


TO THE LAYPERSON, ATMOSPHERIC PRESSURE IS THE MOST

difticult element of weather and climate to comprehend. The other three—temperature,
wind, and moisture—are more readily understood because our bodies are much more
sensitive to them. We can feel warmth, air movement, and moisture, and we are quick to
recognize variations in these elements. Pressure, on the other hand, is a phenomenon of
which we are usually unaware—our bodies cannot sense the relatively small changes in

atmospheric pressure that can be responsible for significant changes in the atmosphere.
We're usually only aware of pressure c!

nanges when we experience rapid vertical
movement, as in an elevator or an airplane, when the difference in pressure inside and

outside our ears causes them to “pop.”

Despite its inconspicuousness, pressure is an important feature of the atmosphere. It is
tied closely to the other weather elements, acting on them and responding to them. Pres-
sure has an intimate relationship with wind: spatial variations in pressure are responsible
for air movements. Hence, pressure and wind are often discussed together, as is done in this
chapter.

The general circulation pattern of global wind and pressure discussed here is a compo-
nent of several major Earth systems. For example, the movement of the atmosphere is not
only a consequence of the receipt of solar energy, it is one of the key mechanisms of en-

ergy transier itself. Further, patterns of wind and pressure are key aspects of the hydrologic
cycle—the systematic movement of water around the planet.

As you study this chapter, think about these key questions:

¢ What influences the development of high pressure cells and low pressure cells near
Earth’s surface?

e How and why are wind patterns different near the surface and in the upper
atmosphere?

e What is the pattern of wind and vertical air movement within cyclones and
anticyclones?

« How do the Hadley cells fit in with the general circulation patterns of wind and
pressure around the world?

e What causes seasonal shifts of global wind and pressure systems, and the
development of monsoons?

« How can differences in temperature lead to local winds such as land and sea breezes?
e What happens in the ocean and atmosphere during El Nino?

» How do long-term atmospheric and oceanic cycles such as the Pacific Decadal
Oscillation influence regional weather conditions?

Seeing Geographically

Hurricane Frances strikes the Florida coast near Fort Pierce with 145 kilometer per hour (90 mile
per hour) winds. Describe how the wind appears to be affecting the waves coming on shore. What
characteristics of palm trees that you can see helps explain why they can survive hurricanes?
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110 Physical Geography: A Landscape Appreciation

The Impact of Pressure and
Wind on the Landscape

The influence of atmospheric pressure on the landscape
s significant but indirect. This influence is manifested
mostly by wind, which responds to pressure changes.
Wind has the energy to transport solid particles in the air
and thus has a visible component 1o its activity. Vegetation
may bend in the wind and loose material such as dust or
sand may be shifted from one place to another. The re-
sults are nearly always short-run and temporary, however.
and usually have no lasting effect on the landscape except
at the time of a severe storm. Nevertheless. pressure and
wind are major elements of weather and climate. and their

interaction with other atmospheric components and pro-
cesses cannot be overestimated.

A Figure 5-2 The empty plastic bottle on the left was opened and then sealed
tightly at an elevation of 3030 meters (9945 feet): when the bottle is brought
down to sea level, the surrounding higher atmospheric pressure partially
collapses the bottle. The bottle on the right contains air at sea-level pressure.

THE NATURE OF ATMOSPHERIC
PRESSURE

Gas molecules, unlike those of a solid or liquid, are not
strongly bound to one another. Instead, they are in con-

(1 newton is the force required to accelerate a 1-kilogram
mass 1 meter per second per second).! This value decreases
with increasing altitude because the farther away you get
from Earth and its gravitational pull, the fewer gas mol-
ecules are present in the atmosphere.

tinuous motion, colliding frequently with one another
and with any surfaces to which they are exposed. Con-
sider a container in which a gas is confined, as in Figure
5-1. The molecules of the gas zoom around inside the
container and collide again and again with the walls. The
pressure of the gas is the force the gas exerts on the con-
tainer walls.

The atmosphere is made up of gases that have mass, and
so the atmosphere has weight because this mass is pulled
toward Earth by gravity. Atmospheric pressure is the force
exerted by the weight of these gas molecules on a unit of
area of Earth’s surface or on any other body—including
yours! At sea level, the pressure (the “weight™) exerted by
the atmosphere is about 14.7 pounds per square inch, or
in S.1. units, about 10 newtons (N) per square centimeter
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The atmosphere exerts pressure on every surface it
touches. The pressure is exerted equally in all directions—
up, down, sideways, and obliquely. This means that every
square centimeter of any exposed surface—animal. veg-
etable, or mineral—at sea level is subjected to atmospheric
pressure (Figure 5-2). We are not sensitive to this ever-pres-
ent burden of pressure because our bodies contain solids and
liquids that are not significantly compressed and air spaces
that are at the same pressure as the surrounding atmosphere:

in other words, outward pressure and inward pressure bal-
ance exactly.

Learning Check 5-1 Explain why atmospheric

pressure decreases with altitude. (Answer on p. AK-2)

Factors Influencing Atmospheric
Pressure

The pressure, temperature, and density of a gas are all re-

lated to each other—if one of those variables changes, it
can cause changes in the other two.

The Ideal Gas Law: The relationship between Hraetre,
temperature, and density can be summa

ized by an equation

called the ideal gas law:
P = pRT

.
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density remains constant but temperature (T) increases.
and that pressure will increase if temperature remains con-
stant but density (p) increases.

In a closed container (a sealed jar, for example), the re-
lationship between pressure, temperature, and density is
straightforward. However, the atmosphere is not a closed
container in which any of these variables can be easily held
constant and so the cause-and-effect relationships are ac-
tually quite complex. It may be useful, however. to exam-
ine some of the possibilities one at a time. looking at how

pressure varies with density, with temperature, and with
the vertical movement of air.

Density and Pressure Relationships: Density is the
mass of matter in a unit volume. For example, if you have a
10-kilogram cube of material with edge lengths of 1 meter,
the density of that material is 10 kilograms per cubic meter
(10 kg/m?®). The density of solid material is the same on Farth
or the moon or in space; that of liquids varies very slightly
trom one place to another, but that of gases varies greatly with
location. Gas density changes easily because a gas is free to
expand as far as the environmental pressure will allow.

For example, if you have 10 kg of gas in a container that
has a volume of 1 cubic meter, the gas density is 10 kg/
m’. If you were to transfer all the gas to a container having
twice the volume (2 cubic meters), the gas expands to fill
the larger volume. The same number of gas molecules are
now spread through a volume twice as large, and so the
gas density is half what it was before, or 5 kg/m> (10 kg
divided by 2 cubic meters).

The pressure exerted by a gas is proportional to its den-
sity. The denser the gas, the greater the pressure it exerts.
The atmosphere is held to Earth by the force of gravity
which prevents the gas molecules from escaping into space.
At lower altitudes, the gas molecules of the atmosphere are
packed more densely together (Figure 5-3). Because the
density is higher, there are more molecular collisions and
therefore higher pressure at lower altitudes. At higher al-

titudes, the air is less dense and there is a corresponding
decrease in pressure.

Temperature and Pressure Relationships: If air is
warmed, as we noted in the preceding chapter, the mole-
cules become more agitated and their speed increases. This
Increase in speed produces a greater force to their collisions
and results in higher pressure. Therefore, if other conditions
remain the same (in particular, if volume is held constant).
an increase in the temperature of a gas produces an increase
in pressure, and a decrease in temperature produces a de-
crease in pressure.,

Knowing this, you might conclude that the air pressure
will be high on warm days and low on cold days. Such is not
usually the case, however; warm air is generally associated
with low atmospheric pressure and cool air with high atmo-
spheric pressure. Although this seems contradictory, recall
that we made the qualifying statement “if other conditions
remain the same” in describing how temperature and pres-
sure are related. When air is warmed in the atmosphere, it
will expand, which decreases its density. Thus, the increase
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A Figure 5-3 In the upper atmosphere, gas molecules are far apart and
collide with each other infrequently, a condition that produces relatively low
pressure. In the lower atmosphere, the molecules are closer together. and
there are many more collisions, a condition that produces high pressure.

In temperature may be accompanied by

a decrease in pres-
sure caused by the decrease in density.

Dynamic Influences on Air Pressure: Surface air pres-
sure may also be influenced by “dynamic” factors. In other

words, air pressure may be influenced by the movement of

the air—especially the vertical movement of air associated
with different rates of air convergen

surface and in the upper troposph
descending air tends

ce and divergence at the

ere. As a generalization,
to be associated with relatively high
pressure at the surface, whereas rising air tends to be a

SSOC1-
ated with relatively low pressure at the surface.
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* Very cold surtace conditions are often associated with
high pressure at the surface—a thermal high.
* Strongly rising air is usually associated with low

yV.\:} AW Atmospheric Pressure Variation
with Altitude

pressure at the surface—a dynamic low. Altitude Kilometers Miles Pressure (millibars)
e Very warm surface conditions are often associated with ———— ..
relatively low pressure at the surface—a thermal low. 18 1] A
Surface pressure conditions usually can be traced to one 0 e =
of these factors being dominant. 14 8.7 142 |
12 74 194
Leaming Check 5-2 g descending air more 10 6.2 265
likely to be associated with high or low atmospheric 356
pressure at the surface? Rising air? g 24
6 S 7§ 472
Mapping Pressure with Isobars 4 25 617
Atmospheric pressure is measured with instruments called o) 1.2 795 |“
barometers. The first liquid-filled barometers date back to

the 1600s, and measurement scales based on the height of * o=
a column of mercury are still in use (average sea-level pres-
sure using a mercury barometer is 760 millimeters or 29.92

inches). For meteorologists in the United States, however, is higher or lower than that of the surrounding areas. In a
the most common unit of measure for atmospheric pres-  similar way, a ridge is an elongated area of relatively high
sure is the millibar. The millibar (mb) is an expression  pressure, whereas a trough is an elongated area of relatively
of force per surface area. One millibar is defined as 1000  low pressure. It is important to keep the relative nature of M
dynes per square centimeter (1 dyne is the force required  pressure centers in mind. For example, a pressure reading
to accelerate 1 gram of a mass 1 centimeter per second per  of 1005 millibars could be either “high” or “low,” depend-
second). Average sea-level pressure is 1013.25 millibars.  ing on the pressure of the surrounding areas.

