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Preface

elcome to an exciting journey to learn more

about one of the most widely discussed

sciences today. It would be rare to browse
newsfeeds in any form for more than a few minutes
without a story that pertains in some way to climate.
Congratulations on taking the responsibility for being
a well-informed citizen on some of the most important
environmental issues of our time.

We remain indebted to our family, friends, col-
leagues, and especially our students who have provided
constructive comments to prepare us for undertaking
this Fourth Edition. We collected those comments and
made substantial content-related changes to this edi-
tion in nearly every chapter. Some changes involved
merely updating data on graphs and maps, whereas
others amounted to a complete revision or addition
of a chapter section. Some additions reflect the emer-
gence of new prevailing thought as it relates to issues
already discussed in previous editions, such as the 2016
survey of global warming opinions among professional
atmospheric scientists (Chapter 12). Other additions,
such as the notion of climate vulnerability, broaden the
scope of the book in parallel to the broadening scope
of climatology. We remain invigorated by the rapid
developments in our chosen field, but at the same time
we feel frustrated that these developments mean that
Climatology is never quite complete!

The comments we heard motivated us to retain the
format and level of the Third Edition. This text continues to
serve the upper-level undergraduate or introductory-level
graduate student. We are aware that users come from

a wide array of topical backgrounds. For students
lacking a background in basic atmospheric science, the
fundamentals are covered in Chapters 1 (“Introduction
to Climatology”), 2 (“Atmospheric Structure and Com-
position”), 3 (“Controls on the Climate System”), and 4
(“Atmospheric Interactions with the Other ‘Spheres™).
More experienced readers will be challenged by the
“Questions for Thought” at the end of each chapter and
by the level of detail of some topics, particularly those in
the later chapters. Clarity of explanations, breadth and
depth of content, flexibility in instructor-determined
chapter assignments, suitability for wide audiences,
and timeliness of topical coverage continue to be the
principles upon which this book is based.

Although all chapters can be covered in a 3-hour-
per-week, semester-length course, some chapters (par-
ticularly Chapters 5, 13, and 14) remain self-contained;
skipping them would result in little loss of the book’s
main message. However, these chapters, which cover
the basics of boundary layer climatology, climate mod-
eling, and applied climatology, respectively, also form
the building blocks for a deeper level of understanding
that is expected in more specialized advanced courses
and in graduate-level research.

We believe that an improved understanding of the
climate system should contribute to a student’s devel-
opment toward improvements in three core outcomes
in their education: (1) critical-thinking ability, (2) com-
munication skills, and (3) sense of social responsibility.
We hope that the Fourth Edition remains true to these
goals to an even greater extent than the previous editions.

ix



The Student Experience

Beginning a new course in climatology can be a daunting experience for many students. Climatology, Fourth Edition,
therefore, incorporates several pedagogical elements to help with comprehension and retention while also generating
enthusiasm about the topic. The pedagogical aids that appear in every chapter include the following:

Chapter at a Glance provides instructors and students
with a snapshot of the key concepts they will encounter
in each chapter and serves as a checklist to help guide

and focus study.

CHAPTER AT A GLANCE

Properties of the Troposphere
Near-Surface Troposphere
Energy in the Climate System
Sun as Energy Source

Baghdad, Iraq
Lat 33.33°N — Long 44.42°W.
Elev. 34m

Temperature (°C)

200

mm

100

Mean precipitation (cm)

Temperature (°C)

Lubbock, TX
Lat 33.67°N — Long 101.82°W
Elev. 992m

T
@
3

- 40

30

20

T
3

°

Mean precipitation (cm)

Measuring Radiant Energy

Radiation Balance

Turbulent Fluxes

Substrate Heat Flux

Energy Balance

Local Flux of Matter: Moisture in the Local Atmosphere

»  Atmospheric Moisture

» Moisture in the Surface Boundary Layer

» Measuring Evapotranspiration

Atmospheric Statics, the Hydrostatic Equation, and Stability
»  Statics and the Hydrostatic Equation

»  Atmospheric Stability

»  Assessing Stability in the Local Atmosphere

Momentum Flux

Putting It All Together: Thermal and Mechanical Turbulence and the Richardson Number
Summary

Key Terms

Review Questions

Questions for Thought

Deficit —P
Soil moisture withdrawal - ET
Soil moisture recharge --PE
W Surplus
(b) P

FIGURE9.14 (a) Climograph for Baghdad, Iraq (BSh
climate). Average annual temperature is 22.3°C (72.2°F)
and average annual precipitation is 15.7 cm (6.2 in)

(b) Water balance diagram for Baghdad, Iraq

Jementedby K Matsur,C Vil

(b)

Deficit —p
Soil moisture withdrawal -+ ET
Soil moisture recharge - - PE

= Surplus

FIGURE 9.15 (a) Climograph for Lubbock, Texas (BSk
climate). Average annual temperature is 15.4°C (59.7°F)
and average annual precipitation is 47.5 cm (18.7 in).
(b) Water balance diagram for Lubbock, Texas.

Ve K W, Wl o

—The completely revised art program, in full color for
the first time, offers enhanced clarity and gradation of all
maps, climographs, and images to better illustrate and
help students fully understand the diversity of climate
within varying climate types.



Key Terms listed at the end of each chapter and bolded

throughout aid in students’ review of the material. For
further help with learning the vocabulary, students
are encouraged to use the Glossary at the end of the
book, as well as the interactive glossary, animated
flashcards, and crossword puzzles on the Navigate

Key Terms

Absolute zero
Adret slope
Advection
Aerosol
Antarctic Circle
Anticyclone
Aphelion
Arctic Circle
Attenuation
Autumnal equinox
Axial tilt

Companion Website.

Review Questions

1. Explain how Earth and its atmosphere formed.

2. Howis today’s atmosphere similar to and different
from early Earth’s atmosphere?

3. Describe how oxygen came to comprise almost
21% of the atmosphere today.

4. Given that solar output has increased over the past
4.6 billion years, how have Earth’s temperatures
remained fairly constant over that same time?

Questions for Thought take
learning a step further, asking stu-
dents to think critically and apply
theory to reality. These questions
can be used for independent study,
in homework assignments, or to
stimulate class discussion.

% N !

Backing

Beam spreading
Centrifugal acceleration (CA)
Circle of illumination
Continentality
Convection

Coriolis effect (CE)
Cyclone

December solstice
Downdraft

Ekman spiral
Equation of state
Evaporation

Flux

Free atmosphere
Friction

Geostrophic balance
Geostrophic wind
Gulf Stream

Heat index
Hydrostatic equilibrium

The Student Experience

Ideal gas law

Inertia

Inertial period

Insolation

Isobar

Isotherm

Joule

June solstice

Kelvin temperature scale

Kinetic energy

Lake effect snow

Latent energy

Latitude

Leeward

Longitude

March equinox

Maritime effect

Midlatitude (frontal) wave
cyclone

Millibar (mb)

Momentum

National Weather Service

Navier-Stokes equations
of motion

Newton (N)

Newton'’s laws of motion

North Atlantic Drift

Orographic effect

Parallelism

Pascal (Pa)

Path length

Perihelion

Terms in italics have appeared in at least one previous chapter.

Plane of the ecliptic
Pressure

Pressure gradient force (PGF)
Prime meridian

Radiant energy
Refraction

Revolution

Rotation

Second law of thermodynamics
Sensible energy
September equinox

Solar declination

Solar noon

Specific heat

Summer solstice
Thermohaline circulation
Time zone

Tropic of Cancer

Tropic of Capricorn
Tropical cyclone
Troposphere

Ubac slope

Updraft

Upwelling

Urban heat island
Veering

Vernal equinox

Wind

Windward

Winter solstice

Xi

o——— Review Questions ensure that

What is residence time and why is it important?
What is the carbon cycle and how does it operate?
Describe the thermal structure of the atmosphere.
What causes the thermal characteristics associ-
ated with each thermal layer of the atmosphere?
Compare and contrast the heterosphere and the
homosphere.

Why is there no defined top to the atmosphere?

—* Questions for Thought

1.

After studying the chapters discussing climates
around the world, discuss the climatic accuracies
and inaccuracies portrayed in three popular mov-
ies. Would the plot of the movie have changed if
the climates had been portrayed more accurately?
Assume that a 7000-m (23,000-ft) mountain
suddenly appears at your current location. Using

Additional Online Resources are available for
students and instructors, including practice quizzes, an
interactive glossary, answers to even-numbered review

questions, and flashcards.

students have assimilated the most
important concepts of the chapter.
These questions challenge students to
describe, discuss, explain, compare,
and contrast the material they just
read. Answers to the even-numbered
review questions can be found on
the Navigate Companion Website.

the normal environmental lapse rate, calculate the
vertical average temperature from your current
elevation to the mountain peak. Based on that
temperature, calculate which climatic zones
would appear on the mountain, and where they
would be located both vertically and horizontally
(assuming shading influences, etc.).



Teaching Tools

A variety of Teaching Tools are available for qualified instructors to assist with preparing for and teaching their
courses. These resources are accessible via digital download and multiple other formats.

The Image Bank in PowerPoint format contains all
of the illustrations, photographs, and tables (for which
Jones & Bartlett Learning holds the copyright or has
permission to reproduce electronically). These images
are not for sale or distribution but may be used to en-
hance your existing slides, tests, and quizzes or other

classroom material.
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Figure 10.10. a) Climograph for Hilo, Hawaii (Af Figure 10.10. b) Water balance diagram for Hilo,
climate). Average annual temperature is 23.3° C Hawaii.

(73.9° F) and average annual preci| is
320.7 em (128.3 in).

. o 101 ghearentind by K. Matsuusa, C. Willvot, arsd 0.
Lagaten st the inisenity of Delwecaes, 20011

Wilmen and D o . 2003 Joras, g LLC

Gy
o
©

=

Gilobal surface warning

[ER I

e o o

o

Ep—

=
e
E——
e p——

=10 @ &
| mxdzdx
1900 2000 2100
Yoar
—_—p2
=—AlIB
—_—
Yaar 2000 Constant
‘Concentrations
—— 20th century

Figure 12.2. Global temperature curve, historical and projected.
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The comprehensive and time-saving Test Bank has
been updated and expanded to include more than 1,000
exam questions.

Xii

Water Balance Diagrams

£ Show actual and
mean conditions

£ The PE curve always
mimics temperature
curve

£ Soil moisture
recharge is the
difference between P
and PE when P>PE

{* Surplus is when
P>PE and soil
moisture is at
capacity

" 1812553788344

Deficit —_p

Soll motsture withdrawal -« ET

Soll moisture withdrawal - - PE
= Soll meisture withdrawal

Figure 6.17. Mean water baiance diagram for

Dallas, Texas. modied wih pemission using Wets/ WM version 1.01
. Wilmatt and 0.

Colrwane i 2003

e e——

Climatological Data Sources:
Secondary Data Sources for Applied Synoptic and
Dynamic Climatological Studies (continued)

= NOAA produces several
publications including:
« Hourly Precipitation
Data (HPD)
+ Daily Synoptic Series
= The World
Meteorological
Organization (WMO) also
publishes data

TABLE14.5 Information Contained in Hourly

FPrecipitation Data

Daly FPrecipitation by station, induding
precipitation the type of gauge used

totals by station

Hourly Precipitation totals at each hour,
precipitation ending on the hour

tatals by station

Monthly Maximum for measurement
precipitation periods of 15, 30, and 45 minutes
maxima by and 1,2,3,6,12 and 24 hours,
station with the date and time of
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limatology may be described as the scientific

study of the behavior of the atmosphere—

the thin gaseous layer surrounding Earth’s
surface—integrated over time. Although this definition
is certainly acceptable, it fails to capture fully the scope
of climatology. Climatology is a holistic science that
incorporates data, ideas, and theories from all parts of
the Earth—ocean—atmosphere system, including those
influenced by humans, into an integrated whole to
explain atmospheric properties.

The Earth-ocean-atmosphere system may be di-
vided into a number of zones, with each traditionally
studied by a separate scientific discipline. The part
of the solid Earth nearest to the surface (to a depth
of perhaps 100 km) is called the lithosphere and is
studied by geologists, geophysicists, geomorphologists,
soil scientists, vulcanologists, and other practitioners
of the environmental and agricultural sciences. The

© Shaiith/Shutterstock.

part of the system that is covered by liquid water is
termed the hydrosphere; it is considered by those in
the fields of oceanography, hydrology, and limnology
(the study of lakes). The region comprising frozen
water in all its forms (glaciers, sea ice, surface and
subsurface ice, and snow) is known as the cryosphere
and is studied by those specializing in glaciology, as
well as specialized physical geographers, geologists,
and oceanographers. The biosphere, which crosscuts
the lithosphere, hydrosphere, cryosphere, and atmo-
sphere, includes the zone containing all life forms
on the planet, including humans. The biosphere is
examined by specialists in the wide array of life sci-
ences, along with physical geographers, geologists,
and other environmental scientists.

The atmosphere is the component of the sys-
tem studied by climatologists and meteorologists.
Holistic interactions between the atmosphere and
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TABLE 1.1 Examples of Interactions Between the Atmosphere and the Other “Spheres”and Impacts on Thermal
Receipt/Climate

Sphere Interacting with
Atmosphere

Lithosphere

Example of a Potential Impact

Large volcanic eruptions can create a dust and soot cloud that can reduce the receipt

of solar radiation, cooling the global atmosphere for months or years.

Hydrosphere

Changes in ocean circulation can cause global atmospheric circulation shifts that

produce warming in some regions and cooling in others.

Cryosphere

Melting of polar ice caps can cause extra heating at the surface where ice was

located because bare ground reflects less of the solar energy incident upon the

surface than ice.

Biosphere

Deforestation increases the amount of solar energy received at the surface and alters

atmospheric chemistry by returning carbon dioxide stored in living plant matter to

the atmosphere.

each combination of the “spheres” are important
contributors to the climate (TABLE 1.1), at scales from
local to planetary. Thus, climatologists must draw on
knowledge generated in several natural and some-
times social scientific disciplines to understand the
processes at work in the atmosphere. Because of its
holistic nature of atmospheric properties over time
and space, climatology naturally falls into the broader
discipline of geography.

Opver the course of this book we shall see that these
processes can be complex. The effects of some of these
interactions cascade up from local to planetary scales,
and the effects of others tend to cascade down the
various scales to ultimately affect individual locations
over time. The processes are so interrelated with other
spheres and with other scales that it is often difficult to
generalize by saying that any particular impact begins
at one component of the system or side of the scale and
proceeds to another.

We can state that the scope of climatology is broad.
It has also expanded widely from its roots in ancient
Greece. The term “climatology” is derived from the
Greek word “klima,” which means “slope,” and reflects
the early idea that distance from the equator alone
(which causes differences in the angle or slope of the
Sun in the sky) drove climate. The second part of the
word is derived from “logos,” defined as “study” or
“discourse.” Modern climatology seeks not only to
describe the nature of the atmosphere from location
to location over many different time scales but also to
explain why particular attributes occur and change
over time and to assess the potential impacts of those
changes on natural and social systems.

Meteorology and Climatology

The two atmospheric sciences, meteorology and cli-
matology, are inherently linked. Meteorology is the
study of weather—the overall instantaneous condition
of the atmosphere at a certain place and time. Weather
is described through the direct measurement of par-
ticular atmospheric properties such as temperature,
precipitation, humidity, wind direction, wind speed,
cloud cover, and cloud type. The term “weather” refers
to tangible aspects of the atmosphere. A quick look or
walk outside may be all that is needed to describe the
weather of your location. Of course, these observations
may be compared with the state of the atmosphere at
other locations, which in most cases is different.

Because meteorology deals with direct and specific
measurements of atmospheric properties, discussion
of weather centers on short-duration time intervals.
Weather is generally discussed over time spans of a few
days at most. How is the weather today? How does this
compare with the weather we had yesterday? What will
the weather be like tomorrow or toward the end of the
week? All of these questions involve short-term analysis
of atmospheric properties for a given time and place. So
meteorology involves only the present, the immediate
past, and the near future.

But a much more important component of meteo-
rology is the examination of the forces that create the
atmospheric properties being measured. Changes in the
magnitude or direction of these forces over time and
changes in the internal properties of the matter being
affected by these forces create differences in weather
conditions over time. Although many meteorologists




are not directly involved with forecasting these changes,
meteorology is the only natural science in which a
primary goal is to predict future conditions. Weather
forecasting has improved greatly with recent technological
enhancements that allow for improved understanding
of these forces, along with improved observation, data
collection, and modeling of the atmosphere. Currently,
weather forecasts produced by the National Weather
Service in the United States are accurate for most loca-
tions over a period of approximately 72 hours.

By contrast, climate refers to the state of the at-
mosphere for a given place over time. It is important to
note that climatologists are indeed concerned with the
same atmospheric processes that meteorologists study,
but the scope is different. Meteorologists may study the
processes for their own sake, while climatologists study
the processes to understand the long-term consequences
of those processes. Climatology, therefore, allows us
to study atmospheric processes and their impacts far
beyond present-day weather.

There are three properties of climatic data to consider:
normals, extremes, and frequencies. These are used
to gauge the state of the atmosphere over a particular
time period as compared with atmospheric conditions
over a similar time period in the past. Normals refer to
average weather conditions at a place. Climatic normals
are typically calculated for 30-year periods and give a
view of the type of expected weather conditions for a
location through the course of a year. For example, cli-
matologically normal conditions in Crestview, Florida,
are hot and humid during the summer and cool but not
cold in winter.

Two places could have the same average conditions
but with different ranges of those conditions, in the
same way that two students who both have an average
of 85% in a class may not have acquired that average
by earning the same score on each graded assignment.
Therefore, extremes are used to describe the maximum
and minimum measurements of atmospheric variables
that can be expected to occur at a certain place and time,
based on a long period of observations. For example, a
temperature of 0°C (32°F) at Crestview in April would
fall outside of the range of expected temperatures.

Finally, frequencies refer to the rate of incidence
of a particular phenomenon at a particular place over
along period of time. Frequency data are often impor-
tant for risk assessment, engineering, or agricultural
applications. For instance, the frequency of hailstorms
in a city is a factor in determining a homeowner’s insur-
ance premium. Or if an engineer designs a culvert to
accommodate 8 cm (3 in.) of rain in a 5-hour period but
that frequency is exceeded an average of two times per
year, this rate of failure may or may not be acceptable
to the citizens affected by the culvert. A farmer may
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want to know how many days on average exceed 1.5 cm
(0.6 in.) of rain in October because October rains are
problematic for any crop harvested during that month.

We can say then that both meteorologists and cli-
matologists study the same atmospheric processes but
with three primary and important differences. First, the
time scales involved are different. Meteorologists are
primarily concerned with features of the atmosphere at
a particular time and place—the “weather”—whereas
climatologists study the long-term patterns and trends
of those short-term features—the “climate.” Second,
meteorologists are more concerned with the processes
for their own sake, while climatologists consider the
long-term implications of those processes. Third, cli-
matology is inherently more intertwined with processes
happening not only in the atmosphere but also in the
other “spheres” because the interactions between the
atmosphere and the other spheres are more likely to
have important consequences over longer, rather than
shorter, time scales. This is particularly true if those
processes occur over large areas, because the impacts
usually take longer to develop in such cases. For in-
stance, if the Great Lakes were to totally evaporate,
such a process would necessarily take place over a long
time period. The difference in water level in the Great
Lakes between today and tomorrow would not cause
much impact on tomorrow’s weather as compared
with today’s. A meteorologist would not need to take
this atmosphere-hydrosphere interaction into account
when considering tomorrow’s weather. However, the
difference in water content between the Great Lakes
over centuries is more likely to have a noticeable and
dramatic impact on climate during that time period.
Interactions between the atmosphere and other spheres,
such as in this example, thus must be considered when
evaluating climate.

Regardless of the differences between meteorology
and climatology, it is important to recognize that the
distinction between the two is becoming increasingly
blurred over time. A successful climatologist should have
a firm grounding in the laws of atmospheric physics
and chemistry that dictate the instantaneous behavior
of the atmosphere. An effective meteorologist should
recognize the importance of patterns over time and
the impacts of those and other patterns on the Earth-
ocean-atmosphere system.

The holistic perspective of climatology also carries
over to include interactions between the atmosphere
and social systems. The impact of people on their en-
vironment is a theme in climatology that has become
more prevalent in recent years. It is being increasingly
recognized that many features of the human condi-
tion are related to climate. This is especially true of
climatic “extremes” and “frequencies,” because it is the
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“abnormal” events, and conditions exceeding certain
thresholds, that generally cause the greatest impact on
individuals and society.

Scales in Climatology

Just as temporal scale is important, climatology also in-
volves the study of atmospheric phenomena along many
different spatial scales. There is usually a direct relationship
between the size of individual atmospheric phenomena
and the time scale in which that phenomenon occurs
(FIGURE 1.1). The microscale represents the smallest of
all atmospheric scales. Phenomena that operate along this
spatial scale are smaller than 0.5 km (0.3 mi) and typically
last from a few seconds to a few hours. A tiny circulation
between the underside and the top of an individual leaf
falls into this category, as does a tornado funnel cloud,
and everything between. A larger scale is the local scale,
which operates over areas between about 0.5 and 5 km
(0.3 to 3 mi)—about the size of a small town. A typical
thunderstorm falls into this spatial scale.

The next spatial scale is the mesoscale, which
involves systems that operate over areas between about
5and 100 km (3 to 60 mi) and typically last from a few
hours to a few days. Such systems include those you
may have encountered in earlier coursework, such as the
mountain/valley breeze and land/sea breeze circulation
systems, clusters of interacting thunderstorms known as
mesoscale convective complexes, a related phenomenon
associated with cold fronts termed “mesoscale convective
systems,” and the central region of a hurricane.

Moving toward larger phenomena, we come to the
synoptic scale, a spatial scale of analysis that functions
over areas between 100 and 10,000 km (60 to 6000 mi).
Systems of this size typically operate over periods of days

to weeks. Entire tropical cyclone systems and midlatitude
(frontal) cyclones with their associated fronts fall into
the synoptic scale. Because these phenomena are quite
frequent and directly affect many people, the synoptic
scale is perhaps the most studied spatial scale in the
atmospheric sciences.

