the Pacifi c high situated off 
the west coast and the Bermuda high situated off the southeast 
coast.

● The polar front is a zone of low pressure where cyclonic storms 
often form. It separates the mild westerlies of the middle lati-
tudes from the cold, polar easterlies of the high latitudes.

● In equatorial regions, the intertropical convergence zone (ITCZ) 
is a boundary where air rises in response to the convergence of 
the northeast trades and the southeast trades.

● In the Northern Hemisphere, the major global pressure systems 
and wind belts shift northward in summer and southward in 
winter.

● The northward movement of the Pacifi c high in summer tends 
to keep summer weather along the west coast of North Amer-
ica relatively dry.

● Jet streams exist where strong winds become concentrated in 
narrow bands. The polar front jet stream is associated with the 

● F I G U R E  1 0 .1 3  Air fl owing poleward at the tropopause moves 

closer to the rotational axis of the earth (r2 is less than r1). This decrease 

in radius is compensated for by an increase in velocity and the forma­

tion of a jet stream.
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polar front. The polar jet meanders in a wavy, west-to-east pat-
tern, becoming strongest in winter when the contrast in tem-
perature along the front is greatest.

● The subtropical jet stream is found on the poleward side of the 
Hadley cell, between 20° and 30° latitude.

● The conservation of angular momentum plays a role in produc-
ing strong westerly winds aloft. As air aloft moves from lower 
latitudes toward higher latitudes, its axis of rotation decreases, 
which results in an increase in its speed.

Atmosphere-Ocean Interactions
Although scientifi c understanding of all the interactions be­
tween the oceans and the atmosphere is far from complete, 
there are some relationships that deserve mentioning here.

GLOBAL WIND PATTERNS AND SURFACE OCEAN CUR-
RENTS As the wind blows over the oceans, it causes the 
surface water to drift along with it. The moving water gradu­
ally piles up, creating pressure differences within the water 
itself. This leads to further motion several hundreds of me­

ters down into the water. In this manner, the general wind 
fl ow around the globe starts the major surface ocean currents 
moving. The relationship between the general circulation 
and ocean currents can be seen by comparing Fig. 10.3, p. 263 
and ●  Fig. 10.14.

Because of the larger frictional drag in water, ocean cur­
rents move more slowly than the prevailing wind. Typically, 
these currents range in speed from several kilometers per day 
to several kilometers per hour. As we can see in Fig. 10.14, 
major ocean currents do not follow the wind pattern exactly; 
rather, they spiral in semiclosed circular whirls called gyres.
In the North Atlantic and North Pacifi c, the prevailing winds 
blow clockwise and outward from the subtropical highs. As 
the water moves beneath the wind, the Coriolis force defl ects 
the water to the right in the Northern Hemisphere (to the left 
in the Southern Hemisphere). This defl ection causes the sur­
face water to move at an angle between 20° and 45° to the 
direction of the wind. Hence, surface water tends to move in 
a circular pattern as winds blow outward, away from the cen­
ter of the subtropical highs.

Important interactions between the atmosphere and the 
ocean can be seen by examining the huge gyre in the North 
Atlantic. Flowing northward along the east coast of the 

● F I G U R E  1 0 .1 4  Average position and extent of the major surface ocean currents. Cold currents are shown 

in blue; warm currents are shown in red.
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United States is a tremendous warm water current called the 
Gulf Stream. The Gulf Stream carries vast quantities of warm 
tropical water into higher latitudes. To the north, on the west­
ern side of the smaller subpolar gyre, cold water moves 
southward along the Atlantic coast of North America. This 
Labrador Current brings cold water as far south as Massachu­
setts in summer and North Carolina in winter. In the vicinity 
of the Grand Banks of Newfoundland, where the two oppos­
ing currents fl ow side by side, there is a sharp temperature 
gradient. When warm Gulf Stream air blows over the cold 
Labrador Current water, the stage is set for the formation of 
the fog so common to this region.

Meanwhile, steered by the prevailing westerlies, the Gulf 
Stream swings away from the coast of North America and 
moves eastward toward Europe. Gradually, it widens and 
slows as it merges into the broader North Atlantic Drift. As 
this current approaches Europe, it divides into two currents. 
A portion fl ows northward along the coasts of Great Britain 
and Norway, bringing with it warm water (which helps keep 
winter temperatures much warmer than one would expect 
this far north). The other part of the North Atlantic Drift 
fl ows southward as the Canary Current, which transports 
cool northern water equatorward. Eventually, the Atlantic 
gyre is completed as the Canary Current merges with the 
westward­moving North Equatorial Current, which derives its 
energy from the northeast trades.

The ocean circulation in the North Pacifi c is similar to 
that in the North Atlantic. On the western side of the ocean 
is the Gulf Stream’s counterpart, the warm, northward­
fl owing Kuroshio Current, which gradually merges into the 
slower­moving North Pacifi c Drift. A portion of this current 
fl ows southward along the coastline of the western United 

States as the cool California Current. In the Southern Hemi­
sphere, surface ocean circulations are much the same except 
that the gyres move counterclockwise in response to the 
winds around the subtropical highs. Notice that the ocean 
currents at higher latitudes tend to move in a more west­to­
east pattern than do the currents of the Northern Hemi­
sphere. This zonal pattern limits, to some extent, the pole­
ward transfer of warm tropical water. Hence, there is a much 
smaller temperature difference between the ocean’s surface 
and the atmosphere than exists over Northern Hemisphere 
oceans. This situation tends to limit the development of vig­
orous convective activity over the oceans of the Southern 
Hemisphere. In the Indian Ocean, monsoon circulations tend 
to complicate the general pattern of ocean currents.