The S.1. unit used to describe pressure is the pascal (Pa; |
1 Pa = newton/m?) and in some countries the kilopascal is ~ Pressure Decrease with Altitude: On most maps of
used in meteorology (kPa; 1 kPa = 10 mb). air pressure, actual pressure readings are adjusted to repre-
sent pressures at a common elevation, usually sea level.
This is done because, as we first saw in Chapter 3, with
only minor localized exceptions, pressure decreases rap-
idly with increasing altitude (Table 5-1); consequently-'
significant variations in pressure readings are likely at dif-
ferent weather stations simply because of differences ips

o
=

nghs and Lows: Once pressure in millibars is plotted
on a weather map, it is then possible to draw isolines of
equal pressure called isobars, as shown in Figure 5-4. The
pattern of the isobars reveals the horizontal distribution of
pressure in the region under consideration. Prominent on

such maps are roughly circular or oval areas characterized  ¢levation. This pressure change is most rapid at lower al-
b eing either “high pressurc ‘or “low pressure.” ‘These titudes, and the rate of decrease diminishes mgmficantly-'

' 2hs iﬁd'lows Tepresent relative ‘3"“‘31‘5“”15’-13“’55"'“‘7e that  ahove about 3 kilometers (10,000 feet).
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Wind relers to horizontal air movement: it has been
described whimsically as “air in a hurry.” Instead of be-
ing called wind, small-scale vertical motions are normally
referred to as updrafts and downdrafts; large-scale verti-
cal motions are ascents and subsidences. The term wind
is applied only to horizontal movements. Although both
vertical and horizontal motions are important in the at-

mosphere, much more air is involved in horizontal move-
ments than in vertical.

Direction of Movement

[nsolation is the ultimate cause of wind because all winds
originate from the same basic sequence of events: unequal
heating of different parts of Earth’s surface brings about
temperature gradients that generate pressure gradients,
and these pressure gradients set air into motion. Wind rep-
resents natures attempt to even out the uneven distribu-
tion of air pressure across Earth’s surface.

Air generally begins to flow from areas of higher pres-
sure toward areas of lower pressure. If Earth did not rotate
and if friction did not exist, that is precisely what would
happen—a direct movement of air from a high-pressure re-
gion to a low-pressure region. However, rotation and fric-
tion both exist, and so this general statement is usually not
completely accurate. The direction of wind movement is
determined principally by the interaction of three factors:
the pressure gradient, the Coriolis effect, and friction.

Pressure Gradient: If there is higher pressure in one area
than in another, air will begin to move from the higher pres-
sure toward the lower pressure in response to the pressure
gradient force, as shown in Figure 5-5. If you visualize a high-
pressure area as a pressure “hill” and a low-pressure area as
a pressure “valley,” it is not difficult to imagine air flowing
“down” the pressure gradient in the same manner that water
flows down a hill (keep in mind that these terms are met-
aphorical—air is not necessarily actually flowing downhill).

The pressure-gradient force acts at right angles to the
isobars in the direction of the lower pressure. If there were
no other factors to consider, that is the way the air would
move, crossing the isobars at 90° (Figure 5-6a). However.
such a flow rarely occurs in the atmosphere.

The Coriolis Effect: Because Earth rotates, any object
moving freely near Earth’s surface appears to deflect to the
right in the Northern Hemisphere and to the left in the
Southern Hemisphere. Recall from Chapter 3 the significant
aspects of the Coriolis effect:

* Regardless of the initial direction of motion, any
freely moving object appears to deflect to the right
in the Northern Hemisphere and to the left in the
Southern Hemisphere.

* The apparent deflection is strongest at the poles and
decreases progressively toward the equator, where
deflection is zero.

* The Coriolis effect is proportional to the speed of the
object, and so a fast-moving object is deflected more
than a slower one.
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A Figure 5-5 (a) Air tends to move from areas of higher pressure toward
areas of lower pressure. We say this movement is “down the pressure
gradient.” (b) If pressure gradient were the only force involved. air would
flow perpendicular to the isobars (would cross the isobars at 90°).

e The Coriolis effect influences direction of movement
only; it does not change the speed of an object.

The Coriolis effect has an important influence on the
direction of wind flow. The Coriolis effect deflection acts
at 90° from the direction of movement—to the right in
the Northern Hemisphere and to the left in the South-
ern Hemisphere. There is an eternal battle, then, between
the pressure-gradient force moving air from high toward
low pressure and the deflection of the Coriolis effect 90°
from its pressure-gradient path: the Coriolis effect keeps
the wind from flowing directly down a pressure gradient,
whereas the pressure gradient force prevents the Coriclis
effect from turning the wind back “up” the pressure slope.
Where these two factors are in balance—as ic usuallv the
case in the upper atmosphere—wind move- parallel to the
isobars and is called a geostrophic wind? (Figure 5-6h)

Most winds in the atmosphere are geostroph' - or
nearly geostrophic in that they flow nearly paraliel
to the isobars. Only near the surface is another factor
signilicant—friction—to further complicate the situation

Friction: In the lowest portions of the troposphere, a third
force influences wind direction—friction. The frictional drag
of Earth’s surface slows wind movement and so the influence

*Strictly speaking, geostrophic wind is only found in areas where the iso-
bars are parallel and straight; the term gradient wind is a more general term
used to describe wind flowing parallel to the isobars. In this book we yee
the term geostrophic to mean all wind blowing parallel to the isobars.
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(@) If pressure gradient force were the only factor, wind
would blow “down” the pressure gradient away from high

pressure and toward low pressure, crossing the isobars at
an angle of 90°.

Pressure
Gradient

\
3N

= D

—5"? %0, b

& 0 Coriolis
Effect

(b) In the upper atmosphere the balance between the
pressure gradient force and the Coriolis effect results in
geostrophic wind blowing parallel to the isobars.

Coriolis
Effect

(c) In the lower atmosphere, friction slows the wind (which
results in less Coriolis effect deflection) and so wind
diverges clockwise out of a high and converges
counterclockwise into a low in the Northern Hemisphere.

A Figure 5-6 The direction of wind flow is influenced by a combination
of three factors: pressure gradient force, Coriolis effect, and friction.
' (a) Hypothetical pattern if pressure gradient force was the only factor.
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A Figure 5-7 Near Earth's surface friction causes wind flow to be
turbulent and irregular. Above the friction layer (altitudes higher than about
1000 m/3300 ft.), the wind flow is generally smoother and faster.

0° and 90° (Figure 5-6¢). In essence, friction reduces wind
speed, which in turn reduces the Coriolis effect deflection—
thus, although the Coriolis effect does introduce a deflection
to the right (in the Northern Hemisphere), the pressure gra-
dient “wins the battle” and air flows into an area of low pres-
sure and away from an area of high pressure.

As a general rule, the frictional influence is greatest near
Earth’s surface and diminishes progressively upward (Fig-
ure 5-7). Thus, the angle of wind flow across the isobars is
greatest (closest to 90°) at low altitudes and becomes smaller
at increasing elevations. The friction layer of the atmosphere
extends to only about 1000 meters (approximately 3300 feet)

above the surface. Higher than that. most winds follow a geo-
strophic or near-geostrophic course. s
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A Figure 5-8 Wind speed is determined by the pressure gradient, which
Is indicated by the spacing of isobars. Where Isobars are close together, the

pressure gradient is “steep” and wind speed is high; where isobars are far
apart, the pressure gradient is “gentle” and wind speed is low.

Global Variations in Wind Speed: Over most of the
world most of the time, surface winds are relatively gentle.
As Figure 5-9 shows, for instance. annual average wind
speed in North America is generally between 6 and 12 knots.
Cape Dennison in Antarctica holds the dubious distinction
of being the windiest place on Earth, with an annual aver-
age wind speed of 38 knots. The most persistent winds are
usually in coastal areas or high mountains. Locations with
persistent winds are often suitable for facilities that generate

electricity using wind power—see the box. “Energy for the
21st Century: Wind Power.”
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Wind speed is quite variable from one altitude to another
and from time to time, usually increasing with height. Winds
tend to move faster above the friction layer. As we shall see in
subsequent sections, the very strongest tropospheric winds
are usually found at intermediate levels in what are called jet
streams or in violent storms near Earth’s surface.

CYCLONES AND ANTICYCLONES Y’

Distinct and predictable wind-flow pat-
terns develop around all high-pressure
and low-pressure centers—patterns deter-
mined by the pressure gradient, Coriolis
effect, and friction. A total of eight circu-
lation patterns are possible: four in the
Northern Hemisphere and four in the
Southern Hemisphere. Within each hemi-

sphere, two patterns are associated with high-pressure

centers and two patterns associated with low-pressure
centers, as shown in Figure 5-10.

Animation
Cyclones and
Anticyclones

—

High-Pressure Wind Patterns: A high-pressure center

is known as an anticyclone, and the flow of air associated
with it is described as being anticyclonic. The four patterns
of anticyclonic circulation are shown in Figure 5-10:

1. In the upper atmosphere of the Northern Hemisphere,

the winds move clockwise in a geostrophic manner
parallel to the isobars.

2. In the friction layer (lower altitudes) of the Northern
Hemisphere, there is a divergent clockwise flow,

with the air spiraling out away from the center of the
anticyclone.

3. In the upper atmosphere of the Southern Hemisphere,

there is a counterclockwise, geostrophic flow parallel
to the isobars.