Finally, we can also study and view climate over an
entire hemisphere or even the entire globe. This repre-
sents the largest spatial scale possible and is termed the
planetary scale, because it encompasses atmospheric
phenomena on the order of 10,000 to 40,000 km (6000
to 24,000 mi). Because in general the largest spatial
systems operate over the longest time scales, it is no
surprise then that planetary-scale systems operate over
temporal scales that span weeks to months. Examples
of planetary-scale systems include the broad wavelike
flow in the upper atmosphere and the major latitudinal
pressure and wind belts that encircle the planet.

Subfields of Climatology

Climatology can be divided into several subfields, some
of which correspond to certain scales of analysis. For
instance, the study of the microscale processes involving
interactions between the lower atmosphere and the local
surface falls into the realm of boundary-layer climatol-
ogy. This subfield is primarily concerned with exchanges
in energy, matter (especially water), and momentum
near the surface. Physical processes can become complex
in the near-surface “boundary layer” for two reasons.
First, the decreasing effect of friction from the surface
upward complicates the motion of the atmosphere and
involves significant transfer of momentum downward to
the surface. Second, the most vigorous exchanges of energy
and moisture occur in this layer because solar radiant
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FIGURE 1.1 Spatial-temporal relationships for selected atmospheric features.



energy striking the ground warms it greatly and rapidly
compared with the atmosphere above it and because
the source of water for evaporation is at the surface.
Boundary-layer climatology may be further subdivided
into topics that examine surface-atmosphere interactions
in mountain/alpine regions, urban landscapes, or various
vegetated land covers.

Physical climatology is related to boundary-layer
climatology in that it studies energy and matter. However,
it differs in that it emphasizes the nature of atmospheric
energy and matter themselves at climatic time scales,
rather than the processes involving energy, matter, and
momentum exchanges only in the near-surface atmo-
sphere. Some examples include studies on the causes of
lightning, atmospheric optical effects, microphysics of
cloud formation, and air pollution. Although meteorol-
ogy has traditionally emphasized this type of work to
a greater extent than climatology, climatologists have
contributed to our understanding of these phenomena.
Furthermore, the convergence of meteorology and cli-
matology as disciplines will likely lead to more overlap
in these topics of research in the future.

Hydroclimatology involves the processes (at all
spatial scales) of interaction between the atmosphere and
near-surface water in solid, liquid, and gaseous forms.
This subfield analyzes all components of the global hy-
drologic cycle. Hydroclimatology interfaces especially
closely with the study of other “spheres,” including the
lithosphere, cryosphere, and biosphere, because water
is present in all of these spheres and interactions readily
occur between them.

Another subfield of climatology is dynamic cli-
matology, which is primarily concerned with general
atmospheric dynamics—the processes that induce at-
mospheric motion. Most dynamic climatologists work
at the planetary scale. This differs from the subfield
of synoptic climatology, which is also concerned
with the processes of circulation but is more region-
ally focused and usually involves more practical and
specific applications than those described in the more
theoretical area of dynamic climatology. According to
climatologist Brent Yarnal, synoptic climatology “studies
the relationships between the atmospheric circulation
and the surface environment of a region.” He goes on
to state that, “because synoptic climatology seeks to
explain key interactions between the atmosphere and
surface environment, it has great potential for basic
and applied research in the environmental sciences.”
Synoptic climatology may act as a keystone that links
studies of atmospheric dynamics with applications in
various other disciplines.

Synoptic climatology is similar in some ways to
regional climatology, a description of the climate of
a particular region of the surface. However, synoptic
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climatology necessarily involves the explanation of
process, whereas regional climatology may not.

The study of climate can extend to times before the
advent of the instrumental weather record. This subfield
of climatology is termed paleoclimatology and involves
the extraction of climatic data from indirect sources.
This proxy evidence may include human sources such
as books, journals, diaries, newspapers, and artwork
to gain information about preinstrumental climates.
However, the field primarily focuses on biological,
geological, geochemical, and geophysical proxy sources,
such as the analysis of tree rings, fossils, corals, pollen,
ice cores, striations in rocks, and sediment deposited
annually on the bottoms of lakes (varves).

Bioclimatology is a diverse subfield that includes
the interaction of living things with their atmospheric
environment. Agricultural climatology is the branch of
bioclimatology that deals with the impact of atmospheric
properties and processes on living things of economic
value. Human bioclimatology is closely related to the
life sciences, including biophysics and human physiology.

Applied climatology is different in its orientation
from the other subfields of climatology. While the oth-
ers seek to uncover causes of various aspects of climate,
applied climatology is primarily concerned with the ef-
fects of climate on other natural and social phenomena.
This subfield may be further subdivided. One area of
focus involves attempts to improve the environment.
Examples include using climatic data to create more
efficient architectural and engineering design, generat-
ing improvements in medicine, and understanding the
impact of urban landscapes on the natural and human
environment. Other examples involve the possibility of
modifying the physical atmosphere to suit particular
human needs, such as with the practice of cloud seed-
ing, which attempts to extract the maximum amount
of precipitation from clouds in water-scarce regions.

In general, each subfield overlaps with others. We
cannot fully understand processes and impacts relevant
to any subfield without touching on aspects important
for others and at least one other nonclimatology field.
For example, an agricultural climatologist interested
in the effect of windbreaks to reduce evaporation rates
in an irrigated field must understand the near-surface
wind profile and turbulent transfer of moisture, along
with soil and vegetation properties.

Climatic Records and Statistics

Because climatology deals with aggregates of weather
properties, statistics are used to reduce a vast array
of recorded properties into one or a few understand-
able numbers. For instance, we could calculate the
daily mean temperature—the average temperature
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for the entire day—for yesterday at a particular location
through a number of methods. First, we could take
all recorded temperatures throughout the day, add
them together, and then divide by the total number of
observations.

A much simpler (but less accurate) method of calculat-
ing the daily mean temperature is actually the one that is
used: A simple average is calculated from the maximum
and minimum temperatures recorded for the day. This
method is the most common because in the days before
computers were used to measure and record temperature,
special thermometers that operated on the principle of a
“bathtub ring” were able to leave a mark at the highest and
lowest temperature experienced since the last time that
the thermometer was reset. Each day, human observers
could determine the maximum and minimum temperature
for the previous 24 hours, but they would not know any
of the other temperatures that occurred over that time
span. For most of the period of weather records, we knew
only the maximum and minimum daily temperatures.

Of course, the numerical average calculated by the
maximum-minimum method differs somewhat from
the one obtained by taking all hourly temperatures and
dividing by 24. Even though we have automated systems
now that can measure and record temperatures every
second, we do not calculate mean daily temperatures
using this more accurate method because we do not want
to change the method of calculating the means in the
middle of our long-term weather records. What would
happen if the temperatures began to rise abruptly at the
same point in the period of record that the method of
calculating the mean temperature changed? We would
not know whether the “change” represented an actual
change in climate or was just an artifact of a change
in the method of calculating the mean temperature.

But what about that average temperature? Is it actually
meaningful? Let’s say that yesterday we recorded a high
temperature of 32°C (90°F) and a low of 21°C (70°F). Our
calculated average daily temperature would be about 27°C
(80°F). This number would be used to simply describe
and represent the temperature of the day for our location.
But the temperature was likely to have been 27°C (80°F)
only during two short periods in the day, once during
the mid-day hours when climbing toward the maximum
and again as temperatures decreased through the late
afternoon. So the term “average temperature” is actually a
rather abstract notion. Most averages or climatic “normals”
are abstract notions, but the advantage from along-term
(climatic) perspective is that they provide a “mechanism”
for analyzing long-term changes and variability.

“Extremes” are somewhat different. As we saw earlier in
this chapter, climatic extremes represent the most unusual
conditions recorded for a location. For example, these
may represent the highest or lowest temperatures during

a particular time period. Extremes are often given on the
nightly news to give a reference point to the daily recorded
temperatures. We might hear that the high temperature
for the day was 33°C (92°F), but that was still 5 C° (8 F°)
lower than the “record high” of 38°C (100°F) recorded
on the same date in 1963. As long as our recorded atmo-
spheric properties are within the extremes, we know that
the atmosphere is operating within the expected range
of conditions. When extremes are exceeded or nearly
exceeded, then the atmosphere may be considered to be
behaving in an “anomalous” manner. The frequency with
which extreme events occur is also important. Specifi-
cally, if extreme events occur with increasing frequency,
the environmental, agricultural, epidemiological, and
economic impacts will undoubtedly increase.

Why are climatic records important? During the
1980s and 1990s the rather elementary notion that
climate changes over time was absorbed by the general
public. Before that time many people thought that cli-
mate remained static even though weather properties
varied considerably around the normals (averages).
With heightened understanding of weather processes
came the realization that climate varies considerably
as well. Climatic calculations and the representation
of climate for a given place over time became exceed-
ingly important and precise. The problems associated
with the calculation of various atmospheric properties
still existed, however, and the methods of calculating
these properties could have far-reaching implications
on such endeavors as environmental planning, hazard
assessment, and governmental policy.

With today’s technology we would assume that
calculating a simple average temperature for Earth,
for instance, would be easy. However, data biases and
methodological differences complicate matters. Many
of these issues have been mathematically corrected in
recorded data. Given the corrections, it is generally
accepted that Earth’s average annual temperature has
risen by about 0.85 C° (1.53 F°) since the widespread
instrumental record began in 1880.

Another factor that complicates the interpretation
of the observed warming is the increasingly urban
location of many weather stations as urban sprawl in-
fringes on formerly rural weather stations. Early in the
twentieth century many weather stations in the United
States and elsewhere were located on the fringe of major
cities. This was especially true toward the middle part
of the century with the construction of major airports
far from the urban core. Weather observations could
be recorded at the airport in a relatively rural, undis-
turbed location. As cities grew, however, these locations
became swallowed up by urban areas. This instituted
considerable bias into long-term records as artificial heat
from urban sources, known as the urban heat island,
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FIGURE 1.2 Location of global surface observations in the Global Historical Climatology Network at various years.

Courtesy of Kevan Hashemi. © 2015. Retrieved from: www.hashemifamily.com/Kevan/Climate/#Global %20Surface.

became part of the climatic record. Various properties,
such as the abundance of concrete that absorbs solar
energy effectively, the absence of vegetation and water
surfaces, and the generation of waste heat by human
activities contribute to the heat island. The urban heat
island provides an excellent example of how humans
can modify natural climates and can complicate the
calculation and analysis of “natural” climatic changes.

In addition, the long-term recordings themselves
may be plagued by other problems. Consider that most
weather records for the world are confined to more-
developed countries and tend to be collected in, or near,
population centers. Developing countries, rural areas,
and especially the oceans are poorly represented in
the global weather database, particularly in the earlier
part of the record (FIGURE 1.2). Oceans comprise over
70% of the planet’s surface, yet relatively few long-
term weather records exist for these locations. Most
atmospheric recordings over oceans are collected from
ships, and these recordings are biased by inconsisten-
cies in the height of the ship-mounted weather station,
the type of station used, the time of observation, and
the composition of ship materials. Furthermore,
ocean surface temperatures are derived in a variety of
ways, from inserting a thermometer into a bucket of
collected ocean water to recording the temperature of
water passing through the bilge of the ship (with the
heat generated by the ship included in the recording).
Vast tracts of ocean were largely ignored until the recent

arrival of satellite monitoring and recording technology,
because the representation of surface and atmospheric
properties was greatly limited to shipping lanes.

Even records taken with rather sophisticated weather
stations may be biased and complicated to some degree
by rather simple issues. Foremost among these are sta-
tion moves. Moving a station even a few meters may
ultimately bias long-term recordings as factors such as
differing surface materials and solar exposure occur. Also
of note is time of observation bias, which involved data
bias based on the time of day when measurements are
recorded at different stations. Finally, systematic biases and
changes in the instrumentation may cause inaccuracies
in measurements. The result of these, and a host of other
biases, is that considerable data “correction” is required.
Both the biases and the correction methods fuel debate
concerning the occurrence of actual atmospheric trends.

Summary

This chapter introduces the field of climatology. It
describes the scope of climatology, the inherent differ-
ences between meteorology and climatology, and the
associated notions of weather and climate. Meteorology
studies changes in weather, the state of atmospheric
properties for a given location over a relatively short
period of time, while climatology examines weather
properties over time for a location. Climatology is a
holistic science in that it involves understanding the
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interaction of the atmosphere with other aspects of
the Earth—ocean—-atmosphere system using many dif-
ferent spatial and temporal scales. Each scale partially
defines the many interlocking subfields of climatology,
including boundary-layer, physical, hydro-, dynamic,
synoptic, regional, paleo-, bio-, and applied climatology.
Interactions occur between the atmosphere, lithosphere,

hydrosphere, cryosphere, and biosphere. All are impor-
tant to the establishment of global, hemispheric, and
regional climates.

Climatic data and calculations also are described,
with particular emphasis on climatic normals, extremes,
and frequencies. Some causes of spurious climatic data,
such as the urban heat island, are also introduced.

Key Terms

Agricultural climatology Frequencies Paleoclimatology
Applied climatology Friction Physical climatology
Atmosphere Global hydrologic cycle Planetary scale
Bioclimatology Human bioclimatology Pressure

Biosphere Hydroclimatology Proxy evidence
Boundary-layer climatology Hydrosphere Regional climatology
Climate Lithosphere Synoptic climatology
Climatology Local scale Synoptic scale

Cloud seeding Mesoscale Time of observation bias
Cryosphere Meteorology Urban heat island
Daily mean temperature Microscale Varve

Dynamic climatology Momentum Weather
Evaporation National Weather Service Wind

Extremes Normals

Review Questions

1.  Why is the science of climatology inherently
holistic?

2. Briefly describe Earth’s “spheres.” Give examples
of how each of the spheres is connected.

3. Compare and contrast the notions of weather
and climate.

4. Compare and contrast the sciences of meteorol-
ogy and climatology.

Questions for Thought

1.  Think of several examples of how advancements
in science and technology may have helped cli-
matology to evolve as a science since 1950.

2. Intoday’s age of specialization, is climatology’s inter-
disciplinary nature an advantage or a disadvantage?

5. Describe the various spatial and temporal scales
of climatology.

6. Discuss the different subdisciplines within cli-
matology. How are they different from/similar
to one another?

7. How are mean temperatures calculated? Discuss
the problems inherent in the calculation methods.

8. What s the urban heat island and why is it relevant
to temperature assessment?

3. To what extent are “extreme events” a matter of
perspective?

4. In what sense might the occurrence of noncata-
strophic events cause catastrophic events to occur?
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he atmosphere is a collection of gases held

I near the Earth by gravity. It is also pulled away
from the Earth because a vacuum exists in the

harsh conditions of space. One of the most funda-
mental properties of the universe—the second law of
thermodynamics—states that energy (and, therefore,
mass, because energy and mass are related by Einstein’s
theory of relativity) moves from areas of higher concen-
tration (in this case, Earth’s lower atmosphere) to areas of
lower concentration (outer space). The atmosphere thus
represents a place where a balance is generally achieved
between the downward-directed gravitational force and

Courtesy of Anthony Vega.

the upward-directed force of buoyancy. This balance is
termed hydrostatic equilibrium. This extremely thin
and delicate zone known as the atmosphere makes life
as we know it possible on the planet. When you look in
the sky the atmosphere appears to continue infinitely,
but if Earth were the size of an apple, the atmosphere
would have the thickness of the apple’s skin.
Technically, the atmosphere is a subset of the air
because it is composed solely of gases. By contrast, air
contains not only gases but also aerosols—solid and
liquid particles suspended above the surface that are too
tiny for gravity to pull downward. Solid aerosols include

11
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ice crystals, volcanic soot particles, salt crystals from
the ocean, and soil particles; liquid aerosols include
clouds and fog droplets.

Because the atmosphere is composed of the lightest
elements gravitationally attracted to the Earth, many
assume that it has little or no mass. Compared with
the mass of the solid Earth (6 x 10** kg; or 6 x 10*'
metric tons) and oceans (1.4 X 10* kg; or 1.4 x 10"
metric tons), the atmosphere is indeed light. But the
atmosphere has a substantial total mass of 5 X 10" kg
(5 x 10" metric tons)!

The mass of the air is in constant motion, giving
considerable impact to the surface environment. For
example, a tornado can cause catastrophic devastation
to a location. In the case of a tornado, the mass of air
has substantial acceleration. According to Newton’s
second law of motion, force is the product of mass and
acceleration. The two factors combine, in this situation,
to produce a force capable of devastation.

The atmosphere is an extremely complex entity that
must be viewed simultaneously on many levels, both
temporally and in three spatial dimensions (west—east,
north-south, and vertical). Atmospheric processes can
be difficult to understand. To appreciate the nature of
the atmosphere properly, we must first understand the
origins of the atmosphere and its changes since the
origin of the planet.

Origin of the Earth
and Atmosphere

According to the best scientific information, the uni-
verse is thought to have begun 13.8 billion years ago.
At that time all matter in the universe was confined to
a single space. An explosion of unimaginable propor-
tion sent this matter—mostly hydrogen—outward in all
directions. Over time, gravity caused matter to collect
in various areas of space to form galaxies. Within the
galaxies smaller amounts of matter condensed gravita-
tionally into stars. Star formation began to occur when
hydrogen was compressed under its own gravitational
weight. If the mass involved was sufficiently large,
nuclear fusion—a process that converts lighter elements
(principally hydrogen) into heavier elements (primar-
ily helium)—began. Such reactions released amazing
quantities of radiant energy while creating (fusing) all
matter heavier than hydrogen.

Occasionally, a star exploded, sending heavier ele-
ments outward through the galaxy. Vast clouds of dust,
called nebula (FIGURE 2.1), formed, and the original
gravitational accumulation process began anew. Our
solar system is believed to have formed from a nebula
approximately 5 billion years ago. The Sun gravitationally

FIGURE 2.1 The Orion Nebula.

Courtesy of NASA, ESA, M. Robberto (Space Telescope Science Institute/ESA), and the Hubble Space Telescope Orion Treasury
Project Team.

attracted the bulk of the elements that composed the
nebula. Planets formed as balls of dust gravitationally
collected over various orbits about the primitive Sun.
Earth was one such ball of dust. As it grew the elements
fused together and collapsed under their own weight
and gravity. As Earth grew in size, its gravity increased
proportionately. Friction caused the Earth materials to
melt. Melting was also encouraged by frequent impacts
with large planetesimals, which were essentially small
planets of condensed debris moving over wildly eccentric
orbits about the Sun. These planetesimals contributed
heavier elements and mass to the growing Earth while
shattering and melting its hot surface. A collision between
Earth and a planetesimal is thought to have created the
Moon. Remnants of early solar system planetesimals
are present today in the vast asteroid field between
Mars and Jupiter. The Oort cloud—a collection of icy
comets and dust that surrounds the outer edges of our
solar system—also acts as a relic of conditions present
in the early stages of solar system formation.

In these early times Earth’s atmosphere is believed
to have consisted of light and inert (noble) gases such
as hydrogen, helium, neon, and argon. These gases were
effectively swept away as the solar wind—radioactive
particles from the Sun moving through space at nearly
the speed of light—developed. Today, Earth is largely
devoid of noble gases as a result. So how did the atmo-
sphere that we know today form?

The composition of the atmosphere can be explained
by looking at volcanic activity, which is rather limited
over Earth’s surface today but was apparently widespread



billions of years ago as the early Earth cooled slowly from
its primordial molten state. As volcanic material cooled,
gases were released through the process of outgassing,
which primarily involved diatomic nitrogen (N,) and
carbon dioxide (CQO,), with lesser amounts of water
vapor, methane (CH,), and sulfur. The condensation
of water vapor into liquid water in the cool atmosphere
formed clouds and precipitation. Precipitation collected
in low-elevation areas of the planet and accumulated
over time to form the oceans.

Our planet is unique in the solar system because of
the presence of liquid water. This is a consequence of
many related, and interacting, factors—some of which
include distance to the Sun and atmospheric composi-
tion. Because water is essential to life, it is not surpris-
ing that Earth is the only planet known to support life.

Atmospheric Composition

Today, the dry atmosphere consists primarily of N, and
diatomic oxygen (O,). Diatomic nitrogen is a stable gas
that comprises 78% of the present-day atmospheric
volume (TABLE 2.1). The abundance of N, has increased
as a percentage of the total atmospheric volume pri-
marily because it is not removed as effectively from
the atmosphere as are most other atmospheric gases.
The residence time—the mean length of time that an
individual molecule remains in the atmosphere—of
N, is believed to be approximately 16.25 million years.

The next-most abundant gas in the present-day dry
atmosphere is oxygen, comprising approximately 21%
of the atmospheric volume. About 0.93% of the remain-
ing 1% of the dry atmosphere is composed mostly of
argon (Ar), and a wide array of atmospheric trace gases
constitute the remainder. Of these, CO, is the fourth-
most abundant gas in the dry atmosphere, representing
0.041% of the dry atmosphere, or 407 parts per million
(ppm), as of June 2016. It plays an especially important

TABLE 2.1 Composition of the Dry Atmosphere

Nitrogen (N,) 78.08
}99.03
Diatomic oxygen (O,) 20.95
Argon (Ar) 0.93
Carbon dioxide (CO,) 0.041
All others 0.003
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role in maintaining the temperature of the planet at a
level comfortable for life in its present form. Earth’s
early atmosphere apparently contained far more CO,
than today’s and little or no O,. So where did most of
the CO, go after outgassing in the primitive atmosphere,
and how did O, come to replace it?

The evolution of Earth’s atmospheric composition
(including O,) involves significant interactions with the
biosphere, hydrosphere, and lithosphere. About 3.5 billion
years ago an interesting development occurred in the
extensive waters of primordial Earth that profoundly
affected the evolution of the atmosphere. Single-celled
organisms, called prokaryotes, began to appear. These
simple ancestors of bacteria and green algae absorbed
nutrients directly from the surrounding environment.
Prokaryotes released CO, to the atmosphere as a by-
product of fermentation, the process by which simple
organisms acquire energy through the breakdown of
food. The evolution of prokaryotes led to more complex,
often multicellular, organisms called eukaryotes, which
contain more complex internal structures and release
even more CO, into the atmosphere in the process of
respiration. Most life on Earth is believed to have
evolved from the further development of eukaryotes.
Prokaryotes and eukaryotes would have had to develop
in the oceans, however, because without oxygen in the
atmosphere the protective ozone (Oj3) layer could not
have formed to protect terrestrial life from the harmful
ultraviolet (UV) radiation emitted by the Sun. Over
time, CO, continued to accumulate, as it became a larger
and larger component of the atmospheric volume.