To sum up: On the eastern edge of continents there usu­
ally is a warm current that carries huge quantities of warm 
water from the equator toward the pole; whereas on the west­
ern side of continents a cool current typically fl ows from the 
pole toward the equator.

Up to now, we have seen that atmospheric circulations 
and ocean circulations are closely linked; wind blowing over 
the oceans produces surface ocean currents. The currents, 
along with the wind, transfer heat from tropical areas, where 
there is a surplus of energy, to polar regions, where there is a 
defi cit. This helps to equalize the latitudinal energy imbal­
ance with about 40 percent of the total heat transport in the 
Northern Hemisphere coming from surface ocean currents. 
The environmental implications of this heat transfer are tre­
mendous. If the energy imbalance were to go unchecked, 
yearly temperature differences between low and high lati­
tudes would increase greatly, and, as we will see in Chapter 16, 
the climate would gradually change.

Satellite pictures reveal that distinct temperature gradi­
ents exist along the boundaries of surface ocean currents. For 
example, off the east coast of the United States, where the 
warm Gulf Stream meets cold waters to the north, sharp tem­
perature contrasts are often present. The boundary separat­
ing the two masses of water with contrasting temperatures 
and densities is called an oceanic front. Along this frontal 
boundary, a portion of the meandering Gulf Stream occa­
sionally breaks away and develops into a closed circulation of 
either cold or warm water — a whirling eddy (see ●  Fig. 10.15). 
Because these eddies transport heat and momentum from one 
region to another, they may have a far­reaching effect upon the 
climate and a more immediate impact upon coastal waters. 
Scientists are investigating the effects of these eddies.

UPWELLING Earlier, we saw that the cool California Cur­
rent fl ows roughly parallel to the west coast of North Amer­
ica. From this observation, we might conclude that summer 
surface water temperatures would be cool along the coast of 
Washington and gradually warm as we move south. A quick 
glance at the water temperatures along the west coast of the 
United States during August (see ●  Fig. 10.16) quickly alters 
that notion. The coldest water is observed along the northern 

● F I G U R E  1 0 .1 5  The Gulf Stream (dark red band) and its eddies 

are revealed in this satellite mosaic of sea surface temperatures of the 

western North Atlantic during May, 2001. Bright red shows the warmest 

water, followed by orange and yellow. Green, blue, and purple represent 

the coldest water.
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California coast near Cape Mendocino. Why there? To answer 
this, we need to examine how the wind infl uences the move­
ment of surface water.

As the wind blows over an open stretch of ocean, the 
surface water beneath it is set in motion. The Coriolis force 
bends the moving water to the right in the Northern Hemi­
sphere. Thus, if we look at a shallow surface layer of water, we 
see in ●  Fig. 10.17 that it moves at an average angle of about 
45° to the direction of the wind. If we imagine the top layer 
of ocean water to be broken into a series of layers, then each 
layer will exert a frictional drag on the layer below. Each suc­
cessive layer will not only move a little slower than the one 
above, but (because of the Coriolis effect) each layer will also 
rotate slightly to the right of the layer above. (The rotation of 
each layer is to the right in the Northern Hemisphere and to 
the left in the Southern Hemisphere.) Consequently, descend­
ing from the surface, we would fi nd water slowing and turn­

ing to the right until, at some depth (usually about 100 m), 
the water actually moves in a direction opposite to the fl ow 
of water at the surface. This turning of water with depth is 
known as the Ekman Spiral.* The Ekman Spiral in Fig. 10.17 
shows us that the average movement of surface water down 
to a depth of about 100 m is at right angles (90°) to the sur­
face wind direction. The Ekman Spiral helps to explain why, 
in summer, surface water is cold along the west coast of 
North America.

The summertime position of the Pacifi c high and the low 
coastal mountains cause winds to blow parallel to the Cali­
fornia coastline (see ●  Fig. 10.18). The net transport of sur­
face water (called the Ekman transport) is at right angles to 
the wind, in this case, out to sea. As surface water drifts away 

● F I G U R E  1 0 .1 6  Average sea surface temperatures (°F) along the 

west coast of the United States during August.

● F I G U R E  1 0 .1 8  As winds blow parallel to 

the west coast of North America, surface water is 

transported to the right (out to sea). Cold water 

moves up from below (upwells) to replace the 

surface water.

● F I G U R E  1 0 .1 7  The Ekman Spiral. Winds move the water, 

and the Coriolis force defl ects the water to the right (Northern 

Hemisphere). Below the surface each successive layer of water 

moves more slowly and is defl ected to the right of the layer above. 

The average transport of surface water in the Ekman layer is at 

right angles to the prevailing winds.

*The Ekman Spiral is also present in the atmospheric boundary layer, from the 

surface up to the top of the friction layer, which is usually about 1000 m above the 

surface.
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from the coast, cold, nutrient­rich water from below rises to 
replace it. The rising of cold water is known as upwelling.
Upwelling is strongest and surface water is coolest in this area 
because here the wind parallels the coast.