4. In the friction layer of the Southern Hemisphere,
the pattern is a mirror image of the Northern

Hemisphere, with air diverging in a counterclockwise
pattern.

Low-Pressure Wind Patterns: | ow-prescure centers
are called cyclones, and the associated wind movement is
said to be cyclonic. As with anticyclones, Northern Hemi-
sphere cyclonic circulations are mirror images of their
Southern Hemisphere counterparts: |

5. In the upper atmosphere of the Northern Hemisphere,
air moves counterclockwise in a geostrophic pattern
parallel to the isobars.

6. In the friction layer of the Northern Hemisphere, a
converging counterclockwise flow exists.

7. In the upper atmosphere of the Southern Hemisphere,
a clockwise, geostrophic flow occurs paralleling the

A Figure 5-9 Average North American wind speeds in February and

Wind sp
SR Sl b

-

eed tends to be higher in winter than in summer due to
erature contrasts and more frequent storms. The Great Plains.

o e el C e L i el isobars.
tend to have the highest speed winds in all seasons; the strong summer Sl PP - s
wini t'inwaiifmrﬁni re:l}t‘from heating in the interior Central Valley 8. In the friction layer of the Southern Hemisphere, the

(such sea breezes are discussed later in this chapter).

winds converge in a clockwise spiral.
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Northern Hemisphere upper-air pattern
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Anticyclonic geostrophic
clockwise flow

Cyclonic geostrophic
counterclockwise flow

Northern Hemisphere friction-layer pattern

Anticyclonic divergent
clockwise flow

Cyclonic 6onvergent
counterclockwise flow

Southern Hemisphere upper-air pattern

-~

( ( y

Cyclonic geostrophic
clockwise flow

Anticyclonic geqstrophic
counterclockwise flow

Southern Hemisphere friction-layer pattern

Cyclonic convergent

icvclonic divergent :
ADUCYCIO 2 clockwise flow

counterclockwise flow

A Figure 5-10 The eight basic patterns of air circulation around pressure cells in the upper atmosphere (above
the friction layer) and in lower atmosphere of the Northern and Southern Hemispheres. Upper-atmosphere winds are
geostrophic, blowing parallel to the isobars, whereas near the surface, wind diverges from highs and converges into lows.

Cyclonic patterns in the lower troposphere may at first
glance appear to be puzzling because the arrows seem to dety
the Coriolis effect: in the Northern Hemisphere, the arrows
seem to “bend” to the left, whereas we know that the Corio-
lis deflection is to the right. Remember, however, that wind
patterns are the balance of several different forces acting in
different directions: as air begins to flow down the pressure
gradient into a low, the Coriolis effect does indeed deflect
wind to the right—and this introduces the counterclockwise
flow in the Northern Hemisphere (see Figure 5-6¢).

Leamning Check 5-4  what is the pattern of wind
circulation associated with a surface cyclone in the
Northern Hemisphere?

Vertical Movement within Cyclones and Anti-

cyclones: A prominent vertical component of air move-

ment is also associated with cyclones and anticyclones. As
Figure 5-11 shows, air descends in anticyclones and rises

-
B2

o
riet

OF THE ATMOSPHERE

Earth’s atmosphere is an extraordinar-

(2) B 0 ="y
’ " )
ALY NAY A
L
S S b

in cyclones. Such motions are particularly notable in the
lower troposphere. The anticyclonic pattern can be vi-
sualized as upper air sinking down into the center of the
high and then diverging near the ground surface. Opposite
conditions prevail in a low-pressure center, with the air
converging horizontally into the cyclone and then rising.
Note that these patterns match our earlier generalizations
about pressure: descending air is associated with high pres-
sure at the surface and that rising air is associated with low
pressure at the surface.

Notice in Figure 5-11 that cyclones and rising air are
associated with clouds, whereas anticyclones and de-
scending air are associated with clear conditions—the
reasons for this will be explained in Chapter 6. Note
also that well-developed cyclones and anticyclones often
“lean” with height, which is to say that they are not ¢
solutely vertical in orientation. ~

Leaming Check 55 pescribe the direction of
vertical air movement within an anticyclone. - )
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Wind Power

Wind has been used as a mechani-
cal power source for thousands
of years. Ships have used sails for at least
6000 years and wind-powered mills have

ENERGY FOR THE 21ST CENTURY

» Stephen Stadler, Oklahoma State University

y Lo

turbines can be cost-competitive even in
areas of moderate winds. Some windy
places have little installed wind power
because there are other, inexpensive

Low-speed shaft

ground grain and pumped water for more sources of energy such as hydropower. Geafbox
than a millennium. Wind has generated Blade | Hu%h-specid shaft
electricity since 1888, but it was in the lat- Wind Turbines: Today’s utility-scale i e?;ir:tr%ruer
ter part of the twentieth century that it turbines are massive machines costing
became a significant power source. millions of dollars per unit. Figure 5-B 1l- ., = :
Rather than being an energy fad, lustrates the major parts of a large turbine. Hub o R
wind is the world’s fastest-growing Turbines are placed on tall towers because - 408
source of electrical power generation wind availability increases dramatically ‘ o Nacelle
because of long-term concerns with with elevation above the surface. A large I e bfor
the supply of fossil fuels and their en- turbine has three blades mounted 50 me- V!.'-ﬂn:d-—-“i o ‘;
vironmental consequences (Figure 5-A). ters (164 feet) or more from the surface. c-i—lr‘eEtF)rJtﬁjb ";
Wind power generates more than 3 per- The blades may be more than 35 me- T > 4« Tower
cent of the world’s electricity, and that ters (115 feet) long and are made from :
amount is expected to increase signifi- light but strong carbon-fiber composites.
cantly in the coming decades. The blades turn 12 to 15 revolutions per Access ,t
hatch 4 Concrete
base

:

Earth’s -

A Figure 5-B Schematic of modern wind turbine
with distance between blade tip and ground not

to scale. (After Michael Larson, Oklahoma State
University Cartography Service.)

no “carbon footprint” because no fuel is
burned. Third, wind power 1S now econom-
ically competitive with fossil fuel costs at
windy sites. Fourth, wind generation holds
much promise for the developing world
where smaller turbines can serve rural
populations not well-connected to re-
gional power transmission grids.

Disadvantages of Wind Power:
Wind power’s biggest drawback is that
wind is not constant, even in the windi-
est areas. If an uninterrupted power sup-
ply is necessary, then wind generation
must be mixed with other power sources.
The windiest places (such as the Great
Plains of the United States and Canada)
are seldom densely populated, so wind-
generated electricity must sometimes be
transported over long distances to popu-
lation centers via expensive transmission
lines. It is possible that the blades are a
hazard to birds or bats, although the tow-
ering heights of modem turbines and the
ready visibility of the large blades has
minimized this problem. Finally, there is
tricity from wind power has some notable  an aesthetic perspective: although the |
advantages. First, “fuel” is the wind and machines appear graceful and useful to '

is always free. Second, wind power has  some, they are noisy and ugly to others.

4 Figure 5-A Wind turbines at the port of Copenhagen, Denmark. The Danes now generate
more than 20 percent of their electricity from wind and are aiming at 50 percent by 2025.

minute (rpm) and power a low-speed
shaft attached to the hub. In a gearbox,
low rpms are converted to high rpms on
a shaft tuming an electrical turbine. Most
turbines in the United States commonly
generate over 1.5 megawatts, enough to
power a couple of thousand homes. Typi-
cally, the electricity from large turbines
goes directly to the power grid—battery
storage is very expensive.

Wind Geography: In wind power
generation, it can be said that geogra-
phy is everything. Physical geography
is directly relevant because windier cli-
mates can help turbines generate more
electricity. The most advantageous tur-
bine placements are on high ground
away from trees and other obstructions.
This increases wind velocity by minimiz-
ing friction with Earth’s surface. Human
geo.graphy also plays a large role in the
siting of turbines. Some windy places are
not exploited because of distance from
. significant populations. Where electrical

power from fossil fuels is expensive, wind
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wind and pressure. This circulation is the principal mech-
anism for both latitudinal and longitudinal heat transter
and is exceeded only by the global pattern of insolation as
a control of world climate patterns.

Idealized Circulation Patterns

Hypothetical Pattern of Nonrotating Earth: If Earth
were a nonrotating sphere with a uniform surface, we could
expect a very simple global atmospheric circulation pattern
(Figure 5-12). The greater amount of solar warming in the
equatorial region would produce a band of low pressure
around the world, and radiational cooling at the poles would
develop a cap of high pressure in those areas. Surface winds
in the Northern Hemisphere would flow directly “down the
pressure gradient” from north to south, whereas those in the
Southern Hemisphere would follow a similar gradient from
south to north. Air would rise at the equator in a large con-
vection cell and flow toward the poles (south to north in the
Northern Hemisphere and north to south in the Southern
Hemisphere), where it would subside into the polar highs.

The Hadley Cells: Earth does rotate, however, and in
addition has an extremely varied surface. Consequently;
the broadscale circulation pattern of the atmosphere is
much more complex than that shown in Figure 5-12. Ap-
parently only the tropical regions have a complete vertical
convective circulation cell. Similar cells have been postu-
lated for the middle and high latitudes, but observations in-
dicate that the midlatitude and high-latitude cells either do
not exist or are weakly and sporadically developed.

The low-latitude cells—one north and one south of the
equator—are gigantic convection systems (Figure 5-13).
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ropical conv ection cells are called

Hadley cells, after George Hadley (168)-—(11768)[ an English
meteorologist who first conceived the idea ol enormous
convective circulation cells in 1735. | |
Around the world in cquatonal latitudes, warm air
rises, producmg a region of relative low pressure at the
surface. This air ascends to great heights, mostly in thun-
derstorm updrafts. By the tume this air reaches the gpper
troposphere at elevations of about 15 kilometers (50,000
feet). it has cooled. The air then spreads. north ar.ld south
and moves poleward, eventually descending at latitudes of
about 30° N and S, where it forms bands of high pressure
at the surface (Figure 5-14). One portion of the air diverg-
ing from these surface high-pressure zones flows toward
the poles, whereas another portion flows back toward the
equator—where the Northern and Southern Hemisphere

components converge and the warm air rises again.