By about 3 billion years ago another major de-
velopment in the history of life on Earth apparently
caused another major change to the atmospheric com-
position. The early evolution of eubacteria, and later,
protists, and eventually aquatic green plants led to a
significant extraction of CO, from the atmosphere in
photosynthesis—the process by which green plants
use sunlight to synthesize food. O, is released into the
atmosphere as a byproduct of photosynthesis. As green
plants began to populate Earth, first in the oceans and
later on land after the presence of O, gradually led to the
formation of ozone (O;) and the O; layer—atmospheric
CO, decreased in concentration while atmospheric O,
simultaneously increased. Today most of the atmospheric
CO, is stored in vast quantities of sedimentary rock,
originally extracted from the atmosphere by living things.
The amount of atmospheric O, present today represents a
similar percentage to that of CO, in the early atmosphere.

Carbon Cycle

The process described above essentially represents
the atmospheric component of the carbon cycle, the
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FIGURE 2.2 The global carbon cycle.

continuous movement of carbon through the Earth-
ocean-atmosphere system. Carbon can exist in various
Earth-ocean-atmosphere reservoirs—the components
of a system that effectively store matter and/or energy
for a certain period of time, after which they allow for
the movement (flux) of that matter and/or energy to
another component of the system. Carbon reservoirs
include the atmosphere, which houses CO,; the bio-
sphere, which comprises all living matter; and the oceans,
which include dissolved carbonates (FIGURE 2.2). Over
time carbon cycles among these various reservoirs. The
carbon residence time is different for each reservoir, with
the rates of exchange directly related to the size of the
reservoir. The largest carbon reservoir, comprising the
vast majority of carbon in the Earth-ocean-atmosphere
system, is sedimentary rock, which may store carbon
for billions of years.

The second-largest reservoir is the oceans, which
act as a sink for atmospheric CO, by absorbing many
gigatons of CO, from the atmosphere each year. Over
time CO, is transported from the atmosphere into the
deep ocean layers in a slow process. Once the CO, is
transported into the deep ocean, it may remain there
for many thousands of years.

The biosphere (including soil) is also a reservoir
that acts as a sink for CO, from the atmosphere. It is
then transported and stored elsewhere in the system.
For example, the vast majority of carbon in the rock
reservoir was extracted from the atmosphere through

CO,in
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Respiration Diffusion

Dissolved CO,
Photosynthesis

: F_f_eé{)iration
Death and decay

Carbonates
in sediment

biological processes. Residence time associated with
the biosphere may be examined on a number of levels.
Carbon is held directly in the biosphere as long as the
living organism remains alive. Once the organism dies,
carbon exits this sink as the remains of the organism
decay. Some of this carbon may become buried naturally
and transported into the rock reservoir. This process is
effective in marine environments where an abundance
of organic matter filters to the ocean floor, building huge
layers of organic matter over time. Some of the decay-
ing carbon dissolves directly into water, becoming part
of the oceanic carbon reservoir, and some reenters the
atmosphere through diffusion. Much oceanic biomass
eventually solidifies into sedimentary rock. Finally, the
atmosphere represents the smallest carbon sink, and the
carbon exchange rate to this reservoir is rapid—only
about 100 years.

The natural carbon cycle is being disrupted by human
activities. Since the dawn of the Industrial Revolution in
the late 1700s, people have been burning ever-increasing
quantities of fossil fuels—deposits of carbon primarily in
the form of coal, oil, and natural gas. Fossil fuels contain
carbon that was removed from the atmosphere long ago
through natural processes and stored in the vast rock
reservoir. Normally, this carbon would be re-released
back to the atmosphere over millions of years. However,
humans are extracting and releasing this material back
to the atmosphere in very short periods of time. The
atmospheric quantity of CO, increased from 270 ppm
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FIGURE 2.3 Exponential rise in atmospheric carbon dioxide
over the past 1000 years.

in 1800 to 407 ppm today, with the bulk of the increase
occurring since 1950 (FIGURE 2.3).

Whereas clues of the atmospheric concentration of
CO, in the distant past come from chemical analysis
of air bubbles trapped in ice, CO, concentration has
been measured directly since 1957 atop Mauna Loa in
Hawaii—a site as far removed as possible from local
sources of pollution. The time series of atmospheric CO,
since 1957 is known as the Keeling curve (FIGURE2.4),
named for Charles Keeling, the climatologist who showed
that CO, released from fossil fuel combustion would
accumulate significantly in the atmosphere.

The Keeling curve not only verifies the rapid increase
since 1957, but it also reveals the seasonal cycle of CO,.
Maximum concentrations occur in early spring in the
northern hemisphere, where most of the world’s middle-
and high-latitude forests are located. The relative lack
of photosynthetic activity during the dormant northern
winter months causes a buildup of atmospheric CO,
into March. Likewise, minimum atmospheric CO, in
northern hemisphere autumn results from the buildup
of biomass throughout the northern hemisphere’s spring
and summer months.

The long-term exponential growth in the atmospheric
CO, concentration concerns most climatologists and
environmental scientists. Carbon dioxide is an inte-
gral component of Earth’s energy balance because it
absorbs energy that is radiated from the Earth and then
reemits energy back downward to the Earth, thereby
keeping the surface warmer than it would be if the CO,
were not present. This phenomenon is known as the
greenhouse effect. The rapid increase in the quantity

Atmospheric Composition 15

400

380

360 -

Parts per Million

340

320

T ’ T ’ T ’ T ’ T ’ T
1960 1970 1980 1990 2000 2010
Year

FIGURE2.4 The Keeling curve—atmospheric CO, at Mauna
Loa Observatory.

Data from: Scripps Institution of Oceanography and NOAA Earth System Research Laboratory.

of atmospheric CO, is considered the culprit for the
observed increases in temperature of Earth’s surface in
the last several decades.

Constant and Variable Gases

Constant gases are those that have relatively long resi-
dence times in the atmosphere and that occur in uniform
proportions across the globe and upward through the
bulk of the atmosphere. These gases include nitrogen,
oxygen, argon, neon, helium, krypton, and xenon.
Variable gases are those that change in quantity from
place to place or over time (TABLE2.2). They generally have
shorter residence times than constant gases, as various
processes combine to cycle the gases through reservoirs.
The most abundant variable gas is water vapor, which
can occupy as much as 4% of the lower atmosphere by
volume. Higher percentages of water vapor are impos-
sible because atmospheric processes (cloud formation
and precipitation) limit the amount that may be present
in the atmosphere for any location. The atmosphere is
efficient in ridding itself of excess water vapor.

The amount of water vapor in the atmosphere varies
widely across space because water and energy must be
available at the surface for evaporation to occur. Water
vapor content is maximized over locations with abundant
energy and surface water, so the wettest atmospheres
occur over tropical waters and rain forest regions. In
addition, water vapor is largely limited to the lower
atmosphere because as height increases, atmospheric
water vapor is increasingly likely to condense to liquid
water in the cooler, high-altitude conditions.

Surprisingly, some locations that experience little
precipitation may have abundant water vapor in the
atmosphere. The maximum amount of water vapor that
may exist in the atmosphere is directly related to air
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TABLE 2.2 (oncentrations of Variable Gases

of the Atmosphere

Water vapor (H,0,) 0.1-40,000
Carbon dioxide (CO,) ~407
Methane (CH,) ~1.8
Hydrogen (H,) ~0.6
Nitrous oxide (N,O) ~0.31
Carbon monoxide (CO) ~0.09
Ozone (Os) ~04
Fluorocarbon 12 (CCL,F,) ~0.0005

temperature. When high temperatures combine with
a nearby surface water source, high amounts of water
vapor are usually present. For example, the Red Sea re-
gion tends to have high quantities of atmospheric water
vapor despite the lack of precipitation. This region is dry
not because water vapor is unavailable but because the
region lacks a means by which the precipitation process
can occur easily.

As implied by the Red Sea example, deserts are
generally not the regions of lowest atmospheric water
vapor content. Instead, polar regions are normally the
driest locations on Earth. This is because little energy is
present in cold air to evaporate water. Furthermore, as
air cools, water vapor readily condenses to form clouds
and perhaps precipitation, thereby minimizing the mass
of water vapor in the atmosphere. So the regions with
the least water vapor tend to be the coldest locations on
Earth. Over such locations in winter, the water vapor
content may approach zero. The total will never actually
reach zero because there is always at least some water
vapor present in the lower atmosphere, but the total
reaches about 0.00001% of the atmospheric volume in
central Antarctica.

Several other variable gases are important. Among
these, CO, is most abundant. As stated earlier, the vari-
able nature of CO, stems from its increasing quantity
over time, since the late 1700s. The rate of increase is
about 0.4% per year or by about 35% since 1800. Other
notable variable gases include CH,, nitrous oxide (N,0),
carbon monoxide (CO), tropospheric ozone (O;), and
a family of chemicals known as chlorofluorocarbons

(CFCs). Humans have had at least some influence in the
concentration of all these gases, and CFCs are entirely
human derived. Collectively, these gases make up only
a small amount of the atmosphere, but they can have
important implications for some processes.

Faint Young Sun Paradox

Evidence contained in sedimentary rocks and sedi-
ments, ice sheets, and fossils reveals that Earth’s average
temperature has remained within a range of about 15 C°
(27 F°) for most, if not all, of its geological history. This
implies that even global-scale shifts in mean environ-
mental conditions, from ice ages to ice-free conditions
on Earth, have occurred within a range of temperature
variability that is smaller than the summer to winter
temperature difference at most locations outside the
tropics.

This fact has caused considerable consternation for
many climate scientists because of an apparent contra-
diction between what is known about energy released
during the evolution of stars, such as our Sun, and evi-
dence of Earth’s temperature through geological time.
Stars obtain energy through the constant nuclear fusion
of hydrogen into heavier elements. These reactions cause
stars to expand gradually and grow hotter and brighter
over time. Eventually, stars expend their sources of
energy and extinguish themselves. We can assume that
energy emitted from the early Sun was about 25% to
30% less than that emitted today, because this pattern
is observed throughout the life cycle of other stars like
the Sun. We also know that even small changes in solar
output can induce drastic climatic changes on Earth.
If solar output today were decreased by 25% to 30%,
temperatures would quickly plummet to a point whereby
Earth would be entirely frozen. Because the young Sun
must have been weak, at first glance it would appear that
Earth must have been frozen for the first 3 billion years
of its history. But evidence does not support the notion
that Earth was ever below freezing on a global annual
average basis. Furthermore, little credible evidence has
been found for widespread glaciation during the first half
of Earth’s existence. This apparent contradiction between
a weak Sun but relatively warm global conditions is the
faint young Sun paradox.

How could temperatures have been above freezing
during the early times of geological history? How could
Earth maintain a small variance in temperature over time
if the Sun were much weaker in the early history of the
planet? How could temperatures maintain themselves
over time as the Sun grew hotter?

The most logical answer to these questions is that
the Earth—ocean—atmosphere system must have some



type of internal regulator that keeps temperatures within
a reasonable range regardless of changes to solar output
over time. This regulator must have been present in
the early atmosphere. How would this have happened?
Examining the radiation balance of Earth today reveals
that surface temperatures are only indirectly caused by
incoming solar radiation—insolation—being absorbed
at the surface. If surface receipt of solar radiation alone
determined temperatures, average Earth temperatures
would be about —18°C (0°F). Instead, the transfer of
energy (either from the Sun or Earth) absorbed in the
atmosphere down to the surface augments radiation
received at the surface directly from the Sun. Certain
gases in the atmosphere, such as H,O and CO,, are
known to be efficient absorbers of energy escaping the
surface. Much of this energy is then reemitted back down
to reheat the surface. This process—the greenhouse
effect—is responsible for the life-supporting tempera-
tures we enjoy today. The net result is that the average
temperature of Earth is raised from —18°C (0°F) to a
more comfortable 15°C (59°F).

So which greenhouse gases could have helped
the early Earth to remain relatively warm? The two most
abundant greenhouse gases in today’s atmosphere are
water vapor and CO,. As far as we can tell, the quantity
of water vapor has remained relatively constant since
primordial times. Until recently it was assumed that
the wide fluctuations of CO, over time caused Earth’s
temperature to remain relatively stable via the green-
house effect. That argument suggests that during times
in Earth history when the Sun was relatively weak, such
as in Earth’s early atmosphere, the high concentrations
of CO, may have effectively absorbed large amounts of
radiation emitted from Earth and reemitted much of that
radiation back downward in the greenhouse effect. Just
as the solar output began to increase, the onset of plant
evolution and proliferation would have been removing
enough atmospheric CO, to keep the insolation and
temperatures on Earth fairly constant.

But if excessive levels of CO, indeed caused Earth
to remain warm despite a weak Sun, such concentra-
tions probably would have been too high to allow the
generation of organic molecules, so life could not have
existed easily. Furthermore, no geological evidence has
been found to suggest that CO, concentrations were ever
large enough to have created such a strong greenhouse
effect. Specifically, in an oxygen-free atmosphere such
as early Earth would have had, CO, levels of about eight
times today’s concentrations would have produced the
mineral siderite (FeCO;) in the top layers of the soil
as iron reacted with the CO,, but not enough FeCO;
has been found in relic soils to support this hypothesis.
Better explanations for the faint young Sun paradox
were sought.
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A second explanation is that ammonia (NH;) caused
the early greenhouse effect. This hypothesis was proposed
by Carl Sagan and George Mullen of Cornell University
in the late 1970s and was based on the observation that
NH; behaves as a strong greenhouse gas. The problem
with this argument is that experiments have shown that
NH; is easily broken up by UV radiation in oxygen-free
conditions, such as in the atmosphere before the arrival
of photosynthesis. Nevertheless, the NH; explanation is
still plausible because shielding by other gases may have
allowed NHj; to accumulate in the lower atmosphere
and be an important greenhouse gas.

A third explanation, proposed by Harvard scientists
in the early 2000s, is that in the pre-photosynthesis
Earth, the planet’s oxygen-devoid atmosphere made
conditions ideal for oxygen-intolerant microbes called
methanogens. These methanogens (so-named because
they release CH, as a waste product) likely allowed CH,
to produce a strong greenhouse effect, which would
have warmed Earth even though the Sun emitted less
radiation at the time. It is well known that CH, is a
highly effective greenhouse gas. Once oxygen entered
the atmosphere from photosynthesis, the methanogens
began to die off and CH, became less important as a
greenhouse gas. In today’s oxygen-rich atmosphere the
concentration of CH, is extremely minute—an average
of only 1.8 ppm in the atmosphere. Some geoscientists
surmise that the demise of the methanogens caused
Earth’s first global ice age and perhaps contributed to
subsequent ice ages.

Regardless of the explanation, most of Earth’s history
is thought to have been dominated by somewhat higher
temperatures than exist today, or at least temperatures
that are not far below those now. The debate over the
explanation of the faint young Sun paradox lingers on.

Atmospheric Structure

The atmosphere may be divided into a series of layers
based on thermal qualities (FIGURE 2.5). The lowest layer
of the atmosphere is called the troposphere. This is
a very thin zone confined to the first 8 to 20 km (5 to
12 mi) above Earth’s surface, yet this atmospheric layer
contains approximately 75% of the mass of the atmo-
sphere. The compressibility of air allows its weight to
exert a downward force on, and compress, the lower
atmosphere. This layer therefore also contains air of the
greatest mass per unit volume: density.

The term “troposphere” is derived from the Greek
word meaning “to turn.” This indicates that the tropo-
sphere is a region in which mass is constantly overturn-
ing, largely as a result of thermodynamic (heat-driven)
processes. Most insolation passes through the atmosphere



FIGURE 2.5 The vertical structure of the atmosphere.

before being absorbed by the Earth’s surface. The heated
surface then warms the air directly above it through
the process of conduction. This gives the lowest lay-
ers of the atmosphere buoyancy and causes the air to
rise in a process known as convection. Eventually this
air cools and sinks. Because this vertical movement is
integral to the development of most weather-related
processes, the troposphere is sometimes referred to as
the “weather sphere”

Because the atmosphere is heated primarily from Earth’s
surface and because the compression of atmospheric gas
decreases with height (as the weight of the atmosphere
above it decreases), a decrease of temperature usually
occurs with increasing height through the troposphere.
This decrease is known as the environmental lapse
rate. Through the troposphere, air cools at an average
rate of 6.5 C°/km (or 3.5 F°/1000 ft), although this value
may vary widely from place to place and from day to
day, and even on an hourly basis.
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According to one form of Charles’ law, in an
ideal gas (which the atmosphere approximates),
density decreases as temperature increases if pressure
remains constant. Air that is warmer than surround-
ing air thus rises. Because Earth is not heated equally
and relatively warm air rises, the troposphere does
not have a uniform depth. Instead, the troposphere
is thicker near the equator than near the poles. Near
the equator the layer is approximately 20 km (12 mi)
thick, whereas near the poles in winter the thickness
is only about 8 km (5 mi). Roughly the same amount
of atmospheric mass exists over the two locations,
but the density of that air is less over the equator and
greater over the poles.

The top of the troposphere is called the tropo-
pause. This feature marks the boundary between the
troposphere below and the next layer of the atmosphere
above (Figure 2.5). The average temperature at the tro-
popause is about —57°C (—70°F), which represents quite



a decrease from the 15°C (59°F) average temperature
of the surface.

The layer above the troposphere is the stratosphere.
Temperatures remain somewhat constant from the tro-
popause upward into the stratosphere for about 10 km
(6 mi). Any zone of relatively constant temperature with
height, such as this one, is called an isothermal layer.
Above the isothermal layer temperatures actually increase
with height through the rest of the stratosphere. This
increase of temperature with height—a temperature
inversion—is caused by the absorption of UV radia-
tion by the triatomic form of oxygen (O3), or ozone.

The so-called ozone layer in the stratosphere occurs
because of several processes that have important impli-
cations for terrestrial life on the planet. To understand
the workings of the ozone layer we must first review
the nature of radiation reaching Earth from the Sun.
Insolation arrives in Earth’s atmosphere in a wide range
of wavelengths, which are measured in micrometers
(millionths of a meter [um]). Shorter wavelengths are
associated with more intense (and therefore more harm-
ful to living things) energy than longer wavelengths.
The Sun emits more energy at a wavelength of about
0.5 pm than at any other wavelength, with successively
less energy emitted at successively shorter and longer
wavelengths (FIGURE 2.6). By convention, energy from
solar origin shorter than 4.0 pm is usually referred
to as shortwave radiation in the atmospheric sci-
ences. Wavelengths of the peak amounts of shortwave
radiation occur in the visible part (0.4 to 0.7 pum) of the
electromagnetic spectrum—the full assemblage
of all possible wavelengths of electromagnetic energy.

Any insolation with wavelengths less than 0.4 pm is
too intense to allow terrestrial life to exist. UV radiation
falls between wavelengths of 0.01 and 0.40 um, making
UV radiation harmful to living organisms. Fortunately, N,
absorbs electromagnetic radiation of wavelengths below
0.12 pm. But how does the ozone layer protect us from
UV radiation at wavelengths between 0.12 and 0.40 um?
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FIGURE2.6 Emitted energy by wavelength for the Sun and

Earth, assuming a surface temperature of 6000 K for the
Sun and 300 K for the Earth.
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Some of the diatomic oxygen (O,) that enters the
atmosphere from photosynthesis near the surface reaches
the stratosphere over time. Because O, molecules ef-
fectively absorb UV radiation at wavelengths between
0.12 and 0.18 pm, the O, reaching the stratosphere is
exposed to incoming harmful radiation. When this radi-
ant energy strikes O, molecules, a chemical reaction in
the presence of light that splits the molecular bonds—
photodissociation—is triggered and two monatomic
oxygen (O) atoms are liberated. Because O is inherently
unstable, it bonds quickly and easily with other atoms and
molecules. Some of these O atoms chemically bond with
an O, molecule to form an O; molecule that effectively
absorbs UV radiation at wavelengths between 0.18 and
0.34 um. But in the absorption process the O; becomes
photodissociated into O and O,, and the O then bonds
with another O, to form Os. The process then repeats
endlessly, ensuring that oxygen is continuously being
reworked into Oj; in the stratosphere. UV radiation at
wavelengths between 0.18 and 0.34 pm is effectively
“absorbed”—actually used in chemical processes with
emitted heat as a byproduct—such that only the UV
radiation at wavelengths between 0.34 and 0.40 um filters
to Earth’s surface. This harmful radiation can cause skin
cancer, cataracts, and other problems if we are exposed
to it in large doses, but at least we are protected from the
much more harmful shorter UV wavelengths.

Early in geological history, the first organisms must
have formed in murky waters because no O, (and, there-
fore, no O;) existed to protect them from UV radiation.
By the time life evolved into shallow water areas and
onto land surfaces, O, released from photosynthesis
had built a stratospheric Oj; layer. Life has never been
exposed to excessive amounts of UV radiation and has
never adapted to it. Increasing exposure to UV radiation
is damaging to terrestrial life.

Humans have contributed to thinning the fragile
O; layer over the past half-century by producing CFCs.
Most general uses for CFCs involved refrigeration both
as a gas (Freon) and as an insulating substance (foam
and Styrofoam). CFCs were also used as a propellant
for aerosol sprays. When chlorine from CFCs and
bromine are released to the atmosphere, they can make
their way upward to the stratosphere where they read-
ily bond with monatomic oxygen atoms. Such a bond
does not allow the O to bond with O, to produce the
O, that would absorb UV radiation. The result is that
increased amounts of UV radiation reach the surface,
where adverse effects on organisms occur. Although O,
is found throughout the stratosphere, if all stratospheric
ozone were compressed to the surface it would create
a layer only 3 mm thick. Since the U.S. ban on CFC
production took effect on January 1, 1996, the ozone
layer has shown some signs of recovery.
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The ozone formation process is responsible for the
temperature inversion in the stratosphere. As O; molecules
absorb UV radiation, they acquire energy. The O; at the
top of the stratosphere has the first opportunity to gain
energy (and, therefore, temperature, because temperature
is a measure of the energy or heat content of matter)
from incoming UV radiation. Its temperature, therefore,
is higher than for molecules lower in the stratosphere.
The process of O; production and dissociation hap-
pens in the stratosphere because this is the uppermost
layer for which atmospheric density is high enough
to allow O and O, to meet and bond quickly enough
so that incoming UV radiation is absorbed effectively.
Temperatures rise to approximately —18°C (0°F) at the
stratopause, which is about 48 km (29 mi) above the
surface. The stratopause is the boundary between the
stratosphere and the layer above it.