Summertime weather along the West Coast often consists 
of low clouds and fog, as the air over the water is chilled to its 
saturation point. On the brighter side, upwelling produces 
good fi shing, as higher concentrations of nutrients are 
brought to the surface. But swimming is only for the hardiest 
of souls, as the average surface water temperature in summer 
along the coast of Northern California is nearly 10°C (18°F) 
colder than the average coastal water temperature found at 
the same latitude along the Atlantic Coast.

Between the ocean surface and the atmosphere, there is 
an exchange of heat, moisture, and momentum that depends, 
in part, on temperature differences between water and air. In 
winter, when air­water temperature contrasts are greatest, 
there is a substantial transfer of sensible and latent heat from 
the ocean surface into the atmosphere. This energy helps to 
maintain the global air fl ow. Because of the difference in heat 
capacity between water and air, even a relatively small change 
in surface ocean temperatures could modify atmospheric 
circulations. Such change could have far­reaching effects on 
global weather patterns. One ocean­atmospheric phenome­
non that is linked to worldwide weather events is a warming 
of the tropical Pacifi c Ocean known as El Niño.

EL NIÑO AND THE SOUTHERN OSCILLATION Along the 
west coast of South America, where the cool Peru Current 
sweeps northward, southerly winds promote upwelling of 
cold, nutrient­rich water that gives rise to large fi sh popula­
tions, especially anchovies. The abundance of fi sh supports a 
large population of sea birds whose droppings (called guano)
produce huge phosphate­rich deposits, which support the 
fertilizer industry. Near the end of the calendar year, a warm 
current of nutrient­poor tropical water often moves south­
ward, replacing the cold, nutrient­rich surface water. Because 
this condition frequently occurs around Christmas, local 
residents call it El Niño (Spanish for boy child), referring to 
the Christ child.

In most years, the warming lasts for only a few weeks to 
a month or more, after which weather patterns usually return 
to normal and fi shing improves. However, when El Niño con­
ditions last for many months, and a more extensive ocean 
warming occurs, the economic results can be catastrophic. 
This extremely warm episode, which occurs at irregular in­
tervals of two to seven years and covers a large area of the 
tropical Pacifi c Ocean, is now referred to as a major El Niño 
event, or simply El Niño.*

During a major El Niño event, large numbers of fi sh and 
marine plants may die. Dead fi sh and birds may litter the 
water and beaches of Peru; their decomposing carcasses de­

plete the water’s oxygen supply, which leads to the bacterial 
production of huge amounts of smelly hydrogen sulfi de. The 
El Niño of 1972–1973 reduced the annual Peruvian anchovy 
catch from 10.3 million metric tons in 1971 to 4.6 million 
metric tons in 1972. Since much of the harvest of this fi sh is 
converted into fi shmeal and exported for use in feeding live­
stock and poultry, the world’s fi shmeal production in 1972 
was greatly reduced. Countries such as the United States that 
rely on fi shmeal for animal feed had to use soybeans as an 
alternative. This raised poultry prices in the United States by 
more than 40 percent.

Why does the ocean become so warm over the eastern 
tropical Pacifi c? Normally, in the tropical Pacifi c Ocean, the 
trades are persistent winds that blow westward from a region 
of higher pressure over the eastern Pacifi c toward a region of 
lower pressure centered near Indonesia (see ●  Fig. 10.19a). 
The trades create upwelling that brings cold water to the sur­
face. As this water moves westward, it is heated by sunlight 
and the atmosphere. Consequently, in the Pacifi c Ocean, sur­
face water along the equator usually is cool in the east and 
warm in the west. In addition, the dragging of surface water 
by the trades raises sea level in the western Pacifi c and lowers 
it in the eastern Pacifi c, which produces a thick layer of warm 
water over the tropical western Pacifi c Ocean and a weak 
ocean current (called the countercurrent) that fl ows slowly 
eastward toward South America.

Every few years, the surface atmospheric pressure pat­
terns break down, as air pressure rises over the region of 
the western Pacifi c and falls over the eastern Pacifi c (see 
Fig. 10.19b). This change in pressure weakens the trades, and, 
during strong pressure reversals, east winds are replaced by 
west winds that strengthen the countercurrent. Surface water 
warms over a broad area of the tropical Pacifi c and heads 
eastward toward South America in a surge known as a Kelvin 
wave, which is an enormous wave perhaps 15 centimeters 
high but extending for hundreds of kilometers north and 
south of the equator (see ●  Fig. 10.20). Toward the end of the 
warming period, which may last between one and two years, 
atmospheric pressure over the eastern Pacifi c reverses and 
begins to rise, whereas, over the western Pacifi c, it falls. This 
seesaw pattern of reversing surface air pressure at opposite 
ends of the Pacifi c Ocean is called the Southern Oscillation.
Because the pressure reversals and ocean warming are more 
or less simultaneous, scientists call this phenomenon the El
Niño/Southern Oscillation or ENSO for short. Although most 
ENSO episodes follow a similar evolution, each event has its 
own personality, differing in both strength and behavior.

During especially strong ENSO events (such as in 
1982–83 and 1997–98) the easterly trades may actually be­

WEATHER WATCH

We have upwelling to thank for the famous quote of Mark Twain: 
“The coldest winter I ever experienced was a summer in San 
Francisco.”