These two pmmlmm |

Learning Check 5-6  pesgcribe the pattern of air
movement within the Hadley cells.
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Polar high

Upper
atmosphere ~
westerlies

Westerlies

Seven Components of the General
Circulation

Although the Hadley cell model is a simplification of real-
ity, it is a useful starting point for understanding the main
components of the general circulation of the atmosphere.
The basic pattern has seven surface components of pres-
sure and wind, intimately linked together. The Northern
Hemisphere and Southern Hemisphere patterns are mirror
images of each other. From the equator to the poles, the

seven components are

Intertropical convergence zone (ITCZ)
. Trade winds

Subtropical highs

. Westerlies

Polar front (Subpolar lows)

Polar easterlies
Polar highs

The pattern general circulation within the troposphere is
essentially a closed system, with neither a beginning nor an
end, and so we could begin describing it almost anywhere.
Rather than start at the equator or the poles, however, it is
helpful to begin our discussion of the general circulation in
the subtropical latitudes of the five major ocean basins—
where the descending air of the Hadley cells becomes the
“source” of the major surface winds of the planet.

N AW -

Subtropical Highs

Each ocean basin has a large semipermanent high-pressure
cell centered at about 30° of latitude called a subtropical
high (STH) (Figure 5-15). These gigantic anticyclones,
with an average diameter of perhaps 3200 kilometers (2000

| _
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i s S Subtroplcal '
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trade win¢ W
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< Figure 5-14 |dealized global circulation.
Rising air of the ITCZ in the Hadley cell is
deflected aloft and forms westerly antitrade
winds, while surface winds diverging from the
STH form easterly trade winds and the westerlies.
The upper atmosphere flow of the westerlies is
shown with faint blue arrows. (Vertical dimension
exaggerated considerably.)

miles), develop from the descending air of the Hadley cells.
They are usually elongated east—west and tend to be centered
in the eastern portions of an ocean basin (in other words,
just off the west coasts of continents). Their latitudinal posi-
tions vary from time to time, shifting a few degrees poleward
in summer and a few degrees equatorward in winter.

The STHs are so persistent that some have been given a
proper name, such as the Azores High in the North Atlantic
and the Hawaiian High in the North Pacific (Figure 5-16).
From a global standpoint, the STHs represent intensified
cells of high pressure (and subsiding air) in two general
ridges of high pressure that extend around the world in
these latitudes, one in each hemisphere. The high-pressure
ridges are significantly broken up over the continents, es-
pecially in summer when inland temperatures produce
lower air pressure, but the STHs normally persist over the
ocean basins throughout the year because temperatures
and pressures there remain nearly constant.

Associated with these high-pressure cells is a general
subsidence of air from higher altitudes in the form of a
broadscale, gentle downdraft. A permanent feature of the
STHs is a subsidence temperature inversion that covers
wide areas in the subtropics.

Weather of the Subtropical Highs: Within an STH. the
weather is nearly always clear, warm, and calm. We shall see in
the next chapter that subsiding air is not conducive to the de-
velopment of clouds or the production of rain. Instead, these
areas are characterized by warm, subtropical sunshine. Thus,
It comes as no surprise that these anticyclonic, subsiding-air
regions coincide with many of the worlds major deserts.
Subtropical highs are also characterized by an absence
of wind: in the center of an STH air is primarily subsiding;
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6°N " Westerlies The trade winds are predominantly “easterly” winds—
that is, they generally blow from east to west. In meteorol-
ogy winds are named for the direction from which they blow:
an easterly wind blows from east to west, a westerly wind
blows from the west, and so forth.
| S0°N In the Northern Hemisphere, the trade winds usu-
ally blow from the northeast (and are sometimes called
' the northeast trades); south of the equator, they are from
the southeast (the southeast trades). There are exceptions
Northeast to this general pattern, especially over the Indian Ocean,

trades : : :
Equator e opice where westerly winds sometimes prevail, but for the most
ical convergence z | |
§ . e part the flow is easterly over the tropical oceans.

Southeast Consistency of Trade Winds: The trade winds are by

Hoces far the most “reliable” of all winds. They are extremely con-
sistent in both direction and speed, as Figure 5-18 shows.
They blow most of the time in the same direction at the same
speed, day and night, summer and winter (Figure 5-19).
This steadiness is reflected in their name: trade winds re-
ally means “winds of commerce.” Mariners of the sixteenth
century recognized early that the quickest and most reliable
route for their sailing vessels from Europe to the Americas
lay in the belt of northeasterly winds of the southern part of
the North Atlantic Ocean. Similarly, the trade winds were

30°S

60°S Westerlies

4 Figure 5-17 The air that descends and diverges out of the subtropical

highs is the source of the surface trade winds and westerlies. This map used by Spanish galleons in the Pacific Ocean, and the name
shows the generalized location of the intertropical convergence zone, trade became applied generally to these tropical easterly winds.
winds, subtropical highs, and westerlies in hypothetical Northern and The trades originate as warming drying winds ca-
Southern Hemisphere ocean basins. : ) :

pable of holding an enormous amount of moisture. As

they blow across the tropical oceans, they evaporate
vast quantities of moisture and therefore have a tremen-

dous potential for storminess and precipitation. They do
and counterclockwise in the Southern Hemisphere. In pECelp y

essence, the STHs can be thought of as gigantic “wind
wheels” whirling in the lower troposphere, fed with air
sinking down from above and spinning off winds horizon-
tally in all directions (Figure 5-17). The winds are not dis-
persed uniformly around an STH, however; instead, they
are concentrated on the northern and southern sides.
Although the global flow of air is essentially a closed
circulation from a viewpoint at Earth’s surface, the STHs

can be thought of as the source of two of the world’s f
three major surface wind systems: the trade winds and the 1 70%-90%
westerlies.

Learning Check 5-7  pescribe the general
locations and the kind of weather associated with
the subtropical highs.

Trade Winds

hlghs is the major Wmd system of the troplcs—the trade

winds. These winds cover most of Earth between about lat-

1tude, 25° N and latitude 25° S (see Figure 5-17). They are
rticulz ‘ly pmmin?é?nl, over oceans-.bnt -tend- to b.e signifi-

A Figure 5-18 The trade winds are the most consistent of the major wind

stnes f_.‘ @f Earth in troplcal latltudes and because 2’::&1'13 ofTﬂisﬁ L :t;m t{wneitzfréquencyag mnsls:::;yn‘tmmemwseason
B = . nuary and July. In the orange areas, for instance, the wind '
anse is oceanic, the trade winds dominate iy the jngicated direction more than 90 percent of the time. Nma*tﬁ'ﬂmanms?x;:

“,j‘ye,of the glabe than any other wind system. wind reversal in southern Asia during July (discussed later in mismhaptar)
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AUSTRALIA

» Figure 5-19 Tropical coastal areas
often experience the ceaseless movement
of the trade winds. This breezy scene is
at Cairns on the northeastern coast of
Queensland, Australia.

not release the moisture, however, unless forced to do  fact that sailing ships were often becalmed in these
so by being uplifted by a topographic barrier or some  latitudes).

sorthf p:le§sué;disturg)zl nfe (tllu:. 0 c;ns dfmf thi}f i dbe Weather of the ITCZ: The ITCZ is a zone of conver-
L S DR e YILg IS anc sy te kracde- gence and weak horizontal airflow characterized by fee-

wind zone are often desert islands because the moisture- R e : o
. . . . ble and erratic winds. It is a globe-girdling zone of warm
laden winds pass over them without dropping any rain. i : : .
surface conditions, low pressure associated with high

If there is even a slight topographic irregularity, however, rainfall, instability, and rising air in the Hadley cells (see

the air that is forced to rise may release abundant pre- Fivure 5.14). 1t i< not . ( : 1 d
cipitation (Figure 5-20). Some of the wettest places in . & S LA TEEIOT OF CORIUONS s
ing air, however. Almost all the rising air of the trop-

the world are windward slopes in the trade winds, such ireascondsinithe vodrafic i ;
as in Hawai‘i (see Figure 3-21). | updralts that occur in thunderstorms
in the ITCZ, and these updrafts pump an enormous

. ) amount of sensible heat and latent heat of condensation
Intertropical Convergence Zone (ITCZ) into the upper troposphere, where much of it spreads

The northeast and southeast trades come together in the  poleward.

general vicinity of the equator, although the latitudinal The ITCZ often appears as a well-defined relatively
position shifts seasonally northward and 'southward fol-  narrow cloud band over the oceans near t};e equator
lowing the Sun. This shift is greater over land than over  (Figure 5-21). Over continents however, it is lilc{lel to
sea because the land warms more. The zone where the  be more diffused and indistinct ,althou h,th de t‘y
air from the Northern Hemisphere and Southern Hemi-  activity is common. | LB Uy
sphere meet is usually called the intertropical conver-

gence zone, or simply the ITCZ, but it is also referred Learning Check 5-8

e, _ B
. o

 the doldrums (this last name is attributed to the Describe the general location

and kind of weather associated with the ITCZ. A

The Westerlies :
The fourth component o g Dbl i heie 8
wind system of the midlatitudes, com. |4 Rosshy Was

monly called the westerlies, repre- | l

sented by the arrows that issue from
the poleward sides of the STHs in

| ’ "'. -l:‘ / 1 I ) BTN
Figure 5-17. These winds flow basical ly
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A Figure 5-21 A well-defined band of clouds marks the ITCZ over
equatorial Africa in this infrared satellite Image (darker shades of gray
indicate warmer surface temperatures). This image was taken during the
Northern Hemisphere summer, so the ITCZ has shifted slightly north of the
equator. Note the generally clear skies off the west coasts of northern and
southern Africa, corresponding to the areas of the subtropical highs, and the
cloudiness and storms in the band of westerlies in the midlatitudes.