The layer above the stratosphere is the mesosphere,
from the Greek prefix meso-, which means “middle”
Although this layer does sit near the middle of the
atmosphere from an altitude perspective—in the region
between the stratopause and about 80 km (50 mi) above
the surface—the low-density mesosphere does not repre-
sent the middle of the atmosphere by density or volume.
Because of the compressibility of gases, the middle of the
atmosphere by density and volume is only about 5.5 km
(3.4 mi) above the surface—well within the troposphere.

Similar to the troposphere, temperatures in the me-
sosphere decrease with height. The temperature inversion
characteristic of the stratosphere is not present in the
mesosphere because it is too high for photodissociated
O, to encounter other oxygen atoms or molecules to
bond with quickly enough to absorb the incoming UV
radiation. Instead, the increased density and proximity
to the surface and stratospheric heat sources below the
mesosphere make the lower mesosphere warmer than
the top of this layer. Temperatures at the mesopause
average approximately —84°C (—120°F).

Few processes of consequence to weather and climate
are known to occur in the mesosphere in part because
so little atmospheric mass exists in this zone. Charged
particles from the Sun that are captured by Earth’s
magnetic field in the mesosphere can disrupt telecom-
munications during their release of energy. These same
charged particles are also responsible for the northern
lights (aurora borealis; FIGURE 2.7) and southern lights
(aurora australis). But even these processes have minimal
effect on Earth’s weather and climate.

From the surface up through the mesosphere, the
proportion of atmospheric gases is about the same as
that at the surface, except for the greater concentration
of O; in the stratosphere. The first three “spheres” of the
atmosphere are thus sometimes collectively known as
the homosphere, which means “same sphere” Above

FIGURE 2.7 The aurora borealis.

© Roman Krochuk/Shutterstock.



the mesosphere gases stratify into layers according to
their atomic weights because there is so little mass to
“stir them up.” That region is termed the heterosphere.

The heterosphere corresponds to the final thermal
layer of the atmosphere, the thermosphere. Like the
stratosphere, the thermosphere is characterized by
temperatures that increase with height—a temperature
inversion. Unlike the stratosphere, however, where the
inversion exists because of O; absorption of insola-
tion, the thermospheric temperature inversion occurs
because the uppermost N, and O, molecules have the
first opportunity to absorb insolation. Their position
allows them to attain extraordinarily high tempera-
tures because Earth’s magnetic field captures charged
high-energy particles from the Sun.

The number of those molecules with such high
temperatures is miniscule, however, because of the
sparseness of the atmosphere at such heights. The total
mass of the thermosphere accounts for only about
0.01% of the total atmospheric mass. The decrease of
density, mass, and volume of the atmosphere can be
expressed by the mean free path of a molecule—the
distance an individual molecule must travel before
encountering another molecule. The mean free path
at the surface is on the order of a micrometer. By
contrast, in the thermosphere the mean free path is
on the order of a kilometer or more. Despite the fact
that the individual molecules have very high amounts
of energy, there are so few molecules to contain the
heat that even if you could somehow survive for more
than a fraction of a second at those heights, you would
freeze to death instantly even at temperatures above
1100°C (2000°F)!

A thermopause does not exist; instead, the atmo-
sphere simply merges slowly into interplanetary space.
Individual gas molecules may be gravitationally attracted
to the planet for quite a distance into space. Most agree,
however, that the atmosphere extends no higher than
about 1000 km (600 mi) above the Earth’s surface.
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Summary

The atmosphere is a fragile and complex collection of
gases gravitationally attracted to Earth. It originated
early in the history of the planet as volcanic materials
cooled and outgassed. The early atmosphere is believed
to have been composed primarily of N, and CO,, but
O, gradually replaced CO, as the second-most abun-
dant gas since the evolution and proliferation of simple
organisms and green plants, which have stored carbon
in their biomass and released O, into the atmosphere
over the past 3 billion years.

Carbon is stored for certain periods of time within
a number of reservoirs such as rock layers, the ocean,
biomass, and the atmosphere. This cycle of carbon is
important in the history of Earth. Its importance has
been challenged recently, however, by evidence suggest-
ing that methane-emitting microbes may have played
a greater role than previously believed in Earth’s early
history by absorbing energy emitted by Earth via the
greenhouse effect. This methane may have kept Earth’s
temperatures within a narrow range of variability, despite
a weaker solar output.

The troposphere is the lowest layer of the atmosphere
and is where nearly all weather and climate processes
of importance occur. Temperatures in the troposphere
usually decrease with height because of the increased
density in the most compressed part of the atmosphere—
the part nearest to the surface—and because of prox-
imity to the surface, which absorbs insolation more
effectively than the air above it. The stratosphere is the
second layer from the surface and is characterized by
increases in temperature with height—a temperature
inversion—because of ozone absorption. In the meso-
sphere temperatures decrease with height for the same
reason they do in the troposphere. The final thermal
layer of the atmosphere is the thermosphere, which is
characterized by a temperature inversion because of the
direct absorption of incoming radiation by N, and O,.

Key Terms

Aerosol Density Greenhouse effect
Atmosphere Diffusion Greenhouse gas
Biosphere Electromagnetic spectrum Heterosphere
Carbon cycle Environmental lapse rate Homosphere
Charles’ law Eukaryote Hydrosphere
Chlorofluorocarbon (CFC) Evaporation Hydrostatic equilibrium
Condensation Faint young Sun paradox Insolation
Conduction Fermentation Isothermal layer
Constant gas Flux Keeling curve
Convection Fossil fuel Lithosphere
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Mean free path Ozone (O5)
Mesopause Photodissociation
Mesosphere Photosynthesis
Methane (CH,) Planetesimal
Methanogen Prokaryote
Micrometer Reservoir

Nebula Residence time
Newton’s second law of motion Respiration

Nuclear fusion
Qort cloud
Outgassing

Siderite

Terms in italics also appeared in Chapter 1.

Review Questions

1.

Explain how Earth and its atmosphere formed.
How is today’s atmosphere similar to and different
from early Earth’s atmosphere?

3. Describe how oxygen came to comprise almost
21% of the atmosphere today.

4.  Given that solar output has increased over the past
4.6 billion years, how have Earth’s temperatures
remained fairly constant over that same time?

Questions for Thought

1.  Give as many examples of the second law of ther-
modynamics as you can think of, both related to
and not related to the atmosphere.

2. Why do the aurora borealis and aurora australis

occur in the mesosphere and not elsewhere in
the atmosphere?

Second law of thermodynamics
Shortwave radiation

COMNINC N2

10.

Sink

Solar wind
Stratopause
Stratosphere
Temperature inversion
Thermosphere
Tropopause
Troposphere
Ultraviolet (UV) radiation
Variable gas
Wavelength

What is residence time and why is it important?
What is the carbon cycle and how does it operate?
Describe the thermal structure of the atmosphere.
What causes the thermal characteristics associ-
ated with each thermal layer of the atmosphere?
Compare and contrast the heterosphere and the
homosphere.

Why is there no defined top to the atmosphere?

Why are the auroras not visible in the tropical
parts of the Earth?



PART 2

¥ (limatological
Processes

CHAPTER 3 Controls on the Climate System

Latitude

Earth—Sun Relationships
Distance to Large Bodies of Water
Circulation

Topography

Local Features

Putting It All Together: Spatial and Seasonal Variations in Energy
Summary

Key Terms

Review Questions

Questions for Thought

CHAPTER 4 Atmospheric Interactions with the Other “Spheres”

Ocean Circulation

El Nifio—Southern Oscillation Events
Volcanic Activity and Climate
Deforestation and Desertification
(ryospheric Changes

Summary

Key Terms

Review Questions

Questions for Thought

CHAPTER5  Energy, Matter, and Momentum Exchanges

near the Surface

Properties of the Troposphere

Near-Surface Troposphere

Energy in the Climate System

Local Flux of Matter; Moisture in the Local Atmosphere

Desert: © Denis Burdin/Shutterstock; Supercell: © Minerva Studio/Sk k; City: © Mrs_ya/St k.

23



24 Part 2 Climatological Processes

CHAPTER 6

CHAPTER 7

Atmospheric Statics, the Hydrostatic Equation, and Stability

Momentum Flux

Putting It All Together: Thermal and Mechanical Turbulence and the Richardson Number
Summary

Key Terms

Review Questions

Questions for Thought

Global Hydrologic Cycle and Surface Water Balance

Global Hydrologic Cycle

Surface Water Balance

Putting It All Together: A Worked Example of the Surface Water Balance
Types of Surface Water Balance Models

Water Balance Diagrams

Drought Indices

Summary

Key Terms

Review Questions

Questions for Thought

General Circulation and Secondary Circulations

Circulation of a Nonrotating Earth

|dealized General Circulation on a Rotating Planet

Modifications to the Idealized General Circulation: Observed Surface Patterns

Putting It All Together: Surface Pressure Patterns and Impacts

Maodifications to the Idealized General Circulation: Upper-Level Airflow and Secondary Circulations
Summary

Key Terms

Review Questions

Questions for Thought



Controls on the Climate System

CHAPTER AT A GLANCE

Latitude

Earth-Sun Relationships

» Revolution

» Rotation

» Axial Tilt and Parallelism

» Combined Effect of Revolution, Rotation, and Tilt
Distance to Large Bodies of Water

Circulation
» Pressure
» Wind

» Surface Versus Upper-Level Winds
» Vertical Motion

» Cyclones and Anticyclones

» Oceanic Circulation

= Topography
= Local Features
= Putting It All Together: Spatial and Seasonal Variations in Energy
= Summary
= Key Terms
= Review Questions
= Questions for Thought
everal factors control the general state of the atmo- tropical locations show much less seasonal change in
sphere for a given location and, therefore, govern temperature, but they may have seasonal precipitation
weather and climate. For instance, we expect changes. These differences are due in part to the influence
locations in the midlatitudes to experience pronounced of the various climatic controls. This chapter details how
differences in temperature throughout the year. Most and why the climatic “site” of a place is dictated by its
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latitude, location relative to solar radiation receipt, and
local factors. The climatic “situation” of a place relative
to other features, such as water bodies and major atmo-
spheric circulation features, is also presented because
it impacts the types and distribution of climates that
we see on Earth.

Latitude

To understand the importance of location on Earth
relative to the Sun’s direct rays, we must first review
the concept of latitude—a set of imaginary lines that
run from west to east around the Earth, paralleling the
equator and each other (FIGURE3.1). They are therefore
usually referred to as “parallels” Latitude lines are named
for the angle they make between their location, the
center of the Earth, and the equator. The latitude of the
equator itself must therefore be 0° and the North and
South Poles have latitudes of 90°. We always indicate
whether a latitude coordinate is north or south of the
equator (0°) by using the letter “N” or “S” after the angle.
For instance, Kent, Ohio, lies at approximately 41°N
latitude, or almost half the angular distance between
the equator and the North Pole. Parallels of latitude
provide an indicator of the location of a place relative
to the equator. More specifically, the location of any
place can be expressed in terms of how far north or
south of the equator the place lies, with one degree of
latitude corresponding roughly to 111 km (69 mi) on
Earth’s surface.

Longitude is defined as a set of imaginary north-
south lines running through the North and South Poles
perpendicular to the equator and every other parallel of

(a) Latitude

(b) Longitude

FIGURE3.1 Lines of latitude and longitude.

latitude (Figure 3.1). Longitude lines are also referred
to as “meridians.” Unlike lines of latitude, meridians of
longitude are not parallel to each other; they converge
toward the poles, even though they may not appear to
converge because of the way that some maps are con-
structed. The longitude coordinate actually measures the
angle created between the point of interest, the center
of the Earth at the same parallel of latitude, and a point
on that latitude along the arbitrarily defined prime
meridian—the meridian running through Greenwich,
England, which is at 0° longitude. Each degree of angle
east or west of Greenwich represents one degree east or
west longitude, with the direction designated by “E” or
“W? after the angle. The maximum longitude coordinate
is 180°, or halfway around the world from the prime
meridian. The combination of a latitude and longitude
coordinate in this grid system allows us to pinpoint any
location on the surface of the Earth accurately.

But why does latitude have anything to do with
climate? Quite simply, as latitude increases beyond the
tropics, solar energy—insolation—on a given day strikes
the surface at a decreasing angle, from 90° (where the
ray is directly overhead) to 0° (where the Sun is on the
horizon; FIGURE 3.2). The lower the Sun’s angle (i.e.,
the closer to 0°) above the horizon, the less intense the
insolation, because the ray can undergo attenuation—
the depletion of solar rays—more effectively by interacting
with more atmospheric particles when it reaches Earth
from a lower angle. When the Sun is directly overhead
(i.e.,ata 90° Sun angle), solar rays pass through the at-
mosphere most efficiently because they strike the surface
perpendicular to it and have fewer opportunities to be
attenuated. The result is that the rays are more intense
when they hit the surface.

North

Longitude Pole Latitude

South
Pole

(c) Latitude and Longitude



Gases, liquid and frozen water, water vapor, dust,
and other aerosols floating in the air absorb, reflect,
and scatter away insolation. Attenuation increases as
concentrations of particles in the air and the path
length of radiant energy increase through the depth
of the atmosphere. The more attenuation there is in
the atmosphere, the less intense the insolation will be
when it strikes Earth’s surface. Imagine using a flashlight
to illuminate the sidewalk at night. Then imagine the
same flashlight on a foggy day shining on the sidewalk
or the same flashlight atop a skyscraper attempting to
illuminate the same sidewalk. The greater number of
water molecules on the foggy day or the greater distance
atop the skyscraper allows for more attenuation, thereby
reducing the amount of light striking the sidewalk. In-
creased attenuation, therefore, leads to decreased surface

FIGURE 3.2 Variation in local sun angle.
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FIGURE 3.3 Atmospheric path length due to Earth's curvature.
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heating power. By contrast, a relatively short path length
through the atmosphere to the surface allows for the
energy to be more concentrated per unit of surface area,
with less attenuation by atmospheric aerosols.

Beam spreading is also a concept of importance
relative to surface energy receipt. To illustrate this no-
tion, imagine you are holding a flashlight that is pointed
straight down at the floor. The beam of energy is focused
and the illuminated area will likely approximate the
actual area of the shining face of the flashlight. Energy
is concentrated through a small area on the floor in that
situation. Now imagine you shine the flashlight across
the floor some meters away from you. The illuminated
region now expands and elongates, even though the
same battery is producing the same amount of light
from the flashlight. The same amount of energy is now
spread across a larger area. In the same way, when the
Sun is shining on a location at a low angle, warming is
less intense than if the Sun were shining from a high
angle because its energy is dispersed across a wider
region of Earth’s surface.

Earth’s spherical shape causes areas receiving
lower solar angles to see higher attenuation and beam
spreading rates because of long path lengths through
the atmosphere to the surface. To illustrate this concept,
imagine two lines, A and B, as shown in FIGURE3.3. Line A
passes from the Sun through the atmosphere to the
surface in the equatorial region; we say that this path
length equals 1. Line B passes from the Sun through
the atmosphere and touches the Earth at the North
Pole. For solar energy to reach the surface of a high-
latitude location, it must travel a much longer distance
through the atmosphere. Specifically, the path length
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increases approximately 2.5 times simply because of
Earth’s curvature. Because of the great distances between
the Sun and Earth, for this and all other discussions of
insolation we can assume that solar energy travels in
parallel lines to Earth’s system. If Earth were shaped
like a block rather than a sphere, the path length of the
Sun’s rays through the atmosphere would be essentially
the same for lines A and B. But the spherical nature of
Earth makes it curve away from the Sun and gives much
greater path lengths and subsequent beam spreading to
locations at higher latitudes.

The parallel of latitude experiencing the direct rays
of the Sun—the rays that fall perpendicular to the sur-
face, or 90° above the horizon—on a given day always
has the shortest path length. That latitude is termed the
solar declination, and it varies only between 23.5°N
and 23.5°S latitude. So, for locations north of 23.5°N
latitude or south of 23.5°S latitude, the Sun is never di-
rectly overhead (i.e., ata 90° angle). For a given time of
day, the higher the latitude outside the tropics, the lower
the Sun’s angle will be. So because of their differences
in latitude alone, we would expect Vancouver, British
Columbia, to have a lower Sun angle, more attenuation,
more beam spreading, and less intense sunlight than
San Diego, California. Latitude affects climate because it
affects the Sun angle of a location, which in turn affects
the intensity of radiation received at the surface, which
in turn affects temperature.

As we will see shortly, latitude also impacts day length
throughout the year. The greater the number of hours of
daylight, the more time exists for the surface to heat up.
Variations in both solar declination and day length occur
because of the changing relationships between Earth’s
surface and the Sun through the year. Such relationships
are responsible for creating distinct seasons.

Earth—Sun Relationships

In combination with latitude, Earth—Sun relationships
contribute heavily to the characteristics of climatic
“sites” on Earth. These influences occur because of
Earth’s revolution around the Sun, rotation on its axis,
and its axial tilt. Together, these factors produce daily
and seasonal cycles of energy and temperature.

Revolution

Earth’s revolution—its orbit around the Sun—creates a
distinct impact on temperature on Earth when combined
with other factors. The orbit itself is not circular, and
its elliptical path is not even perfectly centered about
the Sun. The average distance from Earth to the Sun
throughout the year is 149.67 million km (92.96 million
mi). Given this distance, and the constant speed of

light through the vacuum of space (299,338 km s™" or
186,000 mi s"), it takes approximately 8.3 minutes for
light emitted from the Sun to enter Earth’s atmosphere.
When you see the Sun, you are actually seeing the Sun
as it was 8.3 minutes ago!

The Earth-Sun distance varies from about 147.09
million km (91.36 million mi) on or about January
3—termed perihelion—to about 151.92 million km
(94.36 million mi) on or about July 4—termed aphelion.
Obviously, given the dates at which the perihelion and
aphelion occur (during northern hemisphere winter
and summer, respectively), the distance from the Sun
must play little role in controlling intraannual surface
temperature variations. If the Earth—Sun distance were
the most important factor producing the seasons, January
would be summer in both the northern and southern
hemispheres, because it is the month when the Earth
is closest to the Sun, and July would be winter in both
hemispheres.

Rotation

Rotation—the spin of the Earth on its axis—causes
differing longitudes to experience the most direct ray
of the Sun they receive on a given day at different times.
The direction of rotation is from west to east, or coun-
terclockwise when viewed from above the North Pole.
One complete rotation (i.e., 360° of longitude) occurs
every 24 hours, which is equivalent to motion through
15° of longitude every hour.

Because of rotation, the Earth is divided into time
zones, 24 longitudinally-based regions across the Earth’s
surface. They are approximately 15° of longitude in
width, with the “official” time set 1 hour apart in each
adjacent time zone. When one time zone is receiving
the most direct ray of sunshine (i.e., is situated in direct
sunlight), others are on the fringe of the illuminated part
of Earth, while others are in darkness. Exactly one-half
of Earth is illuminated at any given time. The circle of
illumination is the line, as viewed from space, which
separates the illuminated and dark halves of Earth. It is
constantly changing in position across Earth’s surface.

Axial Tilt and Parallelism

To understand the cause of seasonality, we must examine
the concepts of axial tilt and parallelism. The plane of
the ecliptic represents the plane that bisects both Earth
and the Sun (FIGURE 3.4). It is the plane on which Earth
revolves around the Sun. Imagine a perpendicular line
passing through Earth, through the plane of the ecliptic.
This line does not pass through the poles, but instead the
angle between this line and Earth’s axis represents Earth’s
axial tilt. The axis of rotation (which passes through both



poles) lies 23.5° from the perpendicular line through the
plane of the ecliptic. Likewise, the equator is tilted 23.5°
from the plane of the ecliptic. If the Earth had no axial
tilt, the equator would align along the plane of the ecliptic
and the poles would align along the perpendicular line
through the plane of the ecliptic.

This 23.5° axial tilt can be thought of as being “fixed.”
No matter where Earth is in its revolution around the Sun,
the axis still points in the same direction and remains
at the same angle. This principle is known as parallelism.
The northern hemisphere’s axis of rotation has a con-
venient reference point in space—Polaris, or the North
Star. If you were standing on the North Pole through
the course of the year, you would always see Polaris at a
90° angle above the horizon, or directly over your head.
The other stars would rotate around you throughout the
year as Earth orbits the Sun, but Polaris would appear
as a fixed point. The axis of Earth is always parallel to
itself for every position in its orbit (FIGURE3.5). In reality,
Earth’s axial orientation and angle of tilt do vary slightly

FIGURE 3.4 Earth'stilt is 23.5° from a perpendicular line
through the plane of ecliptic.
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through geological time, and this variance is believed
to contribute to global climatic changes. On time scales
important in the context of contemporary weather and
climate, we can think of the axis as remaining unchanged
in orientation and angle of tilt.

Combined Effect of Revolution,

Rotation, and Tilt

With the exception of the equator, the proportion of each
line of latitude inside the circle of illumination changes
throughout the course of the year, as demonstrated in
Figure 3.5. In June more than half of any parallel of
latitude in the northern hemisphere is in the daylight
sector and more than half of any parallel of latitude in
the southern hemisphere is in darkness. But for Earth
as a whole exactly half is illuminated at any time. In
December more than half of any parallel of latitude in
the northern hemisphere is in darkness, while more
than half is in daylight in the southern hemisphere.
The closer to the pole the line of latitude is (in either
hemisphere), the greater the difference in day length
from June to December.

The number of hours each day during which a given
parallel of latitude is inside the circle of illumination is the
same as the day length at that latitude on that day. Day
length changes throughout the year as the proportion
of a parallel of latitude inside the circle of illumination
changes. These changes have profound impact on the
heating of Earth throughout the year and cause the
seasons to exist. To understand how these processes
work, we must put together what we have learned about
revolution, rotation, and tilt.