*It was once thought that El Niño was a local event that occurs along the west coast 

of Peru and Ecuador. It is now known that the ocean­warming associated with a 

major El Niño can cover an area of the tropical Pacifi c much larger than the con­

tinental United States.
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come westerly winds, as shown in Fig. 10.19b. As these winds 
push eastward, they drag surface water with them. This drag­
ging raises sea level in the eastern Pacifi c and lowers sea level 
in the western Pacifi c. The eastward­moving water gradually 
warms under the tropical sun, becoming as much as 6°C 
(11°F) warmer than normal in the eastern equatorial Pacifi c. 

Gradually, a thick layer of warm water pushes into coastal 
areas of Ecuador and Peru, choking off the upwelling that 
supplies cold, nutrient­rich water to South America’s coastal 
region. The unusually warm water may extend from South 
America’s coastal region for many thousands of kilometers 
westward along the equator (see ●  Fig. 10.21a).

● F I G U R E  1 0 .1 9  In diagram (a), under 

ordinary conditions higher pressure over the 

southeastern Pacifi c and lower pressure near 

Indonesia produce easterly trade winds along 

the equator. These winds promote upwelling 

and cooler ocean water in the eastern Pacifi c, 

while warmer water prevails in the western 

Pacifi c. The trades are part of a circulation 

(called the Walker circulation) that typically 

fi nds rising air and heavy rain over the west­

ern Pacifi c and sinking air and generally dry 

weather over the eastern Pacifi c. When the 

trades are exceptionally strong, water along 

the equator in the eastern Pacifi c becomes 

quite cool. This cool event is called La Niña. 

During El Niño conditions — diagram 

(b) — atmospheric pressure decreases over 

the eastern Pacifi c and rises over the western 

Pacifi c. This change in pressure causes the 

trades to weaken or reverse direction. This 

situation enhances the countercurrent that 

carries warm water from the west over a vast 

region of the eastern tropical Pacifi c. The 

thermocline, which separates the warm water 

of the upper ocean from the cold water be­

low, changes as the ocean conditions change 

from non­El Niño to El Niño.

● F I G U R E  1 0 . 2 0  These three images depict the evolution of a warm water Kelvin wave 

moving eastward in the equatorial Pacifi c Ocean during March and April, 1997. The white areas 

near the equator represent ocean levels about 20 cm (8 in.) higher than average, while the red areas 

represent ocean levels about 10 cm (4 in.) higher than average. Notice how the wave (high region) 

moves eastward across the tropical Pacifi c Ocean. These data were collected by the altimeter on 

board the joint United States/French TOPEX/Poseidon satellite.
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Such a large area of abnormally warm water can have an 
effect on global wind patterns. The warm tropical water fuels 
the atmosphere with additional warmth and moisture, which 
the atmosphere turns into additional storminess and rainfall. 
The added warmth from the oceans and the release of latent 
heat during condensation apparently infl uence the westerly 
winds aloft in such a way that certain regions of the world ex­
perience too much rainfall, whereas others have too little. 
Meanwhile, over the warm tropical central Pacifi c, the fre­
quency of typhoons usually increases. However, over the 
tropical Atlantic, between Africa and Central America, the 
winds aloft tend to disrupt the organization of thunderstorms 
that is necessary for hurricane development; hence, there are 
fewer hurricanes in this region during strong El Niño events. 
And, as we saw in Chapter 9, during El Niño events there is a 
tendency for monsoon conditions over India to weaken.

Although the actual mechanism by which changes in 
surface ocean temperatures infl uence global wind patterns is 
not fully understood, the by­products are plain to see. For 
example, during exceptionally warm El Niños, drought is 
normally felt in Indonesia, southern Africa, and Australia, 
while heavy rains and fl ooding often occur in Ecuador and 
Peru. In the Northern Hemisphere, a strong subtropical west­
erly jet stream normally directs storms into California and 
heavy rain into the Gulf Coast states. The total damage 
worldwide due to fl ooding, winds, and drought may exceed 
many billions of dollars.

Following an ENSO event, the trade winds usually return 
to normal. However, if the trades are exceptionally strong, 
unusually cold surface water moves over the central and east­
ern Pacifi c, and the warm water and rainy weather is confi ned 
mainly to the western tropical Pacifi c (see Fig. 10.21b). This 
cold­water episode, which is the opposite of El Niño condi­
tions, has been termed La Niña (the girl child).

●  Figure 10.22 shows warm events, El Niño years, in red 
and cold events, or La Niña years, in blue. Notice that the two 
strongest El Niños were 1982–83 and 1997–98. The weaker El 
Niño events also have an effect on the Northern Hemisphere’s 
weather patterns. For example, during the El Niño of 1986–87, 

● F I G U R E  1 0 . 2 1  (a) Average sea surface temperature departures 

from normal as measured by satellite. During El Niño conditions 

upwelling is greatly diminished and warmer than normal water (deep 

red color) extends from the coast of South America westward, across 

the Pacifi c. (b) During La Niña conditions, strong trade winds promote 

upwelling, and cooler than normal water (dark blue color) extends over 

the eastern and central Pacifi c. (NOAA/PHEL/TAO)