The surface westerlies are much less constant and per-
sistent than the trades, which is to say that in the mid-
latitudes surface winds do not always flow from the west

but may come from almost any point of the compass. Near
the surface there are interruptions and modifications of the

westerly flow, which can be likened to eddies and coun-
tercurrents in a river. These interruptions are caused by
surface friction, by topographic barriers, and especially by
migratory pressure systems, which produce airflow that is

not westerly.

Learning Check 5-9  what is the relationship
of the subtropical highs to the trade winds and the

westerlies?

Jet Streams: Although the surface westerlies are somewhat
variable, the geostrophic winds aloft, however, blow very
prominently from the west. Moreover, there are two remark-
able “cores” of high-speed winds in each hemisphere called jet
streams: one called the polar front jet stream (or simply the po-
lar jet stream) and the other called the subtropical jet stream, at
high altitudes in the westerlies (Figure 5-22). The belt of the
westerlies can therefore be thought of as a meandering river
of air moving generally from west to east around the world in
the midlatitudes, with the jet streams as its fast-moving cores.

The polar front jet stream, which usually occupies a posi-
tion 9 to 12 kilometers (30,000 to 40,000 feet) high, is not
centered in the band of the westerlies; it is displaced pole-
ward, as Figure 5-22 shows (the name comes from its loca-
tion near the polar front). This jet stream is a feature of the
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Polar front jet stream,
altitude 9-12 kilometers

(30,000-40,000 feet)

Subtropical
jet stream, ~
altitude
15 kilometers
(50,000 feet)

A Figure 5-22 Neither jet stream Is centered in the band of the westerlies.
The polar front jet stream is closer to the poleward boundary, and tne
subtropical jet stream is closer to the equatorward boundary of this wind
system. The two jet streams are not at the same altitude; the subtropical jet

stream is at a higher altitude than the polar front jet stream.

upper troposphere located over the area of greatest horizontal
temperature gradient—that is, cold just poleward and warm

just equatorward.

A jet stream is not always the sharply defined narrow
ribbon of wind, as often portrayed on weather maps; rather
it is a zone of strong winds within the upper troposphere
westerly flow. Jet stream speed is variable. Sixty knots is
generally considered as the minimum speed required for
recognition as a jet stream, but wind speeds five times that
fast have been recorded (Figure 5-23).

Commercial air travel can be significantly influenced by
the high-speed flow of upper tropospheric winds. The cruis-
ing altitude of commercial jetliners is usually 9 to 12 kilo-
meters (30,000 to 40,000 feet)—a typical elevation for the
polar front jet stream. It generally takes longer to fly irom
east to west across North America than it does to fly from
west to east. When one is traveling from the east, a “head-
wind” is likely to impede progress, whereas when traveling
from the west, a “tailwind” may reduce travel time.

Rossby Waves: The polar front jet stream shilts 15 latiiu-
dinal position with some frequency, and this change has con
siderable influence on the path of the westerlies. Although the
basic direction of movement is west to east, frequently sweep-
ing undulations develop in the westerlies and produce a rme-
andering jet stream path that wanders widely north and scuth
(Figure 5-24). These curves are very large and are generally" re-
ferred to as long waves or Rossby waves (alter the Chicago
meteorologist C. G. Rossby, who first explained their nature).
At any given time, there are usually from three to six
Rossby waves in the westerlies of each hemisphere. These
waves can be thought of as separating cold polar air from
warmer tropical air. When the polar front jet stream path
is more directly west—east, there is a zonal flow pattern in



» Figure 5-23 A jel stream sometimes generates a
distinctive cloud pattern that is conspicuous evidence of
its presence, as in this photograph taken over the Red Sea
from the space shuttle. The jet stream was flowing from
left to right (west to east) in this photograph. Equatorward
of the axis of the jet air tends to rise, a condition that can
produce thin clouds, Poleward of the axis, the air is clear

the weather, with cold air poleward of warm air. However,
when the jet stream begins to oscillate and the Rossby
waves develop significant amplitude (which means a
prominent north-south component of movement) there
is a meridional flow: cold air is brought equatorward and
warm air moves poleward, bringing frequent and severe
weather changes to the midlatitudes.

The subtropical jet stream is usually located at high
altitudes—just below the tropopause, as Figure 5-25a
shows—over the poleward margin of the subsiding air of
the STH. It has less influence on surface weather patterns
because there is less temperature contrast in the associated
air streams, Sometimes, however, the polar front jet and the
subtropical jet merge, as shown in Figure 5-25b, to produce a
broad belt of high-speed winds in the upper troposphere—a
condition that can intensify the weather conditions associated
with either zonal or meridional [low of the Rossby waves.

All things considered, no other portion of Earth experi-
ences such short-run variability of weather as the midlatitudes.

» Figure 5-24 Rossby waves as
part of the general flow (particularly
the upper-airfiow) of the westerlies. ()
When there are few waves and their
amplitude (north-south component of
movement) is small, cold air usually
remains poleward of warm air. (b) This
distribution pattern begins to change as.
e Rossby waves grow. (c) When the
viaves have great amplitude. cold air
Jishes equalorward and warm i

What are jet streams and
where they are usually found?

Learning Check 5-10

Polar Highs

Situated over both polar regions are high-pressure cells
called polar highs (see Figure 5-14). The Antarctic high,
which forms over an extensive, high-elevation, very cold
continent, is strong, persistent, and almost a permanent
feature above the Antarctic continent. The Arctic high is

much less pronounced and more transitory, particularly
in winter. It tends to form over northern continental ar-

eas rather than over the Arctic Ocean. Air movement as-
sociated with these cells is typically anticyclonic. Air from
above sinks down into the high and diverges horizon-
tally near the surface, clockwise in the Northern Hemi-
sphere and counterclockwise in the Southern Hemisphere,
forming the third of the world's wind systems, the polar

easterlies.
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Polar Easterlies

The third broad-scale global wind system occupies most of
the area between the polar highs and about 60° of latitude
(Figure 5-26). The winds move generally from east to west

and are called the polar easterlies. They are typically cold
and dry but quite variable.

Polar Front

The final surface component of the general pattern of atmos-
pheric circulation is a zone of low pressure at about 50° to
60° of latitude in both Northern and Southern Hemispheres.
The zone is commonly called the polar front, although it
1s sometimes most clearly visible by the presence of semi-
permanent zones of low pressure called the subpolar lows.
The polar front is a meeting ground and zone of conflict
between the cold winds of the polar easterlies and the rel-
atively warmer westerlies. The subpolar low of the South-
ern Hemisphere is nearly continuous over the uniform
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ocean surface of the cold seas surrounding Antarctica. In
the Northern Hemisphere, however, the low-pressure zone
is discontinuous, being interrupted by the continents. It is
much more prominent in winter than in summer and is best
developed over the northernmost reaches of the Pacific and
Atlantic Oceans, forming the Aleutian Low and the Icelandic
Low, respectively.

The polar front area is characterized by rising air, wide-
spread cloudiness, precipitation, and generally unsettled or
stormy weather conditions (Figure 5-27). Many of the mi-

gratory storms that travel with the westerlies have their ori-
gin in the conflict zone of the polar front.

Vertical Patterns of the General
Circulation

As we have seen, over tropical regions, between the equa-
tor and 20° to 25° of latitude, surface winds generally blow
from the east. In the midlatitudes, the surface winds are

< Figure 5-26 Map showing the
generalized locations of the seven
components of the general circulation
patterns of the atmosphere. (In this map
projection, the areal extent of the high-
latitude components—polar high, polar -
easterlies, polar front—is considerably
exaggerated.) .
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A Figure 5-27 Frequency of gale-force (34 knot) winds over the oceans in
January and July. It is clear from this map that the strongest oceanic winds
are associated with activities along the polar front (subpolar lows).

generally westerly, whereas in the highest latitudes, surface
winds are again easterly. In the upper altitudes of the trop-
osphere, however, the wind patterns are somewhat ditfer-
ent from the surface winds (Figure 5-28).

The most dramatic difference is seen over the trop-
ics. After equatorial air has risen in the ITCZ, the high-
elevation poleward flow of air in the Hadley cell is
deflected by the Coriolis effect (see Figure 5-14). This re-
sults in upper-elevation winds blowing from the southwest

the equator in January (Figure 5-29), while the polar highs

and from the northwest in the
Southern Hemisphere in the antitrade winds. This flow
eventually becomes more westerly and encompasses the

subtropical jet stream. Thus, al the surface within the trop-
ics. winds are generally from the east, whereas high above,

the antitrade winds are blowing from the west.

in the Northern Hemisphere

MODIFICATIONS OF THE GENERAL
CIRCULATION ‘

There are many variations to the pattern discussed on the
preceding pages, and all features of the general circulation
may appear in altered form, much different from the ide-
alized description. Indeed, components sometimes disap-
pear from sizable parts of the atmosphere where they are
expected to exist. Even the tropopause sometimes “disap-
pears” (for example, during a high-latitude winter with
very cold surface temperatures, the atmospheric tempera-
ture may steadily increase with height into the stratosphere;
in such cases the tropopause cannot be identified).
Nevertheless, the generalized pattern of global wind and
pressure systems comprises the seven components described
above. To understand how real-world weather and climate
differ from this general picture, it is necessary to discuss two |
important modifications of the generalized scheme.