The changing orientation of Earth’s axis of
rotation with respect to the Sun throughout the
year causes these relationships to exist. Orientation
changes because of Earth’s revolution. Remember

Circle of
illumination

December 22

FIGURE 3.5 Unequal division of lines of latitude into day and night by the circle of illumination with change

in orbital position.
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March 21
(equinox)

ice)

September 22
(equinox)

December 22
(solstice)

FIGURE3.6 Relationships between Earth’s axis and the circle of illumination during the course of the year.

that Earth’s axis maintains parallelism throughout its
orbit (FIGURE 3.6). So at one point in Earth’s orbit, on
or about June 21 (depending upon a leap year; this
book uses the most common dates), the northern
hemisphere axis is pointed maximally toward the
Sun (this is termed the June solstice—or summer
solstice in the northern hemisphere). This concept
is shown on the far left side of Figure 3.6, where we
see evidence for the northern hemisphere’s long
summer days and short nights and generally warmer
conditions in the northern hemisphere and colder
conditions in the southern hemisphere (which faces
away from the Sun) at the corresponding latitude.
On all days from March 21 through September 22
the northern hemisphere is pointed toward the Sun,
but the pointing is most direct on June 21. On that
day the tilt of Earth causes the solar declination to
be at 23.5°N latitude—the Tropic of Cancer.

Itis also clear from Figure 3.6 that on June 21 more
than half of any line of latitude in the northern hemisphere

is in daylight and less than half of that parallel of latitude
is in darkness. Furthermore, the farther north the line of
latitude, the greater the percentage of that parallel is in
daylight on June 21. Days are longer than nights in the
northern hemisphere from March 21 to September 22
(centered on June 21), because the pointing of the axis
toward the Sun in the northern hemisphere during that
period would leave any line of latitude in daylight for
alonger period of time than it would be in darkness as
Earth rotates on its axis.

In the northern hemisphere, day length increases
from the equator to the Arctic Circle (66.5°N) on any
given day from March 21 through September 22 as a
higher percentage of each line of latitude sits within the
illuminated half of Earth as latitude increases.

On June 21, day length increases from 12 hours
at the equator to 24 hours at the Arctic Circle. Every
location north of the Arctic Circle receives constant
daylight through this 24-hour solstice period, and for
longer periods of time as one continues north, until



day length reaches 6 months (from March 21 through
September 22) at the North Pole! The position of the
Sun does little to indicate when it is time to sleep or
eat—it merely circles around the horizon rather than
dipping beneath it.

In the southern hemisphere, nights are longer
than days from March 21 to September 22 (centered on
June 21), because the South Pole is tilted away from the
Sun during that interval, with the most direct tilt away
from the Sun occurring on June 21 (the winter solstice
in that hemisphere). On any given day from March 21
through September 22, day length decreases from the
equator to the Antarctic Circle (66.5°S) as the parallels
of latitude become less and less included within the circle
of illumination as latitude increases. Again, the maximum
effect occurs on June 21, when day length ranges from
12 hours at the equator to zero at the Antarctic Circle. A
total absence of daylight exists for even longer periods
successively south from the Antarctic Circle to a maximum
of 6 consecutive months of darkness (from March 21
through September 22) at the South Pole. The effect
of the tilt away from the Sun is cold conditions for the
southern hemisphere. Because Earth is simultaneously
farthest from the Sun (aphelion) near the June solstice,
the southern hemisphere’s winter season is even colder
than it would be because of the effect of tilt alone. Because
the equator is neither in the northern nor the southern
hemisphere, days and nights are of equal length on June 21
(as on every other day of the year).

On the right side of Figure 3.6 we can see that Decem-
ber 22 marks the opposite point in the Earth’s revolution
around the Sun. That day, termed the winter solstice in
the northern hemisphere, or, generically, the December
solstice, sees conditions that are the same as those that
occur on June 21, but the hemispheres are reversed.
Parallels of latitude in the northern hemisphere have
a decreasing day length from the equator to the Arctic
Circle (12 hours to 0 hours, respectively) on that day,
while in the southern hemisphere day length increases
from the equator to the Antarctic Circle (12 hours to
24 hours, respectively). On all days from September 22
through March 21 the northern hemisphere is pointed
away from the Sun and the southern hemisphere is
pointed toward the Sun, but the effect is most direct on
December 22. On that day the tilt of the Earth causes
the solar declination to be at 23.5°S latitude—the Tropic
of Capricorn (Figure 3.6).

Because of these conditions, significant differences
in insolation are received at the surface during the
course of a year, except near the equator. There are also
significant latitudinal differences in insolation received
atany given day of the year. The northern hemisphere as
a whole experiences an energy surplus in June, July, and
August that accounts for warm conditions throughout the
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hemisphere. The southern hemisphere is in the opposite
situation during those months, with a net energy deficit
and resulting cold conditions. In December the situation
is reversed as the northern hemisphere axis is pointed
away from the Sun and the southern hemisphere axis
is pointed toward it. The hemispheres are then in a net
energy deficit and surplus, respectively.

Between the extremes represented by the solstices,
Earth moves through the transition seasons. At the
midpoints between the two solstices, Earth’s axis is
pointed neither directly toward nor away from the Sun.
Instead, the axis of rotation is pointed in a “neutral”
direction on March 21 (the March equinox, or vernal
equinox in the northern hemisphere) and September 22
(the September equinox, or autumnal equinox
in the northern hemisphere). In the southern hemisphere
the autumnal equinox occurs on March 21 and the vernal
equinox occurs on September 22, because the seasons
are reversed from those in the northern hemisphere. On
the equinoxes, the solar declination is at the equator. So,
to see the Sun directly over your head (90°) on March 21
or September 22, you would have to be located along
the equator at solar noon—the time when the Sun is
at its highest point in the sky on a given day.

On the equinoxes, the circle of illumination bisects
each parallel of latitude because the axis is pointed neither
toward nor away from the Sun. The result is that each
parallel location in the world experiences 12 hours of
daylight and 12 hours of darkness on those days. Even
though every location has virtually the same day length
on the equinoxes, not every location receives the same
intensity of radiation because of differences in solar
angle. The angle at solar noon decreases with increasing
latitude from 90° at the equator on the equinoxes. This
decreasing solar angle causes greater beam spreading and
attenuation with increasing path length. Local factors,
such as cloudiness, may also complicate the relationship
between solar angle and intensity of energy receipt.

The only parallel of latitude that has virtually un-
changing day length throughout the year is the equator.
It should be noted that day length does fluctuate slightly
during the course of the year even at the equator. This is
because day length is determined by the time between
sunrise (when the leading edge of the Sun’s disk—not
the middle of it—reaches above the horizon) and sunset
(when the trailing edge of the Sun’s disk slips below the
horizon). At times of the year when the solar declination
is more distant from the equator (e.g., the solstices), at
least part of the solar disk remains above the horizon for
slightly longer than 12 hours at the equator. Furthermore,
refraction—bending of light as it moves through air
of varying density—causes sunlight to appear above
the horizon for a few minutes before and after the Sun
is actually above the horizon. So, at all locations day
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length is generally a few minutes longer than would be
expected; it exceeds 12 hours by a few minutes even at
the equator, with the difference slightly greater at times
of the year when solar declination is farthest away.

The equator lies at the middle of the “tropics,” the
latitudes between the Tropics of Cancer and Capricorn.
Tropical locations see the vertical rays of the Sun pass
overhead twice a year. Realistically, the vertical rays of the
Sun at solar noon would never be far from any tropical
location. As a result, the tropics generally have high solar
angles at noon throughout the year. Day length also does
not vary much from 12 hours in tropical locations. The
absence of short days, along with the short path length
through the atmosphere and lack of significant beam
spreading and attenuation, both as a result of consist-
ently high noon solar angles, causes energy surpluses
and high temperatures throughout the year.

Distance to Large Bodies
of Water

Another major control on climate is a “situation” var-
iable known as continentality—location relative to
large bodies of water (especially oceans). Such large
bodies are capable of storing huge quantities of energy
during high-energy times (summer) and releasing this
energy slowly to the atmosphere during low-energy
times (winter). These energy fluxes can have a signifi-
cant effect on the climate of a location adjacent to the
water body. Assuming that all other factors are equal,
summers over or near oceans are not as warm as they
are in the interiors of continents. Likewise, winters in
coastal and oceanic locations are generally not as severe
as they are in inland locations. In addition, the onset
of seasons is delayed significantly over and near oceans
because of the oceanic absorption of the energy through
the summer and slow release of it to the atmosphere
from autumn through winter.

To determine the relative importance of this climate
control, let’s negate the impact of latitude and Earth-
Sun relationships. To do this we compare the climates
of three cities that lie near the same line of latitude but
in various regions of North America. Choosing cities
near the same line of latitude ensures that all three cities
are subjected to roughly the same amount of energy
because of latitude (and, therefore, the effects of path
length, attenuation, beam spreading, and sphericity are
similar). Would all the cities have the same climate?

The three cities we use in our example are San Francisco,
California; St. Louis, Missouri; and Washington, DC.
All three cities lie between 37° and 39°N (FIGURE 3.7). In
winter St. Louis is coldest of the three cities, on average,
but St. Louis also has the highest summer temperatures.
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FIGURE 3.7 Continental position of San Francisco,
St. Louis, and Washington, DC.

This wide annual temperature range occurs because of
the distance from St. Louis to a large water body. The
oceanic storage of radiant energy during summer and
release of that energy to the atmosphere during winter
do not provide much relief from the summer warmth
and winter cold for St. Louis. Instead, interior areas
of continents, such as the location of St. Louis, warm
significantly during summer and cool substantially
during winter. This creates more seasonal extremes in
temperature and a larger seasonal temperature range
for affected locations. St. Louis experiences this effect
of continentality on its seasonal climate.

On the other hand, the warmest of the three cities
in winter and the coolest in summer is San Francisco,
which is downwind from the largest body of water on
Earth and, therefore, has the most significant maritime
effect—a moderating influence on temperatures by
bodies of water. We will see shortly why Washington,
DC has less of a maritime effect than San Francisco,
even though both cities are coastal.

The slow response of water bodies to inputs of energy
and the slow rate of release of energy that is input through
insolation can be represented by a quantity known as
specific heat or thermal capacity—the amount of heat
(energy) required to raise the temperature of a 1-g mass
by 1 C°. Specific heat for various substances is shown in
TABLE 3.1. The specific heat of water is about five times
greater than that of land. This means that, given the
same mass of water and a sample of solid Earth, the
water requires about five times more energy to heat
to the same temperature as the solid. Furthermore,
energy is easily distributed in a water column through
convection—the vertical transfer of energy or matter
through a fluid—and horizontally through advection
in the form of ocean currents. This redistribution helps
to maintain relatively constant surface temperatures over
the seasons. Another factor contributing to consistency
of temperature in the oceans is water transparency, which



TABLE 3.1 Specific Heat Values for Various

Substances at 0°C

Mercury 139
Granite 190
Sand 835
Glass 840
Dry air 1005
Saturated air 1030
Water 4187

allows insolation to penetrate to a depth of up to about
100 m (330 ft). Because insolation is spread vertically
down the water column, the surface temperature does
not change appreciably.

Continental versus maritime effects are important
contributors to the climate of any location. Globally, the
greatest seasonal extremes occur over the largest land
masses. Not surprisingly, Asia experiences the greatest
continentality on Earth. But the effect of continentality
may even manifest itself over relatively short distances
from a large water body.

Smaller water bodies such as lakes, swamps, and
marshes can also cause important temperature variations.
Locations that are windward (upwind) of a lake tend
to have more extreme variations in temperature than
those that are leeward (downwind). A good example
is Toronto, Ontario, which lies on the windward side of
Lake Ontario for much of the year. Toronto has lower
winter temperatures and higher summer temperatures
than Watertown, New York, which is located on the
downwind side of the lake.

An additional factor contributing to the continen-
tality and maritime effects involves the use of insolation
at the surface. When water is present, some insolation is
required to evaporate water rather than to heat surfaces.
To evaporate a bucket of water, a sufficient amount of
insolation must be present, and this radiant energy is
converted to latent energy during evaporation. This
latent energy cannot simultaneously be used for heating
air (sensible energy). Swimmers may feel cold after
getting out of a swimming pool even on a hot summer
day because of latent heating at the expense of sensible
heating on their skin during the evaporation process. This
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also explains why rubbing alcohol feels cold even though
the alcohol is stored at room temperature. Alcohol is an
easily evaporated substance, which means that latent
heating is occurring at the expense of sensible heating
on the skin as the alcohol evaporates. We can think of
evaporation as a “cooling” process; evaporation involves
the absorption of energy and conversion of it to latent
form. It is important to note that at least some evapo-
ration occurs in any unfrozen water body, regardless of
the overlying air temperature. As such, the water body
surface experiences some amount of evaporative cooling.

When the atmosphere is nearly saturated with wa-
ter vapor (as is often the case in humid climates), little
additional evaporation (and, therefore, little cooling)
can occur. Perspiration cannot evaporate easily if the
atmosphere is nearly saturated, and little evaporative
cooling can occur. This “stickiness,” created by high
humidity, increases the heat index—a contrived
“temperature” based on how the temperature “feels”
for people. This creates rather unpleasant conditions.
By contrast, dry places such as Arizona generally do not
feel as uncomfortable in high temperatures because the
low humidity allows freer evaporation (and subsequent
cooling) through perspiration.

Water in the form of clouds also plays a significant
role in daily temperature variations. This is especially true
for most tropical locations and in midlatitude locations
during the summer months. Typically, these clouds are
generated through convection, so they often become most
prominent during the late afternoon when warm, humid
air near the surface rises and its water vapor condenses into
liquid water. Once formed, the clouds absorb, scatter, and
reflect significant amounts of insolation, which may lead
to a respite from the high temperatures. Often, the clouds
generate precipitation, and this precipitation also cools the
surface both directly (by adding cool water to the surface)
and indirectly (through the cooling eftect of evaporation
of the surface water after the precipitation ends).

Given the accumulated properties of water, a large
water body sees relatively little temperature variance
over the course of the year, particularly if it is in the
tropical part of Earth where day length and solar an-
gles remain similar throughout the year. Because water
temperatures remain nearly constant through the year,
associated coastal locations such as San Francisco also
see more constant temperatures through the year than
inland locations such as St. Louis.

Circulation

Climate is also affected by location relative to atmospheric
circulation features. The mission of the atmospheric
circulation is to balance energy inequalities across the
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latitudes in accordance with the second law of thermo-
dynamics. This mission is never accomplished, however,
because of the constant inequalities in the amount of
insolation being received across the latitudes. Most of
this imbalance is initiated by the Earth—Sun relation-
ships and position on the continent relative to oceans,
as discussed previously. But other effects, including
atmospheric circulation characteristics, also play im-
portant roles.

Even if two locations have the same latitude, the
same distance to the ocean, and Earth-Sun relationships
affect them in the same way (i.e., they are in the same
hemisphere), they still may not have the same climate.
One location may be affected by atmospheric circulation
from a certain direction more often than another. To
clarify this notion let’s go back to an earlier example.
Which of the three cities mentioned previously would
experience the second-coldest winter?

On initial glance it may seem that Washington, DC
and San Francisco would have the same moderating
maritime effect because each city lies adjacent to a large
ocean. But the maritime effect for Washington is much
less than for San Francisco because of the direction
of the prevailing winds. Because the prevailing wind
direction in the midlatitude part of Earth is from the
west, Washington is windward rather than leeward
of the moderating influence of the ocean, unlike San
Francisco. We say that the prevailing wind direction in
the midlatitudes is westerly because in the atmospheric
sciences wind direction is always named for the direction
from which the wind is blowing.

In winter the westerly prevailing winds chill con-
siderably over the cold North American continent. In
summer the prevailing winds tend to have a south-
westerly component, which adds low-latitude energy.
Further heating occurs as the air blows over the warmed
continental surface. Moisture originating from the Gulf
of Mexico and/or the southwestern North Atlantic
Ocean evaporates into the air, creating hot and humid
conditions for Washington. The proximity of the North
Atlantic does impart some maritime effect on Wash-
ington, DC; the maritime effect provides Washington
with conditions that are a bit warmer in winter and a bit
cooler in summer than they should be, given the energy
receipt at its latitude. Nevertheless, Washington, DC is
significantly colder in winter and warmer in summer
than San Francisco because of the effect of circulation.
By contrast, prevailing circulation advects—transfers
horizontally—moderate Pacific air from the westerly
winds to San Francisco.

The relatively high winter temperatures and low
summer temperatures of San Francisco caused by the
maritime effect led Mark Twain to his famous quip that
“the coldest winter I ever spent was the summer I spent

in San Francisco.” The pronounced maritime effect is
caused by circulation features not only in the atmosphere
but also in the ocean. In addition to the westerly winds
discussed above, the nearby cold ocean current provides
a circulation regime that prevents the summer temper-
atures from rising too much. The prevailing westerly
summer winds are chilled over the cool ocean waters
before blowing onshore. Because the ocean’s surface
temperature changes relatively little over the course
of the year, San Francisco enjoys a relatively constant
temperature through the year. High temperatures are
often in the low 20s°C (70s°F), while lows dip into the
teens (10s°C; ~50s°F). The air is also relatively moist,
giving it an added chilling effect, even during summer.

Pressure

Circulations that result in climates differing across space
are caused by horizontal inequalities in atmospheric
pressure. To understand this process of wind generation
tully, we first need to understand the concept of pressure
and pressure imbalances (pressure gradients).

Pressure is simply a measure of the amount of force
applied to a given surface area. If we imagine a closed
volume of air, the amount of air pressure is proportional
to the frequency of molecular collisions of the matter
composing the air. In such a case there are two ways
that pressure could increase. The first is to decrease
the volume. Putting the same number of molecules in
a smaller volume increases the frequency of collisions.
Because density is mass divided by volume, decreasing
the volume is the same as increasing the density if mass
is held constant. Pressure and density are directly pro-
portional to each other.

A second way to increase pressure is to increase the
speed at which the molecules move in the closed con-
tainer. Faster-moving molecules inherently collide with
one another more readily. Temperature is a measure of
the kinetic energy, or energy of motion, of molecules
in a substance. Kinetic energy is present in all matter.
According to kinetic theory, motion may cease only
if the theoretical absolute zero (0 K, —273°C, or
—460°F) temperature is reached. Although scientists
at the Massachusetts Institute of Technology recently
created conditions in a laboratory at which absolute
zero was approached to a few billionths of a degree,
all naturally occurring substances have kinetic energy,
and increasing the temperature of matter increases the
speed of molecules comprising that matter.

We therefore can also say that pressure and tem-
perature are directly proportional if we hold volume
(and, thus, density) constant. Likewise, a decrease in
pressure is associated with an increase in volume, de-
crease in density, and/or decrease in temperature, as



(a) The plunger descends partway
because the air pressure in the
cylinder under the plunger exerts
upward force equal to the downward
force from the plunger’s weight.
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(b) Pushing the plunger down,
compressing the space, the air
pressure under the plunger
increases. If the plunger is
released, the pressure forces the
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FIGURE 3.8 Pressure in a hypothetical pump with no outlet.

shown in FIGURE 3.8. These relationships are expressed
quantitatively in the equation of state for an ideal gas
(also known as the ideal gas law). For perfectly dry air
(which approximates an ideal gas), the equation of state is

P:deT

where P represents pressure, p is density, R, is the dry gas
constant (287 Joules kg "' K™'), and T'is the temperature
using the Kelvin temperature scale—a means of rep-
resenting temperature such that it is proportional to the
amount of energy contained by the molecules composing
the matter. The Joule is the metric unit of energy or
work, with units of kg m*s~?. If these units seem to be
cumbersome, keep in mind Einstein’s theory of relativity,
E = mc®, where E represents energy, m is mass, and ¢
is the speed of light. Mass has units of kilograms and
speed squared must be in units of m*s ™. The equation
above also suggests that if pressure remains constant,
warmer air is less dense than colder air.

Air pressure is sometimes expressed as the number
of pounds of force exerted on a square inch of Earth’s
surface. Expressed this way the average sea level pressure
of Earth is 14.7 Ib in~*. This means that for every square
inch of surface area, the “weight” of the atmospheric

column on it is about the same as the weight of a bowl-
ing ball. If we were to add up all the square inches of
surface area on the human head, the total atmospheric
weight pushing downward would be about 600 Ibs. If
we were to lie down, we would experience over 5 tons
of atmospheric pressure bearing down on us at sea level.
So why are we not crushed by this pressure? It is because
the pressure force is exerted in all directions—not just
downward. Our bodies (and those of other creatures)
also have internal fluid pressures that exert themselves
outward against this pressure. We are in equilibrium
with our physical surroundings.

If we were to increase pressure on our bodies, we
would feel the negative effects of this “excess” pressure.
For instance, divers readily experience an increase of
pressure because of the increasing mass of water pushing
downward onto their bodies as they dive deeper and
deeper into the water. Eventually, they would reach a
point where the fluids and gases of their bodies could
not offset the increasing pressures and they would
implode. Pressure increases with depth within a fluid.
The atmosphere is a fluid, and we lie at the bottom of
a gaseous ocean of air. The weight of the atmosphere
represented by its pressure is, therefore, maximized at
the surface or, more generally, at sea level. Even though
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FIGURE3.9 Schematic representing a mercury barometer.

pressure may be expressed in terms of pounds per square
inch, this notation is rarely used in the atmospheric
sciences. Other pressure notations are preferred. The
first measurements of pressure used the height of a fluid
in a vacuum tube. The downward pressure (force) of the
atmosphere actually pushed the fluid up the vacuum
tube. This experiment was initially done with water,
and huge tubes were needed. It was found that a more
conveniently sized tube containing mercury was more
useful, and the invention of the mercury barometer in
1643 is credited to Evangelista Torricelli. To determine
atmospheric pressure, one needed only to note the
number of “inches of mercury” in the tube (FIGURE3.9).

Today, atmospheric scientists seldom use the num-
ber of inches of mercury to represent pressure. Instead,
even in the United States they represent pressure using
the Newton (N)—a metric unit that measures force per
square meter. One Newton of force per square meter is
termed a Pascal (Pa) and 100 Pascals equal 1 millibar
(mb). The top of the atmosphere has a pressure reading
of 0 Pa (or 0 mb), because no overlying mass exists to
exert pressure, whereas sea level has an average pressure
of 101,325 Pa or 1013.25 mb.