● F I G U R E  1 0 . 2 2  The Ocean 

Niño Index (ONI). The numbers on 

the left side of the diagram represent a 

running 3­month mean for sea surface 

temperature variations (from normal) 

over the tropical Pacifi c Ocean from 

latitude 5°N to 5°S and from longitude 

120°W to 170°W. Warm E1 Niño epi­

sodes are in red; cold La Niña episodes 

are in blue. Warm and cold events oc­

cur when the deviation from the nor­

mal is 0.5 or greater. An index value 

between 0.5 and 0.9 is considered 

weak; an index value between 1.0 and 

1.4 is considered moderate, and an in­

dex value of 1.5 or greater is consid­

ered strong. (Courtesy of NOAA and 

Jan Null.)
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the subtropical jet stream (being fueled by the warm tropical 
waters and huge thunderstorms) curved its way over the 
southeastern United States, where it brought abundant rain­
fall to a region that, during the previous summer, had suf­
fered through a devastating drought. During the El Niño of 
1991–92, the subtropical jet stream once again swung over 
North America. Water evaporating from the warm tropical 
oceans fueled huge thunderstorms. The subtropical jet stream 
initially swept this moisture into Texas, where it caused ex­
tensive fl ooding.

●  Figure 10.23a illustrates typical winter weather patterns 
over North America during El Niño conditions. Notice that a 
persistent trough of low pressure forms over the north Pa­
cifi c and, to the south of the low, the jet stream (from off the 
Pacifi c) steers wet weather and storms into California and the 
southern part of the United States. A weak polar jet stream 
forms over eastern Canada allowing warmer than normal 
weather to prevail over a large part of North America.

Figure 10.23b shows typical winter weather patterns with 
a La Niña. Notice that a persistent high­pressure area (called a 
blocking high) forms south of Alaska forcing the polar jet 
stream into Alaska, then southward into Canada and the west­
ern United States. The southern branch of the polar jet, which 
forms south of the high, directs moist air from the ocean into 
the Pacifi c northwest, producing a wet winter for that region. 
Meanwhile, winter months in the southern part of the United 
States tend to be warmer and drier than normal.

As we have seen, El Niño and the Southern Oscillation 
are part of a large­scale ocean­atmosphere interaction that 
can take several years to run its course. During this time, 
there are certain regions in the world where signifi cant cli­
matic responses to an ENSO event are likely. Using data 
from previous ENSO episodes, scientists at the National 
Oceanic and Atmospheric Administration’s Climate Predic­
tion Center have obtained a global picture of where climatic 

abnormalities are most likely (see ●  Fig. 10.24). Such ocean­
atmosphere interactions where warm or cold surface ocean 
temperatures can infl uence precipitation patterns in a distant 
part of the world are called teleconnections.

Some scientists feel that the trigger necessary to start an 
ENSO event lies within the changing of the seasons, espe­
cially the transition periods of spring and fall. Others feel that 
the winter monsoon plays a major role in triggering a major 
El Niño event. As noted earlier, it appears that an ENSO epi­
sode and the monsoon system are intricately linked, so that a 
change in one brings about a change in the other.

Is there a similar pattern in the Atlantic that compares to 
the Southern Oscillation in the Pacifi c? Typically in the east­
ern Atlantic (off the coast of Africa), the water is cool and the 
weather is drier than in the tropical western Atlantic. Peri­
odically, the cool water along the African coast is replaced by 
warm water and heavy rainfall. This Atlantic warming, how­
ever, occurs more sporadically and is not as strong as the 
warming in the tropical Pacifi c.

Presently, scientists (with the aid of general circulation 
models) are trying to simulate atmospheric and oceanic condi­
tions, so that El Niño and the Southern Oscillation can be an­
ticipated. At this point, several models have been formulated 
that show promise in predicting the onset and life history of an 
ENSO event. In addition, an in­depth study known as TOGA 
(Tropical Ocean and Global Atmosphere), which ended in 
1994, is providing scientists with valuable information about 
the interactions that occur between the ocean and the atmo­
sphere. The primary aim of TOGA, a major component of the 
World Climate Research Program (WCRP), is to provide 
enough scientifi c information so that researchers can better 
predict climatic fl uctuations (such as ENSO) that occur over 
periods of months and years. The hope is that a better under­
standing of El Niño and the Southern Oscillation will provide 
improved long­range forecasts of weather and climate.

● F I G U R E  1 0 . 2 3  Typical winter weather patterns across North America during an El Niño warm event (a) and during a La Niña cold 

event (b). During El Niño conditions, a persistent trough of low pressure forms over the north Pacifi c and, to the south of the low, the jet 

stream (from off the Pacifi c) steers wet weather and storms into California and the southern part of the United States. During La Niña 

conditions, a persistent high­pressure area forms south of Alaska forcing the polar jet stream and accompanying cold air over much of 

western North America. The southern branch of the polar jet stream directs moist air from the ocean into the Pacifi c Northwest, producing 

a wet winter for that region.
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Up to this point, we have looked at El Niño and the 
Southern Oscillation and how the reversal of surface ocean 
temperatures and atmospheric pressure combine to infl u­
ence regional and global weather and climate patterns. There 
are other atmosphere­ocean interactions that can have an 
effect on large­scale weather patterns. Some of these are de­
scribed in the following sections.