Seasonal Variations in Location \FGH )

The seven surface components of the gen-
eral circulation shift latitudinally with the
changing seasons. When sunlight, and
therefore surface warming, is concentrated
in the Northern Hemisphere (Northern
Hemisphere summer), all components are
displaced northward; during the opposite
season (Southern Hemisphere summer),

everything is shifted southward. The dis- o
placement is greatest in the low latitudes and least in the
polar regions. The ITCZ, for example, can be fornd as
much as 25° north of the equator in July and 20° so.ith of

Animation
Seasonal
Pressure and
Precipitation
Patterns

I displacement from szason

“

erience little or no latitudin
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A Figure 5-30 The principal monsoon areas of the world.

Weather is affected by shifts in the general circulation
components only minimally in polar regions, but the ef-
fects can be quite significant in the tropics and midlati-
tudes. For example, as we will see in Chapter 8, regions
ot mediterranean climate found along the west coasts of
continents at about 35° N and S latitude, have warm. rain-
less summers while under the influence of the STH; in
winter, however, the belt of the westerlies shifts equator-
ward, bringing changeable and frequently stormy weather
to these regions (see Figure 5-15). Also, as we will see, the
shift of the ITCZ is closely tied to seasonal rainfall patterns
in large areas within the tropics.

Learning Check 5-11  yyhy does the location of
the ITCZ shift north during the Northern Hemisphere
summer?

Monsoons

By far the most significant deviation from the pattern of
general circulation is the development of monsoons in
certain parts of the world, particularly southern and east-
ern Eurasia (Figure 5-30). The word monsoon is derived
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» Figure 5-31 Flooding caused by
summer monsoon rains in the central
business district of Dhaka, Bangladesh.
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from the Arabic mawsim (meaning “season”) and has come
to mean a seasonal reversal of winds, a general sea-to-land
movement—called onshore flow—in summer and a general
land-to-sea movement—called offshore flow—in winter.
Associated with the monsoon wind pattern is a distinc-
tive seasonal precipitation regime—heavy summer rains
derived from the moist maritime air of the onshore flow
and a pronounced winter dry season when continental air
moving seaward dominates the circulation.

Causes of Monsoons: It would be convenient to explain
monsoon circulation simply on the basis of the unequal warm-
ing of continents and oceans. A strong thermal (warm sur-
face) low-pressure cell generated over a continental landmass
in summer attracts oceanic air onshore; similarly, a prominent
thermal anticyclone in winter over a continent produces an
offshore circulation. It is clear that these thermally induced
pressure differences contribute to monsoon development (see
Figure 5-15), but they are not the whole story.

Monsoon winds essentially represent unusually large
latitudinal migrations of the trade winds associated with the
large seasonal shifts of the ITCZ over southeastern Eurasia.
The Himalayas evidently also play a role—this significant
topographic barrier allows greater winter temperature con-
trasts between South Asia and the interior of the continent
to the north, and this in turn may influence the location and
persistence of the subtropical jet stream in this region.

Significance of Monsoons: It is difficult to overesti-
mate the importance of monsoon circulation to humankind.
More than half of the world’s population inhabits the re-
gions in which climates are largely controlled by monsoons.
Moreover, these are generally regions in which the major-
ity of the populace depends on agriculture for its livelihood.
Their lives are intricately bound up with the reality of mon-
soon rains, that are essential for both food production and
cash crops (Figure 5-31). The failure, or even late arrival.
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of monsoon moisture inevitably causes widespread hunger
and economic disaster. |

Although the causes are complex, the characteristics of
monsoons are well known, and it is possible to describe
the monsoon patterns with some precision. There are two
major monsoon systems (one in South Asia and the other
in East Asia), two minor systems (in Australia and West
Africa), and several other regions where monsoon patterns
develop (especially in Central America and the southwest
United States).

South Asian Monsoon: The most notable environ-
mental event each year in South Asia is the annual burst
of the summer monsoon, illustrated in Figure 5-32a. In
this first of the two major monsoon systems, prominent
onshore winds spiral in from the Indian Ocean, bringing
life-giving rains to the parched subcontinent. In winter,
South Asia is dominated by outblowing dry air diverging
generally from the northeast. This flow is not very differ-
ent from normal northeast trades except for its low mois-

ture content.

East Asian Monsoon: Turning to the second of the two
major monsoon systems, we see that winter is the more
prominent season in the East Asian monsoon system, which
primarily affects China, Korea, and Japan and is illustrated
in Figure 5-32b. A strong outflow of dry continental air,
largely from the northwest, 1s associated with anticyclonic
circulation around the massive thermal high-pressure cell

over western Eurasia called the Siberian High. The onshore
flow of maritime air in summer 1s not as notable as that in
South Asia, but 1t does bring southerly and sout.heasterly
winds, as well as considerable moisture, 10 the region.

Other Monsoon Areas: in one of the two minor sys-
tems. the northern quarter of the Australian continent ex-

periences 2 distinct monsoon circulation, with onshore flow
from the north during the height of the Australian summer
(December through March) and dry, southerly, offshore flow

during most of the rest of the year. This system is illustrated

in Figure 5-33a. - | N
The south-facing coast of West Africa is dominated

within about 650 kilometers (400 miles) of the coast by
the second minor monsoonal circulation. This system is
shown in Figure 5-33b. Moist oceanic air flows onshore
from the south and southwest during summer, and dry,
northerly, continental flow prevails in the opposite season. |.
The so-called “Arizona Monsoon” of the southwestern
United States is actually part of a broader minor monsoon
pattern called the North American Monsoon. These on- |
<hore winds in summer carry moisture from the Gulf of
California and the Gulf of Mexico into New Mexico, Ari-
zona, and northwestern Mexico, bringing bursts of thun-

des BN

derstorm activity. v

|

Learning Check 5-12  yow does wind direction in
South Asia different from summer to winter?




CHAPTER S5 Atmospheric Pressure and Wind 129

- 100cm 100cm 12cm
INDIAN \ \ .. INDIAN 2B\ - TN -1eem
OCEAN \ \\ 1 2 QCEAN \m' ‘
N\ : 3 . 2.5cm
o N\ N 50cm |
?\J ) \‘\ ‘h‘
p
AUSTRALIA e AUSTRALIA
g’&m INDIAN. (il OJ0Nles
40'S OCEAN L
0 500 Kilometers
110°E 130°E 150" E 110" E 130°E 150'E
(a) Summer Winter
30° N
D0 o= 25cm
cm ,/ “’g - 50cm /‘/ / AFRICA
/ f.f‘" > A | 25 '
200cm " (¢ / L e S ST
. /.."/ " i 50cm 50cm -~ — " 50cm ) .
0 50cm /' 100cm | 4 Figure 5-33 The two minor
200cm AFRICA INDIAN ATLANTIC INDIAN — monsoon systems, showing 3-month
OCEAN OCEAN OCEAN - seasonal rainfall isohyets (lines of equal
| rainfall). (a) In Australia, northwesterly
ATLANTIC O, 1000 Miles summer winds bring the wet season to
OCEAN = northern Australia; dry southeasterly flow
0 1000 Kilometers : . : .
h dominates in winter. (b) In West Africa,
30 S :
; “ D \ , : summer winds are from the southwest
=0l Z 20iE W 2k e AEE and winter winds are from the northeast.
(b) Summer Winter

LOCALIZED WIND SYSTEMS

The preceding sections have dealt with only the broadscale
wind systems that make up the global circulation and in-
fluence the climatic pattern of the world. Many kinds of
lesser winds, however, are of considerable significance to
weather and climate at a more localized scale. Such winds
are the result of local pressure gradients that develop in
response to topographic configurations in the immedi-
ate area, sometimes in conjunction with wider circulation
conditions.

FG7
Sea and Land Breezes \

A common local wind system along tropical coastlines
and to a lesser extent during the summer in midlatitude
coastal areas is the cycle of sea breezes during the day
and land breezes at night (Figure 5-34). (As is usual with
winds, the name tells the direction from which the wind
comes: a sea breeze blows from sea to land, and a land
breeze blows from land to sea.) This is essentially a con-
vectional circulation caused by the differential warming of
land and water surfaces. The land warms up rapidly dur-
ing the day, warming the air above by conduction and re-
radiation. This warming causes the air to expand and rise,
creating low pressure that attracts surface breezes from
over the adjacent water body. Because the onshore flow is

relatively cool and moist, it holds down daytime tempera-
tures in the coastal zone and provides moisture for after-
noon showers. Sea breezes are sometimes strong, but they
rarely are influential for more than 15 to 30 kilometers (10
to 20 miles) inland.

The reverse flow at night is normally considerably
weaker than the daytime wind. The land and the air above
it cool more quickly than the adjacent water body, produc-

ing relatively higher pressure over land. Thus. air flows
offshore in a land breeze.

Valley and Mountain Breezes

Another notable daily cycle of airflow is characteristic of
many hill and mountain areas. During the day, conduction
and reradiation from the land surface cause air near the

floor (Figure 5-35). The warmed air rises, creating a low-
pressure area, and then cooler air from the valley floor
tlows upslope from the high-pressure area to the low-
pressure area. This upslope flow is called a valley breeze.
The rising air often causes clouds to form around the peaks,
and alternoon showers are common in the high country
as a result. After dark, the pattern is reversed. The moun-
tain slopes lose warmth rapidly through radiation, which

chills the adjacent air, causing it to slip downslope as a
mountain breeze.
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A Figure 5-34 In a typical sea-land breeze cycle, daytime warming over the land produces
relatively low pressure there, and this low-pressure center attracts an onshore flow of air from the
sea. Later, nighttime cooling over the land causes high pressure there, a condition that creates an

oftshore flow of air.

Valley breezes are particularly prominent in summer,
when solar warming is most intense. Mountain breezes
are often weakly developed in summer and are likely to
be more prominent in winter. Indeed, a frequent win-
ter phenomenon in areas of even gentle slope is cold air
drainage, which is simply the nighttime sliding of cold air
downslope to collect in the lowest spots; this is a modified
form of mountain breeze.

Learning Check 5-13  yow do sea breezes form?