Pressure varies greatly in the vertical; as one ascends
through the atmosphere there is less mass above and,
therefore, a reduction in pressure. Of course, this makes
comparisons of pressure between locations of different
elevations meaningless. To alleviate this problem the
actual recorded pressure at each weather station is
mathematically “corrected” to that which would occur if
that location were at sea level. This reduction to sea level
equivalent allows for the role of elevation to be effectively
eliminated. With pressures undergoing a reduction to
sea level equivalent, it is possible to compare pressures at
any stations directly, regardless of elevation differences.

Comparison of pressures on a map is usually
done by connecting locations that have the same sea

level-corrected pressure using isobars—lines of equal
pressure. An isobaric map of the United States is shown
in FIGURE 3.10. The interpretation of isobars is intuitive.
Alllocations on one side of a given isobar have pressure
values above that represented by the isobar, and all areas
to the other side of an isobar have pressure values below
that which is represented by the isobar. For example, in
Figure 3.10 the highest pressures are located in north-
western North America and off the east coast of North
America. The lowest pressures on that day are found
in the northeast, around Hudson Bay. By convention,
on all surface weather maps only every fourth millibar
is represented by an isobar. This convention allows a
user to compare how closely packed the isobars are on
any two maps; the closer the isobars, the greater the
variation in pressure across space.

In general, “high pressure” indicates pressures
above that of mean sea level, while “low pressures” are
considered to be those below that of mean sea level. But
pressure systems can also be considered to be “high” or
“low” relative to one another. For instance, we might note
alow-pressure system migrating across the country, but
that “low” pressure could actually have a central pressure
reading in excess of mean sea level pressure if this pressure
is lower than other pressure readings surrounding it.

Wind

Now that we have an understanding of atmospheric pres-
sure, we can begin to understand winds and circulation.
Wind is simply air in motion; stated another way, it is
the transfer of atmospheric mass from one location to
another. The transfer occurs because there is an excess
of atmospheric mass in one location and a lack of mass
in another. Places where there is “extra” air have higher
pressure, and places that have less air have lower pressure.
Air moves in relation to pressure imbalances in either the
vertical or the horizontal. Fluids always move from areas
of higher concentration to areas of lower concentration,
in accordance with the second law of thermodynamics,
unless acted on by some other force.

Imagine a cup of coffee. If the level of coffee happens
to be higher on one side of the cup than the other (i.e.,
the mass or pressure of a “column” of coftee from top
to bottom is not the same across the cup), you would
expect the coffee to slosh back across the cup to even
out the level, unless some other force is maintaining
the imbalance (such as your hand tilting the cup).
Similarly, the atmosphere also always attempts to equal
out imbalances of mass or pressure.

Because an area with low pressure actually has less
atmospheric mass than surrounding locations, it may
be compared with a hole. The word “depression” is often
used to describe an area of low pressure. If a fluid exists
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FIGURE3.10 Surface pressure map of the United States on 2 October 2013 at 0900 UTC (9:00 am in Greenwich, which

corresponds to 5:00 am Eastern Daylight Time).
Courtesy of the U.S. Weather Service/NOAA.

near a hole in the ground, gravity pulls the fluid into the
hole. If the hole is entirely filled, an equilibrium exists
and the fluid no longer moves into the cavity as an equi-
librium exists. This is similar to the way atmospheric
mass reacts to a low-pressure area. Atmospheric mass
from surrounding higher-pressure areas is forced to
move into the low-pressure area. Atmospheric scientists
refer to the “filling of a low” when describing the end
of a low-pressure systemss life cycle. This denotes the
point when the fluid pressure equalizes.

Pressure imbalances in the atmosphere are caused
directly by thermal inequalities occurring at all spatial
scales. Even micrometeorological thermal inequalities
can induce and affect circulation. In general, unless some
other stronger force causes it to sink, surface air that
is warmer than the air surrounding it rises because of
its relatively low density. Such a situation creates a low
surface pressure. Likewise, cooler air tends to sink as
molecular motion decreases, and density and surface
pressure increase.

Pressure Gradient Force

The pressure gradient force (PGF) initially causes air
motion and is generated from pressure inequalities across
space. Although pressure inequalities occur both in the
vertical (lower pressure always exists at higher elevations)
and the horizontal, we concentrate on the horizontal first.
When pressure differences occur across any distance, air
moves in an attempt to equalize the pressure inequality.

The PGF induces air to move laterally from one
location to another. If it could act alone, the PGF would
always produce motion from an area of higher pressure
toward an area of lower pressure, as shown in FIGURE3.11,
at least initially. The PGF not only determines wind
direction, but it also dictates initial wind speed. The
speed depends on the pressure gradient.

As afluid, air responds to certain forces as other fluids
would. Envision water running down a slope. The water
moves across a steep slope more quickly than the same
amount of water moves across a gentle slope. The speed
of the water is, therefore, dictated by the difference
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FIGURE 3.11 The pressure gradient force.

between the high-elevation and low-elevation points on
the landscape. The larger the elevation difference across a
particular distance (or the smaller the distance between
points that have the same elevation difference), the steeper
the slope and the higher the speed of the moving water.

In the same way, wind speed is proportional to the
pressure difference between the high- and low-pressure
areas. If there is a large difference between two pressure
centers across a given distance, air will move faster than
if the pressure differences were smaller. Likewise, if the
pressure difference is the same across two pairs of points
but the distance between one pair of points is less than
the distance between another pair, air will move faster
between the first pair of points, and we would say that
the pressure gradient is greater. If there is no difference
in pressure across a distance (i.e., no pressure gradient),
the air will not move.

The Coriolis Effect

Once air is in motion, other forces may change its tra-
jectory and speed. One “force” that causes considerable

change on the trajectory of air in motion is the Coriolis
effect (CE)—a force caused by differences in Earth’s an-
gular velocity about the local vertical. To understand the
concept of the local vertical, imagine a person standing
at the equator and another person standing at the North
Pole, as in FIGURE 3.12. As you can see, the person at
the equator rotates because she is riding on the Earth,
but her rotation is not about her local vertical at all. On
the other hand, the person standing at the North Pole
is rotating completely about his local vertical.

To make the point clearer, hold a pen in your outstretched
hand parallel to the floor and turn yourself around, as if
you are the Earth rotating. The pen is rotating because
you are rotating, but the pen is not spinning about its
local vertical at all because you are not turning the pen
itself. Now hold the pen in your hand while reaching up
vertically and begin rotating yourself around. If there
is writing or some other mark on the pen, notice how
it constantly faces a different direction. We can say that
the entire component of the pen’s rotation is about its
local vertical. In reality, most of us do not live either at
the equator or at the poles, so our rotation is somewhat
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FIGURE 3.12 Earth rotation and the local vertical.

about the local vertical, with the proportion increasing
with latitude, as shown in Figure 3.12.

In short, then, the CE is an apparent force that
causes deflection of a fluid in motion when it is rotating
at least somewhat about the local vertical. If Earth did
not rotate, there would be no rotation about any local
vertical, and the CE would not exist. Because there is
no rotation about the local vertical at the equator, there
is no CE there either. The CE increases in strength with
latitude because the proportion of the rotation about
the local vertical increases with latitude.

The CE is expressed mathematically as

CE = 2Q (sind) v

where Q (omega) equals the angular velocity of Earth
(a constant), ¢ (phi) is the latitude at which the object
is moving, and v represents the wind speed. Because
Earth rotates through 360° (or 27 radians) in 24 hours
(or 86,400 seconds), Q is actually equal to 21/86,400 s
or7.27x107°s .

From the previous equation we can see quantitatively
that the Coriolis deflection of a moving object is directly
proportional to both the latitude and the wind speed. All

other factors being equal, as latitude increases, CE increases.
Likewise, the equation shows that a greater speed produces
an increased CE. If the latitude is zero (i.e., at the equator),
we can see that CE is zero, as suggested previously.

But which way will a moving object appear to be
deflected? The west-to-east direction of Earth’s rotation
causes objects in motion in the atmosphere to be deflected
to the right in the northern hemisphere and to the left
in the southern hemisphere. To understand this, assume
that a rocket is launched from the North Pole to a point
on the equator. The rocket initially travels in a straight
line along, say, 0° longitude. Will the rocket actually hit
the equator at that line of longitude? No! The reason is
that once it is launched, the rocket travels in a perfectly
straight line from north to south. As the rocket travels
above Earth, however, Earth actually spins underneath
it from west to east because Earth must rotate faster on
its axis as latitude decreases, to move through a greater
number of kilometers of circumference in the same
24 hours as it needs to rotate at higher latitudes (where
Earth has a smaller circumference). The rocket thus hits
to the west of the intended target or, if you faced the
direction of initial movement of the rocket in flight, to
the right of the intended target.
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Now imagine that you are launching the same rocket
from the South Pole. Again, Earth moves from west
to east underneath the rocket. This places the landing
west of the intended target once again. The deflection
in the southern hemisphere is now to the left, however,
if you are facing the direction of initial movement while
standing at the pole.

As implied above, the amount of deflection changes
with the latitude of the moving object because of differ-
ences in Earth’s rotational speed at different latitudes.
In 24 hours a person standing at the equator would
have to travel the entire circumference of the planet
to arrive back at the same point relative to a point in
space. So over 24 hours a person at the equator would
travel 40,075 km (24,901 mi) in a circle. By contrast, a
person at the pole would simply spin around the same
point in a circle over 24 hours. A person at the equator
is moving about 1609 km hr™' (1000 mi hr '), while a
person at the poles does not even leave the point at which
he or she started. This difference creates a rotational
pull on objects and fluids in motion. The increasing
amount of curvature of Earth toward the poles also
plays a role in deflection. An object’s apparent trajec-
tory is deflected to the right of the initial direction of
motion in the northern hemisphere and to the left in
the southern hemisphere (no matter the direction of
motion), with the amount of deflection proportional
to both speed and latitude.

This apparent force is the subject of misunder-
standings concerning the flow of water in bathtubs.
Such rotating motions are not initiated by Coriolis
deflection. An object must be in motion (have inertia)
for a particular length of time, varying by latitude, for
the CE to be important. This inertial period is one
half of the pendulum day—the time required for the
plane of a freely suspended pendulum to complete an
apparent rotation about a local vertical. A fluid would
have to be in motion for some number of hours (in
most cases) before Coriolis deflection would occur.
Water movement in a bathtub cannot meet those
requirements. The spin induced on water moving
into a drain is actually influenced by the dimensions,
shape, and configuration of the basin itself, plus other
factors including the water input direction, velocity
of fluid input, and size and location of the drain.
In general, the CE is negligible at small temporal and
spatial scales. It would be an exaggeration to blame a
missed putt on the rotation of the Earth!

If inertial period is so important, why do the atmo-
sphere and oceans experience CE deflection instantly
when set in motion? This is because such fluids are
always in motion and have been since their formation.
Their inertial periods have been surpassed billions of
years ago and the deflective response is continuous.

Centrifugal Acceleration

Centrifugal acceleration (CA) is an apparent outward-
directed force on an object moving along a curved tra-
jectory. CA is simply a manifestation of inertia. Although
some physicists argue that there really is no such force
(there is simply inertia), atmospheric equations express
this force quite frequently.

To understand the influence of CA, imagine air
moving from a high- to low-pressure area. Initially, the
PGF causes the air to move in a straight line toward the
low-pressure core at a particular speed as determined
by the pressure gradient. But as soon as the air begins
moving, the CE causes it to curve to the right (in the
northern hemisphere) with the amount proportional to
the speed and latitude of the moving air. At that point
the trajectory shows curvature, and CA begins altering
the trajectory by pulling the air to the outside of the
curve. The faster the wind movement and the tighter the
curve, the greater the centrifugal pull. An air stream has
its initial trajectory altered first by CE and then again by
CA. It is this centrifugal pull that allows tornadoes to
maintain their spin, particularly because the wind speeds
are so fast and the circulation is very tight in a tornado.

Mathematically, CA can be expressed as CA = v*/r,
where v is the linear wind velocity and r represents the
radius of curvature of motion. For perfectly straight
flow, r would be infinite and CA would approach zero.
For tighter circulations, such as a tornado,  is small and
winds are large, and CA is extremely strong.

The concept of CA can be used to provide enter-
tainment. Virtually every amusement park ride uses CA
to stimulate sensors in the inner ear. The spinning cage,
which plasters riders to the cage with such force they
cannot even lift an arm, is a particularly good example.
Simple experiments such as placing water in a bucket
and spinning it about the body in a vertical circle also
demonstrate the principle of CA. The water does not fall
out of the bucket even when the bucket is upside down
if the bucket is spun quickly enough. In this case CA
exceeds the force of gravity. Of course, if the bucket is
slowed beyond a critical point, the bucket spinner will be
doused in water. Another example occurs in a washing
machine. The spin cycle spins the internal basin. CA
forces the clothing and water to the outside of the basin.
Small holes in the basin allow water to escape the basin
and drain from the machine, partially drying the laundry.

Friction

Friction is another force that affects wind. It is also the
most difficult component to quantify mathematically.
As a force of opposition, friction works to decrease the
speed of moving objects. In the atmosphere, friction is
maximized near the surface and decreases with height



until it becomes negligible in the free atmosphere
(also termed the “friction-free zone”) that characterizes
most of the atmosphere.

The amount of friction applied to overlying moving
air depends on the nature of the surface. Air flowing
over smooth surfaces, such as water bodies, encounters
much less friction than air moving over mountainous
surfaces. Likewise, vegetation, hills, pastures, buildings,
and roads all impart varying amounts of friction to
moving air. With such variety it is impossible to describe
and understand the precise effects of friction across even
small spaces. This makes it impossible to account fully
for friction and all its effects in mathematical equations
that are used to forecast future air motions.

Friction must be accounted for in forecasts because
it not only slows air, but it also indirectly alters the
trajectory. Remember that both the CE and the CA
alter wind trajectories and both depend on wind speed.
Faster-moving objects experience greater Coriolis and
centrifugal deflection. If friction is applied, speed is re-
duced. If speed is reduced, so is the amount of trajectory
deflection from those two forces. The varying amount
of friction with height thus causes wind direction to
shift with height. For this reason many equations used
in forecasting future conditions are solved for the free
atmosphere where friction is negligible.

So wind is a combination of interactions between
four forces:

PGF, which determines initial air speed and
direction

CE, which alters trajectory by deflecting moving
air to the right (in the northern hemisphere) and
is a function of speed and latitude

CA, which pulls the Coriolis-influenced curving
air slightly back toward the initial trajectory (to
the outside of the curve) as a function of speed
and curvature

Friction, which slows the air, thus affecting the
speed and reducing the amount of deflection from
both CE and CA

We can simply state that

Surface wind =PGF+ CE+ CA+ F

where F is friction. All forces are interacting with each
other to produce a wind moving in a particular direction
at a particular speed.

Mathematical equations are capable of quantifying all
aspects of air motion accurately except friction. The three
Navier-Stokes equations of motion (for west—east,
south-north, and down-up directions) form the ABCs
of numerical weather forecasting. Data are collected at
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various weather observation sites around the world and
input into computers that apply the equations to the
initial data to forecast motion a few minutes into the
future. The equations are reapplied using the “new” data
as input and the process is repeated until forecasts of 6
hours, 12 hours, and each 12-hour increment afterward
out to a few days are generated.

Surface Versus Upper-Level Winds

The varying effect of friction with height creates great
differences in the representation in computer models
of winds at the surface compared with those in the free
atmosphere. But how are the equations applied if friction
cannot be accounted for properly? The answer is rather
simple: We greatly oversimplify the friction term in the
equations. Because much of the focus in the computer
models is on upper-air circulation, where friction is as-
sumed to be negligible, the harm caused by inaccuracies
in the oversimplified friction equations is minimized.
Automated forecasts also use surface data, but these
often are not used to forecast large-scale motion. But if
they are, they are more likely to be erroneous because
of the poorly handled friction terms.

In the contiguous United States, “official” upper-air
weather data are collected from only 74 locations twice a
day. By comparison, surface data are available from thou-
sands of stations, with many providing minute-by-minute
data. But large spatial gaps occur between the upper-air
observations, and large temporal gaps (12 hours) exist
between readings. Many conditions change within the
atmosphere that cannot be detected in the computer-based
forecast because of the coarse set of input observations
across both space and time. It is rather amazing that from
such scant observations any forecast holds any degree
of accuracy, yet the National Weather Service forecasts
are generally accurate out to 3 days.

Vertical Motion

Air also moves vertically in the atmosphere. An upward-
directed pressure gradient always exists on Earth because
pressure (and atmospheric mass) decreases rapidly with
height. The tendency for air to rise from the surface to
lower-pressure regions aloft (buoyancy) is balanced
by the downward force of gravity. In all, a large-scale
equilibrium exists between buoyancy and gravity, and
the atmosphere remains permanently adjacent to the
surface of Earth, a situation known as hydrostatic equi-
librium. But local imbalances can occur between the
gravitational force and upward-directed PGE Storm
systems, particularly thunderstorms, represent situations
in which local hydrostatic imbalances occur. In such
cases a net transfer of atmospheric mass occurs from
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the surface upward and of momentum from the upper
atmosphere downward. Updrafts carry air aloft, while
downdrafts move air toward the surface.

Cyclones and Anticyclones

A cyclone is simply an enclosed area of relatively low
pressure. If the cyclone exists at the surface, it is charac-
terized by a convergence of winds into that low-pressure
center, which initiates rising motions. These rising mo-
tions trigger cloud and precipitation-forming processes.
Surface cyclones are, therefore, associated with storms.
Many in the United States refer to tornadoes as “cyclones,”
whereas in parts of Asia a “cyclone” indicates a storm of
tropical origin such as a hurricane. Any storm system in
which surface air spirals about and into a low-pressure
core is technically a cyclone. In general, there are three
main types of cyclonic storms: the midlatitude (frontal)
wave cyclone, the tropical cyclone (tropical storm/
hurricane), and the tornado.

The term “cyclone” technically refers to the type of air
motion involved. The PGF dictates that air move toward
the low-pressure core at a speed proportional to the pres-
sure gradient minus friction. However, the CE deflects
that airflow to the right (in the northern hemisphere) at
some angle corresponding to the speed of airflow and

the latitude of the system. The result is a system that
spins counterclockwise in the northern hemisphere
(FIGURE3.13) and clockwise in the southern hemisphere.
At some point in the upper troposphere, air diverges to
compensate for the convergence near the surface.

Because of friction near the surface, air crosses
closed isobars at some angle in a surface cyclone. In
the free atmosphere, however, air flows parallel to the
isobars in a counterclockwise motion above the cyclone
(FIGURE 3.14a). The wind direction therefore changes
with height, from a counterclockwise (in the northern
hemisphere) and inward motion at the surface to a
counterclockwise motion that parallels the isobars aloft.
Another way of stating this is that the wind direction is
deflected more and more to the right (in the northern
hemisphere) with height—through a process called
veering—until it parallels the isolines. Veering can be
thought of as a clockwise change in wind direction with
height. In the southern hemisphere, the winds around a
surface cyclone move clockwise (because CE pulls winds
to the left as they move into the low-pressure center)
and inward, whereas winds aloft would simply move
clockwise. In the southern hemisphere, then, winds
turn more and more to the left, with a counterclock-
wise change in wind direction with height—through a
process called backing.

FIGURE 3.13 Northern hemisphere surface cyclone and anticyclone airflow patterns.
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FIGURE3.14 Northern hemisphere upper airflow: (a) cyclone; (b) anticyclone.

If the flow is sufficiently straight that CA can be
ignored and is sufficiently high above the surface that
friction can be ignored, we can say that the veering
or backing ends when there is a balance between the
PGF and the CE, a condition known as geostrophic
balance. Airflow in geostrophic balance is termed the
geostrophic wind and flows along constant pressure
surfaces instead of across them.

Anticyclones—enclosed areas of high pressure—have
opposite circulation patterns from cyclones (FIGURES 3.13
and 3.14b). These systems are characterized by surface
divergence because the PGF initially pulls air outward
away from the high-pressure core in an effort to elimi-
nate the pressure gradient. But as the air moves from the
central core toward lower-pressure regions extending in
all directions, the airflow is deflected by the CE. Again,
deflection is to the right in the northern hemisphere,
resulting in a clockwise and outward spin at the surface
and clockwise flow aloft. Southern hemisphere anticy-
clones spin in an opposite manner: counterclockwise
and outward at the surface and counterclockwise aloft.

How can airflow outward from a central point near
the surface be sustained for any length of time? The air
must be coming from somewhere. Again, an anticyclone
shows opposite conditions from a cyclone. An anticy-
clone has air moving toward a central location in the
upper atmosphere to compensate for the divergence of
air from the central core at the surface. This air con-
verges at the upper levels, forcing sinking motions at the

central core and then outward motions from a central
surface region. Sinking motions reduce or eliminate
the possibility for cloud formation. Without clouds,
the chances of precipitation are obviously nonexistent.
Therefore, anticyclones are generally characterized by
relatively clear conditions (FIGURE 3.15).

As with cyclones, the upper-air characteristics
of anticyclones are opposite those at the surface. In
anticyclones, upper-air convergence is associated with
the surface divergence below it. As we have seen, in
cyclones surface convergence is linked to upper-air
divergence. So where does rising air go in the cyclones
and where does sinking air come from in the case of the
anticyclones? If viewed independently, these questions
are difficult to answer. We must instead view the atmo-
sphere as an integrated whole in a three-dimensional
sense to understand interactions between seemingly
disparate systems.

After surface air rushing toward the low-pressure
core of a cyclone is deflected en route to the core, it con-
verges with air streams entering from other directions
and spirals upward. This air expands and cools on its
ascent, forming clouds and possibly precipitation. At
some level aloft, the air diverges and continues to move
laterally across the upper troposphere until convergence
once again occurs elsewhere, in a location associated
with the upper-level features of a surface anticyclone.
There, the air is forced to sink back toward the surface.
Once the air reaches the surface, it spirals outward toward
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divergenée

FIGURE3.16 Synergistic relationship between circulation
around cyclones and anticyclones (northern hemisphere
example).

surrounding lower pressure and the process continues
with air again rising in those locations.