PACIFIC DECADAL OSCILLATION Over the Pacifi c Ocean, 
changes in surface water temperatures appear to infl uence 
winter weather along the west coast of North America. In the 
mid 1990s, scientists at the University of Washington, while 
researching connections between Alaskan salmon produc­
tion and Pacifi c climate, identifi ed a long­term Pacifi c Ocean 

temperature fl uctuation, which they called the Pacifi c 
Decadal Oscillation (PDO) because the ocean surface tem­
perature reverses every 20 to 30 years. The Pacifi c Decadal 
Oscillation is like ENSO in that it has a warm phase and a 
cool phase, but its temperature behavior is much different 
from that of El Niño.

During the warm (or positive) phase, unusually warm 
surface water exists along the west coast of North America, 
whereas over the central North Pacifi c, cooler than normal 
surface water prevails (see ●  Fig. 10.25a). At the same time, 
the Aleutian low in the Gulf of Alaska strengthens, which 
causes more Pacifi c storms to move into Alaska and Califor­
nia. This situation causes winters, as a whole, to be warmer 
and drier over northwestern North America. Elsewhere, win­

● F I G U R E  1 0 . 2 4  Regions of climatic abnormalities associated with El Niño–Southern Oscillation conditions (a) during December through 

February and (b) during June through August. A strong ENSO event may trigger a response in nearly all indicated areas, whereas a weak event will 

likely play a role in only some areas. (After NOAA Climate Prediction Center.)
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ters tend to be drier over the Great Lakes, and cooler and 
wetter in the southern United States. Meanwhile, during this 
warm phase, salmon populations increase in Alaska and di­
minish along the Pacifi c Northwest coast. The latest warm 
phase began in 1977 and ended in the late 1990s.

The present cool (or negative) phase fi nds cooler­than­
average surface water along the west coast of North America 
and an area of warmer­than­normal surface water extending 
from Japan into the central North Pacifi c (see Fig. 10.25b). 
Winters in the cool phase tend to be cooler and wetter than 
average over northwestern North America, wetter over the 
Great Lakes, and warmer and drier in the southern United 
States. Salmon fi shing diminishes in Alaska and picks up 
along the Pacifi c Northwest Coast.

The climate patterns described so far only represent av­
erage conditions, as individual years within either phase may 
vary considerably. In fact, the Pacifi c Ocean temperature pat­
tern in a particular phase may even reverse for a few years, as 
it did from 1958 to 1960. These small reversals can make it 
diffi cult to decipher exactly when the ocean temperature 
changes from one phase to another. Hopefully, as our under­
standing of the interactions between the ocean and atmo­
sphere improves, climate forecasts across North America and 
elsewhere will improve as well.

NORTH ATLANTIC OSCILLATION Over the Atlantic there 
is a reversal of pressure called the North Atlantic Oscillation 
(NAO) that has an effect on the weather in Europe and along 
the east coast of North America. For example, in winter if the 
atmospheric pressure in the vicinity of the Icelandic low 

drops, and the pressure in the region of the Bermuda­Azores 
high rises, there is a corresponding large difference in atmo­
spheric pressure between these two regions that strengthens 
the westerlies. The strong westerlies in turn direct strong 
storms on a more northerly track into northern Europe, 
where winters tend to be wet and mild. During this positive 
phase of the NAO, winters in the eastern United States tend to 
be wet and relatively mild, while northern Canada and 
Greenland are usually cold and dry (see ●  Fig. 10.26a).

The negative phase of the NAO occurs when the atmo­
spheric pressure in the vicinity of the Icelandic low rises, 
while the pressure drops in the region of the Bermuda high 
(see Fig. 10.26b). This pressure change results in a reduced 
pressure gradient and weaker westerlies that steer fewer and 
weaker winter storms across the Atlantic in a more westerly 
path. These storms bring wet weather to southern Europe 
and to the region around the Mediterranean Sea. Meanwhile, 
winters in Northern Europe are usually cold and dry, as are 
the winters along the east coast of North America. Greenland 
and northern Canada usually experience mild winters.

Although the NAO varies from year to year (and some­
times from month to month), it may exhibit a tendency to 
remain in one phase for several years. It is interesting to note 
that the NAO during the past 30 years or so has been trending 
toward a more positive phase.

ARCTIC OSCILLATION Closely related to the North Atlan­
tic Oscillation is the Arctic Oscillation (AO), where changes 
in atmospheric pressure between the Arctic and regions to 
the south cause changes in upper­level westerly winds. Dur­

● F I G U R E  1 0 . 2 5  Typical winter sea­surface temperature departure from normal in °C during the Pacifi c Decadal Oscillation’s warm phase (a) 

and cool phase (b). (Source: JISAO, University of Washington, obtained via http://www.tao.atmos.washington.edu/pdo. Used with permission 

of N. Mantua.)
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ing the positive warm phase of the AO (see ●  Fig. 10.27a), 
strong pressure differences produce strong westerly winds 
aloft that prevent cold arctic air from invading the United 
States, and so winters in this region tend to be warmer than 
normal. With cold arctic air in place to the north, winters 
over Newfoundland and Greenland tend to be very cold. 

Meanwhile, strong winds over the Atlantic direct storms into 
northern Europe, bringing with them wet, mild weather.

During the negative cold phase of the AO (Fig. 10.27b), 
small pressure differences between the arctic and regions to 
the south produce weaker westerly winds aloft. Cold arctic air 
is now able to penetrate farther south, producing colder than 

● F I G U R E  1 0 . 2 6  Change in surface atmospheric pressure and typical winter weather patterns associated with the (a) positive phase and (b) 

negative phase of the North Atlantic Oscillation.