Katabatic Winds ;

Related to simple air drainage is the more general and
powerful spilling of air downslope in the form of kata-
batic winds (from the Greek katabatik, which means

__

I

“descending”). These winds originate in cold upland areas
and cascade toward lower elevations under the influence
of gravity; they are sometimes referred to as gravity-flow
winds. The air in them is dense and cold, and although
warmed adiabatically as it descends, it is usually colder
than the air it displaces in its downslope flow:

Katabatic winds are particularly common in Greenland
and Antarctica, especially where they come whipping off
the edge of the high, cold ice sheets. Sometimes a kata-
batic wind will become channeled through a narrow val-
ley where it may develop high speed and considerable
destructive power. An infamous exam n
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A Figure 5-36 A chinook is a rapid downslope movement of relatively
warm air. It is caused by a pressure gradient on the two faces of a mountain.

Foehn and Chinook Winds

Another downslope wind is called a foehn (pronounced as in
\ fern but with a silent “r”) in the Alps, and a chinook in the
Rocky Mountains. It originates only when a steep pressure
gradient develops with high pressure on the windward side
of a mountain and a low-pressure trough on the leeward side.
Air moves down the pressure gradient, which means from the
windward siderto the leeward side, as shown in Figure 5-36.
The downflowing air on the leeward side is dry and rel-
atively warm: it has lost its moisture through precipitation
on the windward side, and it is warm relative to the air on
the windward side because it contains all the latent heat
of condensation given up by the condensing of the snow
or rain that fell at thg‘peak. As the wind blows down the
leeward slope, it is further warmed adiabatically, and so it
arrives at the base of the range as a warming, drying wind.
[t can produce a remarkable rise of temperature leeward
of the mountains in just a few minutes. It is known along
the Rocky Mountains front as a “snow-eater” because it
not only melts the snow rapidly but also quickly dries the

resulting mud.
FG7

Santa’Ana Winds \

Similar drying winds in California, known as Santa Ana
winds, develop when a cell of high pressure persists over
the interior of the western United States for several days.
The wind diverges clockwise out of the high, bringing dry,
warm northerly or easterly winds to the coast (instead
of the more typical cool, moist air off the ocean from the
westerlies). The Santa Anas are noted for high speed, high
temperature, and extreme dryness. Their presence provides
ideal conditions for wildfires. Virtually every year they make

headlines by fanning large brush fires that destroy dozens of
homes in late summer and fall and occasionally in spring,

EL NINO-SOUTHERN OSCILLATION

Animation

One of the basic tenets of physical geog-
raphy is the interrelatedness of the various
elements of the environment. So far in our
look at weather and climate, we have intro-
duced patterns of temperature, ocedn cir-
culation, wind, and pressure without fully
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exploring important feedback mechanisms that are a part
of such interactions. Nor have we explored the complex-
ity introduced by cyclical variations in oceanic and atmos-
pheric patterns, occurring over periods of years or even
decades.

A prize example of this interrelatedness and complexity
is El Nifio, an episodic atmospheric and oceanic phenome-
non of the equatorial Pacific Ocean, particularly prominent
along the west coast of South America.

Effects of El Nino

During an El Nino event, abnormally warm water appears
at the surface of the ocean off the west coast of South
America, replacing the cold, nutrient-rich water that usu-
ally prevails. Once thought to be a local phenomenon,
we now know that El Nino is associated with changes in
pressure, wind, precipitation, and ocean conditions over
large regions of Earth. During a strong El Nifio event, pro-
ductive Pacific fisheries off South America are disrupted
and heavy rains come to some regions of the world while
drought comes to others.

A slight periodic warming of Pacific coastal waters
has been noticed by South American fishermen for many
generations. It typically occurs around Christmastime—
hence the name El Nifo (Spanish for “the boy” in ref-
erence to the Christ child). Every three to seven years,
however, the warming of the ocean is much greater, and
fishing is likely to be much poorer. Historical records
have documented the effects of El Nifo for several hun-
dred years, with archeological and paleoclimatological
evidence pushing the record back several thousand
years.

It was not until the major 1982-1983 event, how-
ever, that El Nifio received worldwide attention
(Figure 5-37). Over a period of several months, there
were crippling droughts in Australia, India, Indonesia.
the Philippines, Mexico, Central America, and southern
Africa; devastating floods in the western and southeast-
ern United States, Cuba, and northwestern South Amer-
ica; destructive tropical cyclones in parts of the Pacific
(such as in Tahiti and Hawai‘i) where they are normally
rare; and a vast sweep of ocean water as much as 8°C
(14°F) warmer than normal stretched over 13,000 ki-
lometers (8000 miles) of the equatorial Pacific, causing
massive die-offs of fish, seabirds, and coral. Directly at-
tributable to these events were more than 1500 human
deaths, damage estimated at nearly $9 billion, anc vast
ecological changes.

In 1997-1998, another strong El Nifio cycle took place.
This time worldwide property damage exceeded $30 bil-
lion, at least 2100 people died, and tens of thousands of
people were displaced. There were severe blizzards in
the Midwest, devastating tornadoes in the southeastern
United States, and much higher than average rainfall in
California.

So what happens during El Nifio that correlates with
such widespread changes in the weather?
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» Figure 5-37 The ocean and
atmospheric conditions associated with
a major El Nifio event, here generalized
after the 1982-1983 event. Abnormally ——
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Normal Pattern

To understand El Nifio, we begin with a description of the
normal conditions in the Pacific Ocean basin (Figure 5-38a).
As we saw in Chapter 4, usually the waters off the west coast
of South America are cool. The wind and pressure patterns

high (STH) associated with the subsiding air of the Hadley
cell circulation (see Figure 5-17). |

Cool Water off West Coast: As the trade winds di-
verge from the STH, they flow from east to west across the
Pacific—this tropical airflow drags surface ocean water

in this region are dominated by the persistent subtropical ~ westward across the Pacific basin in the warm Equatoria
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Current (introduced in Chapter 4: see Figure 4-26). As

surtace water pulls away from the coast of South America,

an upwelling of cold, nutrient-rich ocean water rises
into the already cool Peru current

ol cool water and high pressure result in relatively dry

conditions along much of the west coast of South
America.

This combination

In contrast to the cold w

ater and high pressure near
South America,

In 2 normal year on the other side of the
Pacitic Ocean near Indonesia things are quite diffe

The trade winds and the Equatorial Curre
water, raising sea level in the
as 00 centimeters (about 2 fe

rent.
nt pile up warm
Indonesian region as much

et) higher than near South
America, turning the tropical western Pacific into an im-

mense storehouse of energy and moisture.

The Walker Circulation:
low pressure prevail
nesia; local convectiv

Warm water and persistent
around northern Australia and Indo-

e thunderstorms develop in the inter-
tropical convergence zone (ITCZ). producing high annual
rainfall in this region of the world. After this air rises in
the ITCZ, it begins to flow poleward but is deflected by
the Coriolis effect into the upper-atmosphere westerly
antitrade winds; some of this airflow aloft eventually sub-
sides into the STH on the other side of the Pacitic (see
Figure 5-14). This general circuit of airflow is called the
Walker Circulation, after the British meteorologist Gilbert
Walker (1868-1958) who first described these circums-
stances. (Although Figure 5-38a shows the Walker Circu.-
lation as a closed convection cell, recent studies suggest
that this is probably too simplistic—although the upper

atmosphere is generally flowing from west to east. a closed
“loop” of airflow probably does not exist.)

El Nino Pattern

Every few years, the normal pressure pat-
terns in the Pacific change (Figure 5-38b).
High pressure develops over northern

Australia and low pressure develops to
the east near Tahiti. This “seesaw” of pres-

sure is known as the Southern Oscillation.
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It was first recognized by Gilbert Walker in the first decade
of the twentieth century

Walker had become director of the Meteorological
Service in colonial India in 1903, where a search was un-
derway for a method to predict the monsoon—when the
life-giving South Asian monsoon failed to develop, drought
and famine ravaged India. In the global meteorological re-
cords, Walker thought that he saw a pattern: in most years
pressure is low over northern Australia (specifically, Dar-
win, Australia) and high over Tahiti, and in these years,
the monsoon usually comes as expected.

However, in some years pressure is high in Darwin
and low in Tahiti, and in these years the monsoon would
often—but not always—fail. As it turned out, Walker’s
observed correlation between the monsoons in India and
the Southern Oscillation of pressure was not reliable
enough to predict the monsoons. However, by the 1960s
meteorologists recognized a connection between Walker's
Southern Oscillation and the occurrence of strong El Nifio
warming near South America. This overall coupled ocean-

atmosphere pattern is now known as the El Nifio-Southern
Oscillation or simply ENSO.

Learmming Check 5-14 How do the trade winds

differ during an El Nifio event compared with the
normal pattern?

Onset of El Nino Event: Although no two ENSO events
are exactly alike, we can describe a typical El Nino cycle.
For many months before the onset of an El Nino, the trade
winds pile up warm water in the western Pacific near In-
donesia. A bulge of warm equatorial water perhaps 25
centimeters (10 inches) high then begins to move to the
east across the Pacific toward South America. Such slowly
moving bulges of warm water are known as Kelvin waves.
A Kelvin wave might take two or three months to arrive
off the coast of South America (Figure 5-39). The bulge of

warm water in a Kelvin wave spreads out little as it moves

across the ocean since the Coriolis effect effectiv
nels the eastward-mov

both hemispheres.

ely fun-
Ing water toward the equator in

< Figure 5-39 Progress of a Kelvin
wave during the 1997-1998 Fl Nifio.
These satellite images from the Californiz
Institute of Technology, Jet Propulsion
Laboratory, show the bulge of warm
water in a Kelvin wave slowly moving
across the equatorial Pacific Ocean
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Armmval of El Nino Conditions: When the Kelvin wave ar-
rives at South America, sea level rises as the warm water pools.
The usual high pressure in the subtropics has weakened: up-
welling no longer brings cold water to the surface, so ocean
temperature increases still further—an El Nino is under way.
By this time, the trade winds have weakened or even reversed
directions and started to flow from the west—blowing moist
air into the deserts of coastal Peru. The thermocline boundary
between near-surface and cold deep ocean waters lowers. Pres-
sure increases over Indonesia and the most active portion of
the ITCZ in the Pacific shifts from the now-cooler western Pa-
cific, toward the now-warmer central and eastern Pacific basin.
Drought strikes northern Australia and Indonesia; the South
Asian monsoon may fail or develop weakly. The subtropical jet
stream over the eastern Pacific shifts its path, guiding winter
storms into the southwestern United States—California and
Arizona experience more powerful winter storms than usual,
resulting in high precipitation and flooding.