The motion associated with cyclones and anticy-
clones is integrated. Imagine looking down at the surface
from a point in space. Now imagine that you see two
spheres, each spinning clockwise over an area of the
northern hemisphere. Now imagine another ball located
between the two larger ones. That ball would spin in a
counterclockwise direction, like gears in a machine, in
opposition to the surrounding larger ones (FIGURE 3.16).
This situation describes the surface interactions between
two anticyclones with a cyclone sandwiched between
them. The anticyclones feed the cyclone with surface air
streams that converge and rise. The cyclone then feeds
the anticyclones with upper-airflow that converges and
sinks. Such interactions occur continuously.

Oceanic Circulation

We have seen that the purpose of the atmospheric cir-
culation is to balance inequalities of energy incident

Divergence aloft

Surface =

convergence S o ~

on the surface, in fulfillment of the second law of
thermodynamics. Besides atmospheric circulation,
another mechanism for mitigating some of Earth’s
energy imbalances is the “situation” created by oceanic
circulation. Although the ocean is a denser fluid than
the atmosphere, it nevertheless has the same “mission”
as the atmosphere. Most oceanic circulation charac-
teristics are created by the same energy inequalities
present in the atmosphere. Ocean movement follows
Newton’s laws of motion—the same laws that govern
atmospheric motions.

Surface ocean currents are considered to be those
that extend to approximately 100 m (330 ft) below the
surface; they are driven primarily by surface winds.
Frictional drag occurs between air moving over a
water surface and the water at the surface. This energy
causes motion in the water surface. The momentum
is then transferred downward into the water column.
Surface-generated energy below about 100 m (330 ft)
approaches zero. Deeper ocean motions are initiated by
processes outside of the atmosphere’s direct influence.

Water motion does not correspond as closely to
surface airflow as one might expect. Instead, the water
surface may be viewed as being a stationary fluid when
air begins to move above it. Frictional drag transfers
to the ocean, and the water begins to move. Once the
surface water begins moving, it is subject to Coriolis
deflection. Surface water immediately deflects to the
right of the airflow (in the northern hemisphere). Again,
deflection is proportional to the speed of motion and
the latitude. At the surface a deflection of about 45° to
the right (in the northern hemisphere) of the airflow
trajectory occurs, but this deflection only affects a col-
umn of water a few meters in thickness. The momentum
involved in moving that surface column of water is then



transferred downward to the next few meters of water.
That band of water is disturbed and—Ilike the surface
water—is subjected to Coriolis deflection. The speed of
the second layer is slightly slower, resulting in an offset
drag to the trajectory of the water column above it.
This action spurs successive layers of deeper waters to
curve, which in turn respond with additional Coriolis
deflection, until friction between layers slows the final
layer of water to stillness.

The result is the Ekman spiral—a spiral of water
motion extending from the surface downward to a depth
of approximately 100 m (330 ft). Identified and quantified
in 1902 by the Swedish oceanographer Walfrid Ekman,
it causes the bulk of water flow to move at a right angle to
the initiating wind stress (FIGURE 3.17). The Ekman spiral
is important in climatology because this phenomenon is
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FIGURE3.17 Ekman spiral.
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partly responsible for upwelling—an ascending current
of cold water from depths of about 1000 m (3300 ft) to
the surface in certain locations. When surface waters
move offshore because of the Ekman spiral, the cold
water from the depths moves upward to replace it. In
addition to providing a mechanism for nutrients to be
returned to the surface, upwelling greatly contributes
to the climatology of the coastal zones affected because
of the cold water that is brought upward.

Deeper ocean currents are initiated by temperature
and salinity inequalities across space. Because cold water
is denser than warmer water, this density characteristic
affects three-dimensional motion of water in an attempt
to achieve an ocean of homogeneous density. Likewise,
differences in salinity also set deep waters into three-
dimensional motion to accomplish the mission of the
oceans, as denser saltier waters move below less dense
fresher waters as they flow laterally. Areas with cold,
salty water, such as the northern North Atlantic near
Iceland, see particularly pronounced sinking motions
as near-surface water is eventually carried to the ocean
floor. This northern Atlantic water moves equatorward
as it sinks, eventually crossing the equator and moving
into the Indian Ocean. The water is forced to rise in the
western North Pacific near Indonesia where a surface
current is initiated that carries the water back to the
North Atlantic. This resembles a deep ocean conveyor
belt that results in thermohaline circulation, a slow
energy transportation system that greatly affects global
climatic conditions. “Thermo” refers to differences in
thermal characteristics in the deep ocean; “haline” refers
to salinity characteristics.

In general, the most important and immediate
oceanic circulation effects on climates are the surface
currents. These currents generally follow the winds pro-
duced by semipermanent pressure zones that exist in the
atmosphere. Clockwise (in the northern hemisphere) or
counterclockwise (in the southern hemisphere) circulation
associated with semipermanent subtropical anticyclones
exists in each ocean basin around 30° latitude. These
features impart the most influence on oceanic surface
circulation, partially because the oceans are so vast at
the subtropical latitudes. These circulations cause cold
ocean currents on the eastern sides of the ocean basins
as cold water migrates from higher latitudes toward
lower latitudes. The western ocean basins are dominated
by warm surface currents moving from the equatorial
areas poleward and transferring excess energy from low
latitudes toward higher ones. Cold and warm surface
currents greatly affect climates located near the eastern
and western coastlines of continents.

Europe provides an excellent example of the influence
of surface ocean currents on climates. Lisbon, Portugal
is positioned at a similar parallel of latitude as New York
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City (about 42°N), but Lisbon is climatologically warmer
than New York. Likewise, much of Norway exists at
latitudes equivalent to northern Canada and Siberia,
but, again, the temperatures in Norway are much higher
in winter, on average, than those locations. The strong
maritime effect in Europe and prevalence of the warm
Gulf Stream current keep much of Europe relatively
warm during winter. That ocean current originates in
the Caribbean and travels northward past the Atlantic
seaboard of the United States before moving away from
North America toward Europe. As it traverses the North
Atlantic, it is renamed the North Atlantic Drift. This
warm current brings large supplies of energy to Europe.
As the current wraps northward around Scandinavia, it
keeps Murmansk, a port city in Russia, ice free despite
being north of the Arctic Circle.

Topography

Topography also affects climates. Temperature in the
troposphere generally decreases with height, at an aver-
age rate of 6.5 C°/km. If a location is mountainous, the
climate varies widely across short distances because of
rapid changes in altitude (and, therefore, temperature)
and the amount of exposure to the Sun through the
year. If a location is relatively flat, that area responds
to energy changes more uniformly.

The rapid decrease in atmospheric mass (and, therefore,
density) with height also affects conditions in rugged terrain.
One-half of the mass of the atmosphere lies within only
5km (3 mi) of the surface. In high elevations the decreased
mass of the atmosphere can cause human health implica-
tions such as oxygen deprivation, resulting in shortness of
breath, headaches, nosebleeds, and even death.

Because of decreases in mass and density, it is
common to see high diurnal temperature ranges at
high elevations compared with other locations that
are lower in elevation but along the same parallel of
latitude. This contrast is caused by differences in the
transfer of energy through a “thin” versus a “thick”
atmosphere. The thicker atmosphere at low elevations
stores heat far longer and more effectively than one
that contains less mass because the matter composing
the dense, thick atmosphere absorbs a relatively large
amount of insolation. By contrast, at high elevations
less matter is available in the thin, sparse atmosphere
to absorb radiation. The result is that mountain peaks
have warmer daytime surfaces than one might expect
because of differences in pressure alone. At night the
sparse high-altitude atmosphere allows the surface to
radiate its energy back to space quickly and effectively,
causing temperatures to plummet.

Mass and density changes also affect the behavior
of fluids such that at high elevations water evaporates

more quickly than in a denser atmosphere. This occurs
because individual water molecules can “break free”
from the surrounding water more easily under lower
pressure and convert into a vapor more easily. Increased
pressure associated with a denser atmosphere tends to
hold the individual water molecules more firmly together
as a liquid. We can see a manifestation of this concept
by examining the boiling point of water at various
elevations. As elevation increases, the temperature at
which water boils decreases. At sea level water boils at
a temperature of 100°C (212°F). But at approximately
2.75 km (9000 ft) above sea level, the boiling point of
water is roughly 9.2 C° (16.5 F°) lower.

Topography also influences the distribution of pre-
cipitation. When air is forced up the side of a slope, it is
likely to become saturated, because air saturates more
easily as it cools moving uphill. This orographic effect
may cause a cloud to be created and perhaps produce
precipitation. The windward side of a slope often expe-
riences significantly more precipitation than the leeward
side. The leeward side is often quite dry, because as the
air sinks downhill it warms, which stymies cloud and
precipitation processes.

In the extratropical northern hemisphere, the
south-facing slope often experiences much higher
temperatures than locations at the same elevation on
the north-facing slope, because of direct exposure to
solar radiation. The southern hemisphere’s north-facing
slopes tend to be warmer for the same reasons. The
side facing the Sun is known as the adret slope; these
are typically more useful for agriculture and range ac-
tivities than the side of the mountain confined in the
shadow of sunlight—the ubac slope. Adret slopes are
also more likely to be dotted with villages as a result of
the economic activities occurring on them. The ubac
slope is not only colder but is also often damper and
more likely to be forested, because evaporation rates
are slower, but if the mountain is high enough, trees
cannot grow in the frigid upper reaches of the moun-
tain. In locations where the western side of the adret,
which experiences the hot afternoon Sun, receives little
orographic precipitation, the mountain can have espe-
cially large moisture differences from the adret to the
ubac slope. In locations with a pronounced orographic
effect, however, the leeward versus windward sides will
usually show a stronger moisture contrast than the adret
versus ubac sides.

Local Features

The last climatic control is collectively described as
local features. This catch-all term refers to isolated
influences on the climate of a particular small area
adjacent to those influences. Such factors include the
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FIGURE3.18 Average annual snowfall totals (inches) along
the Great Lakes.
Data from Morgan, M. D., and J. M. Moran. 1997. Weather and Peaple. (Upper Saddle River, NJ: Prentice Hall).

presence of lakes, wetlands, forests, agricultural areas,
and urban areas.

A notable example of a feature’s influence on local
climate involves the Great Lakes. During winter, lake
effect snows occur as the relatively warm lake waters
evaporate into much colder, drier air masses blowing
over them from the northwest. The moisture quickly
condenses in the cold air, creating clouds and snowfall
for the downwind locations (FIGURE 3.18).

Another notable example of a local influence on
climate involves the extra warmth associated with cities,
a phenomenon known as the urban heat island. Urban
areas heat more than the surrounding rural regions
because of a combination of impervious surfaces, lack
of vegetation, building geometry, the presence of glass
and steel structures, and machines (including air con-
ditioners and cars) that emit waste heat into the local
environment. In some cases urban areas may be as much
as 6 to 8 C° (10 to 15 F°) warmer than the surrounding
rural environment.

Pollution can also contribute to local energy and
temperature variations because it interacts with some
radiation streaming toward the surface. Pollution
needs to be severe for one to notice an appreciable
decrease in surface temperatures. Recent conflicting
research calls into question the net effect of pollution,
as the absorption of insolation and subsequent extra
radiation emitted downward to Earth by some types
of pollutants may create a net warming effect. We
simply do not have a deep enough understanding of
the effects of pollution on temperature to reach a firm
conclusion on its impact.

Putting It All Together: Spatial
and Seasonal Variations
in Energy

A location’s climate results from the culmination of all
climatic controls working cumulatively. Some factors
contribute to wide energy variations over the globe
through the course of the year, despite the fact that
circulation is constantly working to even out these en-
ergy imbalances. The result is that temperature varies
from one location to another across Earth and at any
particular location through the course of the year.

Isotherms—lines connecting points that have the
same temperature—can be used to map the influence
of the various controls on climate. FIGURE 3.19 shows
that July isotherms extend poleward over the warm
continents of the northern hemisphere as a direct re-
sult of continentality influences. The most significant
warming occurs over Asia, where continental influences
are most pronounced. By comparison, ocean tempera-
tures show a somewhat even and gradual temperature
decline with increasing latitude. Figure 3.19 also shows
that the longer July days in the high latitudes of the
northern hemisphere lead to relatively mild tempera-
tures, while the southern hemisphere’s high latitudes
(over Antarctica) show extremely low temperatures.
In general, a decline in temperatures with increasing
latitude is discernible for both hemispheres. Neverthe-
less, significant alterations occur because of maritime
and continentality effects.

In January the northern hemisphere shows
pronounced continental impacts as isotherms dip
dramatically toward the equator over the continents
(FIGURE3.20). The pattern is caused by rapid and intense
cooling of the land surfaces during this time of net
energy deficits. Again, Asia has especially strong effects
because of the size of that land mass. The southern hem-
isphere shows a rather simplistic, latitudinally driven
temperature pattern because of the lack of continental
effects in that hemisphere. But some continentality is
still evident as isotherms shift poleward over the con-
tinents in the southern hemisphere summer.

The effects of ocean currents may be seen as well.
Isotherms dip equatorward along the eastern ocean
edges as cold, high-latitude water is pulled toward the
equator, in July (Figure 3.19), in January (Figure 3.20),
and in all other months. A further influence stems
from coastal upwelling because of the net transport
of surface waters by the Ekman spiral away from
the coast. Likewise, the western ocean basins show
poleward bumps in the isotherm patterns as warm,
low-latitude waters migrate poleward. The Gulf Stream
is a prime example.
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FIGURE 3.19 July surface air temperatures (°C).

Data from: National Oceanic and Atmospheric Administration.
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FIGURE 3.20 January surface air temperatures (°C).

Data from: National Oceanic and Atmospheric Administration.

Continental and maritime effects are easily seen
on a map depicting the difference between mean
January and July temperatures. FIGURE 3.21 shows
these differences. Large continental regions exhibit
significant differences, whereas maritime locations
depict more thermal consistency throughout the
year. The largest land masses show the widest range of
mean monthly temperature through the year. Central
Asia experiences an astonishing 60 C° (108 F°) or
more temperature change, while the high latitudes of

North America record a maximum change of about
45 C° (81 F°) throughout the year. Because of its low
latitude, Africa reports a maximum monthly range of
only about 20 C° (36 F°) between the extreme seasons,
whereas South America and Australia record peak
ranges on the order of 15 C° (27 F°). The continent
that sees the least amount of intraannual temperature
change is Antarctica. This is caused largely by the
continuous ice coverage, which effectively reflects
summer’s insolation.
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FIGURE 3.21 Temperature differences between January and July (C°).

Data from: National Oceanic and Atmospheric Administration.

Summary

Six factors cause the climate of a location to have its
fundamental characteristics: latitude, Earth—Sun rela-
tionships, position in the continent, atmospheric and
oceanic circulation, topography, and local features.
Latitude is the position of a location on Earth relative
to the equator. Assuming that all other factors are equal,
locations with higher latitudes (i.e., more poleward
locations) generally experience lower temperatures
than locations at lower latitudes. The Sun’s rays strike
at a 90° angle only at the meridian of longitude that is
experiencing solar noon and the parallel of latitude at
the solar declination on a given day. All other lines of
latitude (and longitude) experience solar angles that are
less than 90°. The solar declination thus changes with
the day of the year, as Earth revolves around the Sun,
and the longitude of the Sun’s direct rays changes with
the time of day, as Earth rotates on its axis.
Earth-Sun relationships play an important role as
controls on climate. Earth’s orbit is not circular, and
the Sun is not at the center of the orbit. Instead, Earth
is closest to the Sun during January and farthest from
it during July. Earth-Sun distance does not cause the
seasons, but it does affect the severity of the winter and
summer seasons. Instead, the changing orientation of
Earthss tilt relative to the position of the Sun as Earth
revolves around the Sun is the cause of the seasons. The
tilt and revolution cause all lines of latitude to receive
differing amounts of solar radiation throughout the
year and the direct rays of the Sun to strike at latitudes

varying from 23.5°N (the Tropic of Cancer) to 23.5°S
(the Tropic of Capricorn). Tilt and revolution also cause
day length to vary over the course of the year for each
line of latitude, except at the equator.

Continental position is also an important cli-
matic control. Interior continental locations are more
affected by variations in energy through the course
of the year than coastal locations. This difference
occurs largely because large water bodies are capable
of storing large quantities of energy during warm
periods and releasing that energy during colder pe-
riods. This imparts a moderating maritime effect on
coastal locations, while interior locations experience
a wider temperature range through the year as part
of a continentality effect.

Atmospheric and oceanic circulation factors play
arole in the climate of particular locations as well. The
mission of both the atmospheric and the oceanic circu-
lation is to balance inequalities in input energy received
from the Sun. Persistence of motion of these fluids
leads directly to prevailing winds and ocean currents,
thereby affecting climates. Wind is simply a transfer of
atmospheric mass between two locations, and it is the
atmospheric mechanism behind the circulations that
affects climate. Wind speed and direction result from
several interacting forces, including the PGE the CE, CA,
and friction. Surface winds are affected most strongly by
friction, which changes the speed and trajectory of the
initial wind. Upper-level winds are affected by friction
only negligibly, so air motion in the free atmosphere
is quite different from that near the surface. Pressure
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differences in the atmosphere lead to the development
of cyclones and anticyclones.
Topography and local features also play significant

All controls on climate cause variations in energy across
Earth’s surface. The influence of these controls across
space is evident on a map of isotherms.

roles in the development of the climate of a location.

Key Terms

Absolute zero

Adret slope
Advection

Aerosol

Antarctic Circle
Anticyclone
Aphelion

Arctic Circle
Attenuation
Autumnal equinox
Axial tilt

Backing

Beam spreading
Centrifugal acceleration (CA)
Circle of illumination
Continentality
Convection

Coriolis effect (CE)
Cyclone

December solstice
Downdraft

Ekman spiral
Equation of state
Evaporation

Flux

Free atmosphere
Friction
Geostrophic balance
Geostrophic wind
Gulf Stream

Heat index
Hydrostatic equilibrium

Ideal gas law

Inertia

Inertial period

Insolation

Isobar

Isotherm

Joule

June solstice

Kelvin temperature scale

Kinetic energy

Lake effect snow

Latent energy

Latitude

Leeward

Longitude

March equinox

Maritime effect

Midlatitude (frontal) wave
cyclone

Millibar (mb)

Momentum

National Weather Service

Navier-Stokes equations
of motion

Newton (N)

Newton’s laws of motion

North Atlantic Drift

Orographic effect

Parallelism

Pascal (Pa)

Path length

Perihelion

Plane of the ecliptic
Pressure

Pressure gradient force (PGF)
Prime meridian

Radiant energy
Refraction

Revolution

Rotation

Second law of thermodynamics
Sensible energy
September equinox

Solar declination

Solar noon

Specific heat

Summer solstice
Thermohaline circulation
Time zone

Tropic of Cancer

Tropic of Capricorn
Tropical cyclone
Troposphere

Ubac slope

Updraft

Upwelling

Urban heat island
Veering

Vernal equinox

Wind

Windward

Winter solstice

Terms in italics have appeared in at least one previous chapter.

Review Questions

1. Discuss the role of latitude as a climate control.
How does position on a continent affect the cli-
mate of a location?

3. Compare and contrast the maritime effect and
continentality by examining the climate of vari-
ous cities located along the same line of latitude.

4. Discuss the important characteristics of Earth’s
orbit.

5. What is the axial tilt of Earth and why is this
important?

6. How does parallelism play a role in seasonality?

7. Compare and contrast Earth-Sun relationships
during the equinoxes and solstices.



8. How do Earth-Sun relationships affect the spatial
and temporal distribution of energy through the
year for each hemisphere?

Questions for Thought

1. Given what you have learned in this chapter, can
a hurricane track from the northern to the south-
ern hemisphere, or vice versa? Why or why not?

2. What forces are most important in producing a
tornado?

3.  How does specific heat compare between water
and land surfaces?

4. What is the surface wind equation and how do
the forces involved interact to produce wind?

5. How are winds, and the forces involved, in the

free atmosphere similar to/different from those
at the surface?

g2

10.

11.

Questions for Thought 51

What roles do day length, attenuation, aerosols,
and path length play in seasonality?

Compare and contrast characteristics of cyclones
and anticyclones.

What role do surface ocean currents play in climate?
What is the Ekman spiral and how does it develop?
How are thermohaline currents important to
climate?

What is the role of topography and altitude on
the climate of a particular location?

What local features may influence the climate of
alocation? How?
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n addition to the major controls on the climate

system, such as the effects of latitude, Earth-Sun

relationships, continentality, atmospheric and oce-
anic circulation, elevation, and general local features,
interactions between the atmosphere, hydrosphere,
lithosphere, and biosphere must also be considered. This
chapter explains the role of other important compo-
nents on the climate system. These contributors may be
thought of as internal components because they affect
the system already set in place by the aforementioned
climate controls. The features discussed in this chapter
work to influence and change the already-established
climate system. The oceans warrant further scrutiny in
this regard. Because over 70% of Earth’s surface is covered
by oceans, processes occurring in the oceans play an
important role in climate and climatic variations. The
chapter concludes with other examples of interactions
between the various “spheres” that affect climate.

Ocean Circulation

Surface Currents
Atmospheric Effects

Oceanic surface currents are driven by overlying winds
that on the broadest scale are dictated by the great
global atmospheric subtropical anticyclones—]large,
semipermanent high-pressure cells that exist in each
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ocean basin approximately centered on the 20° to 30°
parallel of latitude. These subtropical anticyclones
wax and wane in strength and position seasonally, but
they are always present. The clockwise circulation of
the anticyclones in the northern hemisphere and the
counterclockwise circulation of the systems in the
southern hemisphere initiate corresponding surface
water motions in the oceans. Of course, the near-surface
waters are also moved by the Coriolis effect inducing
the Ekman spiral, but for a large section of the oceans,
near-surface waters move in a general clockwise pattern
in the northern hemisphere and counterclockwise in
the southern hemisphere because of these subtropical
anticyclones (FIGURE 4.1). These circular flows, caused
by a coupling of the atmospheric and surface oceanic
circulations, are termed gyres.