● F I G U R E  1 0 . 2 7  Change in surface atmospheric pressure in polar regions and typical winter weather patterns associated with the (a) positive 

(warm) phase and the (b) negative (cold) phase of the Arctic Oscillation.
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normal winters over much of the United States. Cold air also 
invades northern Europe and Asia, while Newfoundland and 
Greenland experience warmer than normal winters.

So when Greenland has mild winters, northern Europe 
has cold winters and vice versa. This seesaw in winter tem­
peratures between Greenland and northern Europe has been 
known for many years. What was not known until recently 
is that during the warm Arctic Oscillation phase relatively 

warm, salty water from the Atlantic is able to move into the 
Arctic Ocean, where it melts sea ice, causing it to thin by 
more than 40 centimeters. During the cold phase, surface 
winds tend to keep warmer Atlantic water to the south, which 
promotes thicker sea ice. Although the Arctic Oscillation 
switches from one phase to another on an irregular basis, one 
phase may persist for several years in a row, bringing with it 
a succession of either cold or mild winters.

S U M M A R Y

In this chapter, we described the large­scale patterns of wind 
and pressure that persist around the world. We found that, at 
the surface in both hemispheres, the trade winds blow equa­
torward from the semipermanent high­pressure areas cen­
tered near 30° latitude. Near the equator, the trade winds 
converge along a boundary known as the intertropical con­
vergence zone (ITCZ). On the poleward side of the subtropi­
cal highs are the prevailing westerly winds. The westerlies 
meet cold polar easterly winds along a boundary called the 
polar front, a zone of low pressure where middle­latitude 
cyclonic storms often form. The annual shifting of the major 
pressure areas and wind belts — northward in July and south­
ward in January — strongly infl uences the annual precipita­
tion of many regions.

Warm air aloft (high pressure) over low latitudes and 
cold air aloft (low pressure) over high latitudes produce west­
erly winds aloft in both hemispheres, especially at middle and 
high latitudes. Near the equator, easterly winds exist. The jet 
streams are located where strong winds concentrate into nar­
row bands. The polar jet stream forms in response to tem­
perature contrasts along the polar front, while the subtropical 
jet stream forms at higher elevations above the subtropics, 
along an upper­level boundary called the subtropical front.

Near the surface, we examined the interaction between 
the atmosphere and oceans. We found the interaction to be 
an ongoing process where everything, in one way or another, 
seems to infl uence everything else. On a large scale, winds 
blowing over the surface of the water drive the major ocean 
currents; the oceans, in turn, release energy to the atmo­
sphere, which helps to maintain the general circulation of 
winds. Where winds and the Ekman Spiral move surface wa­
ter away from a coastline, cold, nutrient­rich water upwells to 
replace it, creating good fi shing and cooler surface water.

When atmospheric circulation patterns change over the 
tropical Pacifi c, and the trade winds weaken or reverse direc­
tion, warm tropical water is able to fl ow eastward toward 
South America, where it chokes off upwelling and produces 
disastrous economic conditions. When the warm water ex­
tends over a vast area of the tropical Pacifi c, the warming is 
called a major El Niño event and the associated reversal of 
pressure over the Pacifi c Ocean is called the Southern Oscil­
lation. The large­scale interaction between the atmosphere 
and the ocean during El Niño and the Southern Oscillation 

(ENSO) affects global atmospheric circulation patterns. The 
sweeping winds aloft provide too much rain in some areas 
and not enough in others. La Niña is the name given to the 
situation where the surface water of the central and eastern 
tropical Pacifi c turns cooler than normal.

Over the north­central Pacifi c and along the west coast of 
North America there is a reversal of surface water tempera­
ture, called the Pacifi c Decadal Oscillation that occurs every 
20 to 30 years. Over the Atlantic Ocean there is a reversal of 
pressure called the North Atlantic Oscillation that infl uences 
weather in various regions of the world. Surface atmospheric 
pressure changes over the Arctic also seem to infl uence 
weather patterns over regions of the Northern Hemisphere. 
Studies now in progress are designed to determine how the 
interaction between the atmosphere and the ocean can infl u­
ence climate patterns in various regions of the world.

K E Y  T E R M S

The following terms are listed (with page numbers) in the 
order they appear in the text. Defi ne each. Doing so will aid 
you in reviewing the material covered in this chapter.

subtropical jet stream, 268
polar front jet stream, 268
tropical easterly jet stream, 

270
low­level jet, 272
oceanic front, 274
Ekman Spiral, 275
Ekman transport, 275
upwelling, 276
El Niño, 276
Southern Oscillation, 276
ENSO, 276
La Niña, 278
teleconnections, 279
Pacifi c Decadal Oscillation 

(PDO), 280
North Atlantic Oscillation 

(NAO), 281
Arctic Oscillation (AO), 281

general circulation of the 
atmosphere, 260

Hadley cell, 260
doldrums, 261
subtropical highs, 262
horse latitudes, 262
trade winds, 262
intertropical convergence 

zone (ITCZ), 262
westerlies, 262
polar front, 262
subpolar low, 262
polar easterlies, 262
semipermanent highs and 

lows, 262
Bermuda high, 262
Pacifi c high, 262
Icelandic low, 264
Aleutian low, 264
Siberian high, 264
jet streams, 268
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Q U E S T I O N S  FO R  R E V I E W

 1. Draw a large circle. Now, place the major surface pressure 
and wind belts of the world at their appropriate lati­
tudes.