La Nina

Adding to the complexity is a more recently
recognized component of the ENSO cycle,
La Nina. In some ways, La Nifna is simply
the opposite of El Nino: the waters off
South America become unusually cool
(Figure 5-40); the trade winds are stronger
than usual; the waters off Indonesia are
unusually warm; the southwestern United States is drier
than usual while Southeast Asia and northern Australia
are wetter.

Because El Nifio and La Nina conditions are generally
identified by sea-surface temperature trends, sometimes EI
Nino is referred to as the “warm” phase of ENSO while La
Nifia is referred to as the “cold” phase.

Video
L2 Nina

Causes of ENSO

So which comes first with the onset of an El Nifio event—
the change in ocean temperature or the change in pressure
and wind? The “trigger” of an ENSO event is not clear

La Nina
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":hei(ml ns for this are not yet clear. A much weaker EI Nifo
took place in 2002-2003, and a mild El Nifio el
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Not only are the causes of ENSO elusive, even the effects

are not completely predictable. qu gxgmple, while a strong
El Nino generally brings high precipitation tc? .the southw(.as[.
ern United States, a mild or moderate El Nino could bn.ng
either drought or floods. Further, allh(?ugh v.ve can geflerall.ze
that during a strong El Nino high rainfall is more likely in

California than in La Nina years, very wet Winters can occur
in any year no matter what ENSO is doing. In other words,

Fl Nifio might “open the storm door” every few years, but
there is no guarantee that the storms will actually come.

Teleconnections

As more has been learned about ENSO over the last few
decades. its connections with oceanic and atmospheric
conditions inside and outside the Pacific basin are increas-
ingly being recognized (Figure 5-41). Drought in Brazil;
cold winters in the southeastern United States; high tem-
peratures in the Sahel; a weak monsoon in India; tornadoes
in Florida: fewer hurricanes in the North Atlantic—all
seem to correlate quite well with a strong El Nifio event. .
Such coupling of weather and oceanic events in one part
of the world with those in another are termed teleconnec-
tions. Adding to the complexity of these teleconnections
is growing evidence that long-term ENSO patterns may be
influenced by other ocean-atmosphere cycles, such as the

Pacific Decadal Oscillation (discussed below). B
Over the last century, El Nifio events have occurred
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fter the powerful El Nifio of 1982~
1983 caught large populations
unprepared, a concerted multinational
effort was undertaken to understand
El Nino and its teleconnections. Part
of this effort included anchoring some
70 instrument buoys in the tropi-
cal Pacific Ocean. Beginning in 1985,
the initial installations were part of
the Tropical Atmosphere Ocean Array
(TOA) administered by the National
Oceanic and Atmospheric Administra-
tion (NOAA), but the array was soon
expanded to include the Triangle Trans
Ocean Buoy Network (TRITON) main-
tained by Japan. The combined TAO/
TRITON array monitors ocean and
atmospheric conditions—especially
sea-surface temperature and wind
direction—across the tropical Pacific
Ocean (Figure 5-C).

By 1994, sufficient data had been
gathered to develop computer models
to predict the onset of an El Nino event
several months in advance. These ef-
forts were rewarded in 1997: by that
spring, the TAO/TRITON buoys were
recording a surge of warm water mov-
ing to the east across the equatorial
Pacific (Figure 5-D). Months in advance
of its arrival, the onset of the strong
1997-1998 El Nifio was announced by

TAO Monthly Mean SST (°C) and Winds (m s™)
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PEOPLE AND THE ENVIRONMENT .

Forecasting El Nifio

NOAA's Climate Prediction Center, and
preparations were made for the series of
powerful storms that eventually struck
southwestern North America that win-
ter. Because of this early success, the
TAO/TRITON network was expanded
to include the Research Moored Array
for African-Asian-Australian Monsoon
Analysis (RAMA) in the Indian Ocean,
and the Prediction and Research Moored
Array in the Atlantic (PIRATA), forming a
complete Global Tropical Moored Buoy
Array (see Figure 5-C).

Changing El Nino Patterns: Using
data gathered by the TAO/TRITON array,
by the late 1990s scientists were noticing
a different kind of El Nino pattern than

—_—

in previous decades; during some El Nino
events, the warmest water is found in
the central Pacific Ocean rather than the
usual location in the eastern Pacific. For
example, the 2009-2010 El Nino was very
warm in the central Pacific, but only mod-
estly so in the eastern Pacific (Figure 5-E).
One hypothesis explaining this change
is that climate change may be shifting
the region of warmest water during an El
Nino. If this is the case, forecasting the ef-
fects of El Nino may become more difficult
until this new pattern is understood. The
data supplied by the TAO/TRITON array
will be indispensable in this quest to fully
understand El Nino, as well as to under-
stand the atmospheric and oceanic condi-

tions in the tropical Pacific in general.

Global Tropical Moored Buoy Array
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A Figure 5-C The TAO/TRITON Array of instrument buoys in the tropical Pacific Ocean

is part of a Global Tropical Moored Buoy Array.
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E! Nino Conditions

4 Figure 5-D El Nifio conditions in the tropical Pacific Ocean in December
1997; sea-surface temperature and wind measured by the TAO/TRITON
Array. Orange areas represent warmer surface water temperatures.
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A Figure 5-E Sea-surface temperature anomaly at the peak
of the 2009-2010 EI Nifio. The greatest warming was in the
central Pacific Ocean rather than the eastern Pacific.
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Chapter D

llowing questions. Key terms
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glossary at the back of the book

KEY TERMS AND CONCEPTS
The Nature of Atmospheric Pressure (p. 710)

L. What generally happens to atmospheric pressure
with increasing altitude?

2. Explain how atmospheric pressure is related to air

density and air temperature.

3. What causes a thermal high near the surface?
A thermal low?

4. What causes a dynamic high near the surface?
A dynamic low?

5. Define the following terms: barometer, millibar.
isobar.

6. When referring to air pressure, what is a high, a low.
a ridge, and a trough?

7. What is meant by a pressure gradient?

The Nature of Wind (p. 772)

8. What three factors influence the direction of
wind flow?

9. How and why are friction layer (surface) winds
different from upper-atmosphere geostrophic winds?

10. Describe the relationship between the “steepness” of

a pressure gradient and the speed of the wind along
that pressure gradient. Describe the general wind
speed associated with a gentle (gradual) pressure
gradient and a steep (abrupt) pressure gradient.

Cyclones and Anticyclones (p. 775)

11. Describe and explain the pattern of wind flow in the
Northern Hemisphere around:

e asurface high

* asurface low

e an upper atmosphere high
* an upper atmosphere low

(You should be able to sketch in wind direction on isobar
maps of highs and lows near the surface and in the
upper atmosphere for both the Northern and Southern
Hemispheres.)

12. What is the reason for the difference in wind flow
patterns in the Northern Hemisphere and the

~ Southern Hemisphere?

13. What is a cyclone? An anticyclone?

14. Describe the pattern of vertical air movement within a

The General Circulation of the Atmosphere

(p. 116)

15 What are the Hadley cells. and what generally causes
them?

16. Describe the gener
the following atmos

al location and characteristics of
pheric circulation components:

« intertropical convergence zone (ITCZ)

e trade winds
o subtropical highs

o westerlies

(You should be able to sketch in the location of these
four components on a blank map of an ocean basin.)
17 Discuss the characteristic weather associated with the

ITCZ and the characteristic weather associated with

subtropical highs.
18. What are meant by the horse latitudes and the

doldrums?

19. Describe the general location and characteristics of
the jet streams of the westerlies.

20. What are Rossby waves?

21. Briefly describe the location and general characteris-
tics of the high-latitude components of the general
circulation patterns of the atmosphere:

* polar front (subpolar lows)
* polar easterlies

* polar highs

22. Differentiate between trade winds and antitrade
winds.

Modifications of the General Circulation (p. 126)

23, D.escribg and explain the seasonal shifts of the general
circulation patterns: especially note the significance
of the seasonal shifts of the ITCZ and the subtropical
highs. ‘

24. Describe and explain the South Asian monsoon.

Localized Wind Systems (p. 129)

;g ’Explain the origin of sea breezes and land bree: s.
- In what ways are sea breezes and land breezes similar
to valley breezes and mountain breezes? o

V2 ka and where are such winds
commonly found? nd where are suchwindls.'
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28. In what ways are Santa Ana winds similar to foehn 32. Contrast the oceanic and atmospheric conditions
and chinook winds? during an El Nino event with those of a La Nina
event.
El Nino—-Southern Oscillation (p. 137) 33. What is meant by teleconnections?
29. What is the Walker Circulation? I _
30. Why is El Nino commonly referred to as El Nifio- Other Multiyear Atmospheric and Oceanic CVC'BS
Southern Oscillation (ENSQ)? (p. 136)

31. Contrast the oceanic and atmospheric conditions in

the tropical Pacific Ocean basin during an El Nino
event with those of a normal pattern.

34. What are the conditions and weather effects of the

“warm” phase and the “cool” phase of the Pacific
Decadal Oscillation?