 2. Explain how and why the average surface pressure fea­
tures shift from summer to winter.

 3. Why is it impossible on the earth for a Hadley cell to 
extend from the pole to the equator?

 4. Along a meridian line running from the equator to the 
poles, how does the general circulation help to explain 
zones of abundant and sparse precipitation?

 5. Most of the United States is in what wind belt?
 6. Explain why the winds in the middle and upper tropo­

sphere tend to blow from west to east in both the North­
ern and the Southern Hemispheres.

 7. How does the polar front infl uence the development of 
the polar front jet stream?

 8. Describe how the conservation of angular momentum 
plays a role in the formation of a jet stream.

 9. Why is the polar front jet stream stronger in winter than 
in summer?

10. Explain the relationship between the general circulation 
of air and the circulation of ocean currents.

11. List at least four important interactions that exist be­
tween the ocean and the atmosphere.

12. Describe how the Ekman Spiral forms.
13. What conditions are necessary for upwelling to occur 

along the west coast of North America? The east coast of 
North America?

14. (a)  What is a major El Niño event?
(b)  What happens to the surface pressure at opposite 

ends of the Pacifi c Ocean during the Southern Oscil­
lation?

(c)  Describe how the Southern Oscillation infl uences a 
major El Niño event.

15. What are the conditions over the tropical eastern and 
central Pacifi c Ocean during the phenomenon known as 
La Niña?

16. What type of weather (cold/warm, wet/dry) would you 
expect over North America during a strong El Niño? 
During a strong La Niña?

17. Describe the ocean surface temperatures associated with 
the Pacifi c Decadal Oscillation. What climate patterns 
(cool/warm, wet/dry) tend to exist during the warm 
phase and the cool phase?

18. How does the positive phase of the North Atlantic Oscil­
lation differ from the negative phase?

19. During the negative cold phase of the Arctic Oscillation, 
when Greenland is experiencing mild winters, what type 
of winters (cold or mild) is northern Europe usually ex­
periencing?

Q U E S T I O N S  FO R  T H O U G H T

 1. What effect would continents have on the circulation of 
air in the single­cell model?

 2. How would the general circulation of air appear in sum­
mer and winter if the earth were tilted on its axis at an 
angle of 45° instead of 231⁄2°?

 3. Summer weather in the southwestern section of the 
United States is infl uenced by a subtropical high­pres­
sure cell, yet Fig. 10.3b (p. 263) shows an area of low 
pressure at the surface. Explain.

 4. Explain why icebergs tend to move at right angles to the 
direction of the wind.

 5. Over the open ocean in the vicinity of the Pacifi c high, 
observations have indicated that ozone concentrations 
hundreds of meters above the surface are greater than 
expected. Give a possible explanation for this.

 6. Give two reasons why pilots would prefer to fl y in the 
core of a jet stream rather than just above or below it.

 7. Why do the major ocean currents in the North Indian 
Ocean reverse direction between summer and winter?

 8. Explain why the surface water temperature along the 
northern California coast is warmer in winter than it is 
in summer.

 9. You are given an upper­level map that shows the position 
of two jet streams. If one is the polar front jet and the 
other the subtropical jet, how would you be able to tell 
which is which?

10. The Coriolis force defl ects moving water to the right of 
its intended path in the Northern Hemisphere and to the 
left of its intended path in the Southern Hemisphere. 
Why, then, does upwelling tend to occur along the west­
ern margin of continents in both hemispheres?

P RO B L E M S  A N D  E X E RC I S E S

 1. Locate the following cities on a world map. Then, based 
on the general circulation of surface winds, predict the 
prevailing wind for each one during July and January.
(a) Nashville, Tennessee
(b) Oklahoma City, Oklahoma
(c) Melbourne, Australia
(d) London, England
(e) Paris, France
(f) Reykjavik, Iceland
(g) Fairbanks, Alaska
(h) Seattle, Washington

 2. In the next column is a list of average weather conditions 
that prevail during the month of July at San Francisco, 
California, and Atlantic City, New Jersey. Both cities lie 
adjacent to an ocean at nearly the same latitude; however, 
the average weather conditions vary greatly. In terms 
of the average surface winds and pressure systems (see 
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Fig. 10.3b, p. 263) and the interaction between the atmo­
sphere and ocean, explain what accounts for the variation 
between the two cities of each weather element.

 Atlantic City, New Jersey
(latitude 39°N)
Average weather, July
Temperature  maximum 84°F
 minimum 66°F
Dew point 64°F
Precipitation 3.72 in.
Prevailing wind S
Weather: Clear to partly cloudy 
with the possibility of 
afternoon showers
Water temperature 70°F

 San Francisco, California
(latitude 37°N)
Average weather, July
Temperature  maximum 64°F
 minimum 53°F
Dew point 53°F
Precipitation 0.01 in.
Prevailing wind NW
Weather: Fog and low clouds 
during the night and morning 
with afternoon clearing
Water temperature 53°F

Visit the 
Meteorology Resource Center 

at 
academic.cengage.com/login

for more assets, including questions for exploration, 
animations, videos, and more.



Clouds developing along an approaching cold front.
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