The large-scale motions of the oceanic surface ensure
that cold currents occupy the eastern sides of the ocean
basins and warm currents are found along the western
edges of the basins. This spatial pattern is caused by
mass advection—lateral movement—of warm waters
traveling from relatively low latitudes along the western
ocean edge, while cold water from the high latitudes is
advected along the eastern edge, in both hemispheres.
The effect is that low surface temperatures on the eastern
ocean basins (with warmer air above the cold air adjacent
to the cold water) tend to stabilize the atmosphere. A
stable atmosphere is one in which vertical motions are
discouraged because the colder, denser air exists below
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FIGURE 4.1 Surface currents.



warmer, less dense air. A stable atmosphere promotes net
sinking motions in the atmosphere, which discourages
cloud formation processes. For this reason some of the
most enjoyable climates on Earth are located along the
eastern ocean margins (and, therefore, the western coasts
of continents) where pleasant temperatures, abundant
sunshine, and little precipitation occur.

By contrast, the western ocean basins are domi-
nated by warm waters that destabilize the overlying
atmosphere. In this situation warm, moist air adjacent
to the warm ocean currents becomes buoyant and rises.
Such an unstable atmosphere is generally conducive
to cloud formation and precipitation. The western ocean
basins (and the adjacent eastern coasts of continents)
therefore typically have abundant precipitation that is
usually distributed fairly evenly throughout the year.
During summers the subtropical and tropical midlat-
itude regions on the east coasts of continents become
hot and humid because abundant water vapor usually
exists from the maritime effect. In winter the effect is
less pronounced, at least in the middle and subtropical
latitudes, as westerly wind systems dominate the mid-
latitudes, promoting more continental temperatures
along the eastern coasts.

Upwelling, Downwelling,
and Mass Advection

Upwelling reinforces the effect of the cold currents along
the eastern ocean basins. When oftshore surface winds
parallel a coastline for some distance, with the coastline
to the left of the direction of flow in the northern

FIGURE 4.2 Major regions of upwelling in the world ocean.
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hemisphere (and to the right of the flow in the southern
hemisphere), the net water advection near the surface is
directed away from the coastline by the Ekman spiral.
Upwelling results from the Ekman spiral’s deflection of
surface water to the right (in the northern hemisphere)
with depth. Examples of locations around the world
where upwelling is particularly effective because of the
coastline shape and consistency of the winds are shown
in FIGURE 4.2. Upwelling also can occur in areas where
two currents diverge, allowing water from the depths
to rise to replace the surface water that has been moved
away laterally. Regardless of the cause of the upwelling,
departing surface waters are replaced by cold deep water
from beneath. In such situations an already cold surface
current becomes even colder.

Perhaps the best example of upwelling is associ-
ated with the Humboldt (also known as the Peru)
current located off the western coast of South America
(FIGURE4.3). The South Pacific subtropical anticyclone
is particularly well established and strong, because
of the size of the South Pacific Ocean and the lack
of interfering land masses. A strong and persistent
counterclockwise circulation results and forces very
cold surface waters to move equatorward from the
Antarctic. As this water parallels the South American
coast, the Ekman spiral forces it westward. The up-
welling results in one of the coldest ocean currents on
Earth. The low surface temperatures (even at tropical
latitudes) stabilize the overlying atmosphere, causing
cool, dry climates to dominate the western edge of the
continent. The Atacama Desert of coastal Peru and

Chile is the driest desert on Earth.
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FIGURE 4.3 Cold water upwelling (in purple) along the
western South American coast.
Courtesy of NASA Goddard Space Flight Center.

On the western sides of ocean basins, downwelling
may occur. This oceanic process is the reverse situation
in which surface airflow pushes water against a coast-
line where it is forced to sink. In addition, in locations
where two surface ocean currents converge, the pile-up
of surface water can induce downwelling. Downwelling
typically supports high ocean temperatures as sinking
warm waters push the cold water to deeper levels. An
example occurs along the equatorial western Pacific
Ocean where easterly (east to west) winds push waters
westward toward Indonesia. This water warms signifi-
cantly along its westward journey across the tropics.
On the western side of the equatorial Pacific, the water
is forced to sink. The Ekman spiral does not affect the
bulk of this water because the Coriolis effect does not
occur along the equator. Without Coriolis deflection
the current maintains its straight course. The Maritime
Continent—the Indonesia-Philippines—Australia
region—is, therefore, dominated by high ocean surface
temperatures that promote low-level atmospheric in-
stability. Such situations support cloud formation and
precipitation. Locations on the western sides of ocean
currents (eastern sides of continents) in the subtropics
are usually dominated by warm, wet climates.

In the North Atlantic Ocean, for example, the sub-
tropical anticyclone forces a clockwise circulation that
supports the cold water Canary current off the coast
of southern Europe and northern Africa, the North
Equatorial current near the equator, the warm Gulf
Stream along the eastern coast of North America, and
the North Atlantic Drift, which completes the northern

gyre circulation. Again, the circulation regime is ini-
tiated by the atmospheric anticyclone and mimicked
by the ocean in a corresponding gyre. Similar oceanic
circulations occur in all other ocean basins.

Because of the deflection of the Ekman spiral, water
tends to pile beneath the subtropical anticyclones in
each ocean basin. As the gyre circulates, the Ekman
spiral dictates that mass advection occurs 45° to 90°
to the right (in the northern hemisphere) of the initial
water motion. Equatorward-moving surface water, the
Canary current in this example, is forced toward the
central ocean region. Water moving from east to west
across the low latitudes in association with the North
Equatorial current is also forced by the Ekman spiral
toward the middle of the basin. Surface waters associated
with the Gulf Stream and portions of the North Atlantic
Drift, which moves essentially west to east, are also
forced toward the ocean center. The result is a mound
of water located roughly in the middle of the North
Atlantic Ocean basin near the center of the atmospheric
subtropical anticyclone. The mound supports sea levels
exceeding those of surrounding locations.

At the same time, gravity acts on the mound, pulling
it downward toward the lower sea level on the periphery.
The water within this mound thus is constantly affected
by offsetting forces. The Coriolis effect (manifested
as the Ekman spiral) pushes water inward, whereas
gravity pulls water outward (downward). As the water
circulates clockwise (in the northern hemisphere) along
this mound, it reaches an equilibrium between the two
forces. An oceanic version of geostrophic flow occurs
when these forces are in balance (FIGURE 4.4).

An exactly opposite condition occurs for waters
flowing counterclockwise (in the northern hemisphere)
in association with semipermanent low atmospheric
pressure regions, normally centered around 60° latitude.
An oceanic depression occurs at these locations and wa-
ters swirl around the depression in geostrophic balance.

The central axes of these mounds and depressions
are not perfectly centered beneath the atmospheric
highs and lows but instead are offset toward the west
of the centers. This is because Coriolis deflection
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v

> { L

=) = Coriolis effect
=== = Pressure gradient force
= Flow

FIGURE 4.4 Geostrophic balance in the ocean.



increases with latitude, affecting the amount of wa-
ter transported via the Ekman spiral along the gyre.
Poleward-moving currents have increasing amounts
of water advected toward the center of the basin,
while equatorward-moving currents have decreasing
amounts of net transport along their trajectory. The
result is a pile of water with its axis offset to the west
of the central ocean basin.

The offset central axis causes poleward-moving
waters (i.e., on the western sides of ocean basins in
both hemispheres) to be squeezed in a relatively nar-
row zone between the continent and the mound axis.
When a moving fluid converges, as in this case, a speed
change is initiated because the fluid is forced through
a smaller space over a constant time period. This type
of speed change may be seen when placing a finger
partially over the opening of a hose. Once the opening
constricts, water, under pressure, is forced to increase in
velocity. In the ocean the response results in western-
boundary intensification, a deep and swift western
ocean basin current (FIGURE 4.5). The Gulf Stream is a
perfect example of western-boundary intensification,
because it is a deep, fast-moving western ocean basin
current. On the opposite side of the ocean basin, the
cold water current (in this case, the Canary current) is
typically shallow and slow-moving and is spread across
alarger surface area. These properties affect the climates
of adjacent locations.

Another way to view western-boundary intensifi-
cation is relative to the slope of the sea surface. Because
the central axis of the water mound is offset to the west,
the corresponding slope in sea surface is steeper in that
location. This results in water moving along a steeper
pressure gradient, which increases the speed of water
motion. On the opposite side of the ocean basin, the
colder water flows over a much gentler sea surface slope,
resulting in a slower rate of flow (Figure 4.5).

Deep Ocean Thermohaline Circulations

Surface currents are not the only currents that influence
climate. Deep ocean currents are driven by thermohaline
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FIGURE 4.5 Western-boundary intensification.
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circulation. Thermohaline currents flow in response
to temperature (“thermo”) and/or salinity (“haline”)
characteristics through the deep ocean. Just as density
differences (cold versus warm) in air drive atmospheric
motions, deep ocean thermohaline differences establish
net pressure gradients. The fluids of the deep ocean re-
spond, because denser waters tend to sink beneath less
dense waters. Because colder, saltier water is denser than
warmer, fresher water, net downward motions occur
where waters become colder and/or saltier. Warmer
and/or fresher waters are more buoyant and rise. Any
situation in which colder water underlies warmer water
represents stable stratification, the oceanic equivalent
to a stable atmosphere (FIGURE 4.6). Further convection
(vertical motion) is suppressed unless another force or
energy source initiates it.

Deep ocean currents are actually driven by surface
processes because seawater gains its thermohaline char-
acteristics from surface sources. Intense solar heating
in low-latitude regions warms the water surface suffi-
ciently to decrease its density. The reduced solar input
and heat loss (to the frigid atmosphere) in high-latitude
regions favor a denser ocean surface because of its colder
surface characteristics. Precipitation characteristics of
both the ocean and the surrounding land masses also
influence the density of ocean waters. Some oceanic
areas have abundant precipitation; water in such areas
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is less dense because of this high input of fresh water.
Likewise, oceanic areas near coastlines in humid cli-
mates typically have fresher water because of abundant
input of stream discharge. By contrast, marine areas
that receive less precipitation than evaporation and/or
have input only from a few small streams typically
have dense, salty water. Somewhat surprisingly to most
students, a high percentage of the global ocean falls into
this “dry” category.

The freshest ocean waters on Earth are typically
found near the equator, where high temperatures and
abundant precipitation support low-density waters. High
salinities usually occur near the centers of the subtropical
anticyclones (30° latitude), where abundant sunshine
evaporates large quantities of surface water, leaving
behind salts. When these salty waters are advected to
higher latitudes, the high salt content combines with
lower temperatures to create the densest ocean waters.
These waters sink to the deep layers of the ocean where
they are forced to move along thermohaline gradients.

Source areas are locations near the surface that
provide water to the ocean depths. These are located in
relatively high-latitude regions of the Atlantic and Pacific
Oceans (FIGURE 4.7). In the North Atlantic, deep water
originates at the surface near Iceland, where it sinks
and moves equatorward. The South Atlantic also acts
as a source area for deep water near Antarctica and in
the area east of the tip of South America. In the North

Pacific, deep water sinks near the tip of the Aleutian
Islands and moves equatorward. The South Pacific
deep-water source area is located near 65°S latitude.

Many deep-water thermohaline currents exist, but
the main one in the Pacific moves deep water from the
North Pacific southward across the equator and then
loops in the extreme South Pacific back toward the
equator. In the Atlantic Ocean the main body of
deep water also begins in the northern hemisphere
near Iceland. It travels equatorward largely beneath
the Gulf Stream, crosses the equator off the eastern
coast of South America, and then continues toward
Antarctica. Once in the high latitudes the deep water
turns eastward before moving back toward the equator.
The deep water travels northward near its opposing
equatorward-flowing counterpart, before completing
the loop near Iceland.

Deep waters travel at varying depths relative to each
other. This makes it possible for different deep-water
currents to occupy similar regions. The deepest waters
in the Atlantic Ocean are those arriving from the Ant-
arctic Bottom Water, the coldest ocean current, which
forms near Antarctica (Figure 4.7). The Antarctic Deep
Water, which is slightly warmer, moves over that layer
as it flows northward and gently upward, eventually
flowing beneath the current known as the North At-
lantic Deep Water. The progression continues upward
to the surface.
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FIGURE 4.7 Deep ocean currents of the world with source areas depicted in yellow.

Data from Gordon, A. L., Lamont-Doherty Geological Observatory Report 1990-91.
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In the Pacific, two currents—the Common Water,
initiated again near Antarctica, and the Pacific Subarctic
Water—occupy the lowest layers of the ocean. These
currents are overridden by the Antarctic Intermediate
Water and the North Pacific Intermediate Water.
Surface waters override those layers. Thermohaline
currents in the Indian Ocean are dominated by Com-
mon Water arriving from the region of Antarctica and
Antarctic Intermediate Water.

Coexisting with these individual thermohaline
currents is a massive conveyor current that connects all
the ocean basins on Earth except the Arctic. Much of
what is known concerning this deep-water thermohaline
conveyor comes from the work of Henry Stommel. In
1958 Stommel devised the simplified model of deep
ocean circulation, basing water motions on similar
forces that drive western-boundary intensification. The
Stommel model indicates that net sinking motions are
initiated in the North Atlantic near Iceland (FIGURE 4.8).
This water sinks to the floor of the North Atlantic as
it moves equatorward. After crossing the equator the
conveyor moves toward Antarctica, where Antarctic
Bottom Water is added. Then, it turns eastward to move
between Africa and Antarctica. The deep water continues
eastward but forks into two branches, one progressing
equatorward through the Indian Ocean and the other
moving eastward into the Pacific. The Indian Ocean
branch rises toward the surface near the equator south
of India. This water then turns southward and moves as
a warmer shallow layer back toward the Atlantic. The
southern deep-water branch progresses into the South
Pacific before moving northward east of Australia. This
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water stream crosses the equator and rises in the cen-
tral North Pacific. It then loops back and moves near
the Maritime Continent as shallow water. This current
ultimately joins the shallow water stream in the Indian
Ocean. Both branches then move back around the tip of
Africaand into the Atlantic, where the conveyor moves
northward, ultimately sinking again near Iceland.

This deep-water conveyor is capable of transporting
huge amounts of oxygen and energy from one side of the
planet to the other. The oxygen provides a mechanism
by which oceanic life is supported. The energy is capable
of influencing climate for centuries, as signatures of past
climatic variations are present in the slow-moving water
itself. Reintroduction of this stored energy into the present
or future atmosphere can alter climate, particularly where
the conveyor approaches the surface and can transfer
the energy back into the atmosphere easily. Likewise,
present-day atmospheric changes, most notably global
warming, can provide additional storage of energy in the
conveyor belt and elsewhere in the oceans. This additional
energy is likely to cause future changes both to the hy-
drosphere in the form of surface currents, thermohaline
circulation, and conveyor belt and to other “spheres” in
the climate system. The impacts are uncertain.

El Nino—Southern

Oscillation Events

The El Nifo-Southern Oscillation (ENSO) event is
perhaps one of the most misunderstood of all atmo-
spheric processes. ENSO events affect global weatherina
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profound way. Only Earth-Sun relationships exert more
of an influence on the global climate system than ENSO.

The term El Nifo, translated from Spanish as “the
boy;” originally referred to the annual warming of the
equatorial ocean current off the western coast of South
America during the Christmas season (FIGURE 4.9a).
This sea surface warming is associated with the change
of seasons—the beginning of winter in the northern
hemisphere and summer in the southern hemisphere.
For most of the year in the tropics, strong winds, known
as trade winds, push the warm surface waters of the
tropical Pacific westward, allowing upwelling of cold,
deep ocean waters in the eastern tropical Pacific. As
the seasonal atmospheric circulation pattern becomes
established during the transition of autumn and spring,
trade winds along the equator weaken, allowing the warm
water in the western equatorial Pacific to migrate back
toward the east. This annual migration warms the Pacif-
ic’s eastern equatorial rim, typically around December.

Over the years the meaning of the term El Niflo has
changed from its original reference to the normal annual
event described above. It is now used to refer only to the
unusually extreme increases in sea surface temperatures
(SSTs) occurring for several months approximately every
3 to 7 years in the central and eastern equatorial Pacific
Ocean. By contrast, La Nifa—the opposite of El Nifio—
refers to a strengthened “normal” situation, which typically
reinforces cold water conditions in the eastern equatorial
Pacific and warm water conditions in the western tropical
Pacific near the Maritime Continent (FIGURE 4.9b).

The Southern Oscillation, recognized by the cli-
matologist Sir Gilbert Walker in the 1930s, refers to a
seesaw effect of surface atmospheric pressure between

MAR 12010

the eastern and western equatorial Pacific Ocean in
which higher-than-normal pressure in one of these two
regions is coincident with lower-than-normal pressure in
the other. Climatologist Jacob Bjerknes realized in 1969
that these pressure changes resulted from SST variations
in the equatorial Pacific, establishing the link between
El Niflo and La Nifa events and the Southern Oscillation.

Today, most climatologists refer to the entire phe-
nomenon as El Nifio—Southern Oscillation, or ENSO.
The variations in atmospheric pressure associated with
extremes in the Southern Oscillation and the changes in
the oceans during extreme phases of ENSO (El Nifio or
La Nifa events) cause unusual global atmospheric circu-
lation features and impacts. Because it is associated with
a reversal of the typical Pacific pressure patterns rather
than an intensification of them, the El Nifio phase usually
has wider and stronger impacts than the La Nifia phase.

Walker Circulation

In 1969 Bjerknes coined the term Walker circulation
to describe the connection between the atmospheric
pressure centers in the equatorial Pacific associated
with the Southern Oscillation, the SSTs, and the trop-
ical trade winds that blow from east to west near the
surface across the Pacific Ocean (and other regions
of the Earth within the tropics). The Walker circula-
tion exists to balance the normally observed pressure
gradients over the tropical Pacific Ocean. The Walker
circulation represents “normal” or “ENSO-neutral”
atmospheric and oceanic conditions in the equatorial
Pacific Ocean, characterized by high surface atmo-
spheric pressure in the east and relatively low surface

Dec 26 2010

FIGURE 4.9 (a) Satellite image of sea surface temperatures in the Pacific Ocean during an El Nifio event. (b) Satellite image of
sea surface temperatures in the Pacific Ocean during a La Nifia event.

Courtesy of JPL/NASA.
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FIGURE4.11 Warm water piling in the western equatorial Pacific during “normal”or “ENSO-neutral” conditions.

pressure in the west (FIGURE4.10). A pressure gradient
forms in an east-to-west direction at the surface with
atmospheric mass (winds) working to “fill the low”
Thus, surface winds normally blow strongly from
the east toward the west in this region. Known as the
northeast trade winds (or northeast trades) in the
northern hemisphere and the southeast trade winds
in the southern hemisphere, these winds comprise a
major part of the global atmospheric circulation and are
simply the equatorward extensions of the STHs (gyres).

The frictional dragging of the sea surface by these
winds causes the North and South Equatorial currents to
occur along the equator, approximating the atmospheric
circulation pattern, flowing from east to west in both
hemispheres. The currents push the surface waters warmed
by the Sun westward. This results in an accumulation of

warm water in the western tropical Pacific Ocean near
Australia and the Maritime Continent. Average sea level
may be as much as 40 cm (16 in) higher and water tem-
peratures 4° to 8 C° (7° to 14 F°) higher in the western
tropical Pacific than at the same latitude in the eastern
Pacific near South America (FIGURE 4.11). The reduced
sea surface temperatures (SSTs) in the east are caused
both by the cold surface current of the eastern South
Pacific and by upwelling of colder, deep water replacing
the warmer surface waters that were displaced to the
west by the equatorial currents.

These “normal” or ENSO-neutral ocean tempera-
tures control the Walker circulation along the equator.
Lower SSTs in the east chill the overlying air, which in
turn increases the air density, reducing its buoyancy.
The sinking air causes high atmospheric pressure and
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usually restricts precipitation because cool air is less
likely than warm air to rise vertically so that its moisture
can condense and form vertical clouds. The eastern
equatorial Pacific is normally dry as a result, and the
extension of this dry area on the land surface is the dry
Atacama Desert. Warm waters in the western tropical
Pacific cause the density of overlying air to decrease.
The rising air leads to lower atmospheric pressure and
buoyancy that produces frequently cloudy and wet
conditions over the region.

A simple index was devised to describe the atmo-
spheric pressure variations in the tropical Pacific Ocean.
The Southern Oscillation Index (SOI) is derived
from sea level pressure differences between the eastern
and western Pacific. The SOI is found by subtracting
the air pressure at sea level in Darwin, Australia, from
that in Tahiti. This value is often standardized statisti-
cally so that a value of zero represents ENSO-neutral
conditions, values exceeding + 1 may be considered to
coincide with La Nifia in the ocean, and values below
—1 may be considered to represent El Nifio conditions.
Another means of identifying El Nifio and La Nina
events involves monitoring SSTs in various regions of
the equatorial Pacific Ocean. A temperature departure
of £1 C° away from normal conditions for 3 consecu-
tive months constitutes a major event. In more recent
years, the so-named Nifno 3.4 Index is often used as
a means of representing the averaged SST values over
a combination of Regions 3 and 4 (as defined by an
international team of geoscientists) of the tropical

Pacific Ocean. The Nifo 3.4 Region is bounded by
120°W-170°W and 5°S-5°N (FIGURE 4.12). Positive
values of the index for a given time period indicate
warmer than normal SSTs (El Nifo) in the 3.4 region,
and negative numbers represent colder than normal
SSTs (La Nifa) (FIGURE4.13). Climatologists also define
the state of ENSO by incorporating multiple variables,
including sea level pressure, surface wind vectors, SSTs,
surface air temperatures, and cloud cover, into a single
index. This Multivariate ENSO Index is also positive
during El Nifio and negative during La Nifia. “Official”
historical monthly ENSO indices are available online.

Historical Observations of ENSO

Direct information about ENSO events first came from
accounts of Spanish explorers in South America during
the 1500s. Indirect data sources such as tree rings, flood
frequency, sediment cores, and coral reef growth suggest
that anomalous weather events associated with ENSO
events have been occurring for at least many thousands
of years. The earliest written records of impacts believed
to be related to extreme El Nifio phases extend from the
Chimu Dynasty (Ap 1100) in the Moche Valley of Peru
and indicate periodic extreme flooding, now known
as Chimu Floods, extending as far back as 2500 years
before present. Other solid evidence suggests that the
ENSO phenomenon has existed for at least 5000 years,
and other research suggests that it may have existed for
far longer into the geologic past.
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FIGURE 4.12 Nino 3.4 region.
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FIGURE 4.13 Nifo 3.4 Index over time.

Data from National Centers for Environmental Information NESDIS NOAA.

Most accounts are not direct observations of
atmospheric or oceanic conditions but indirectly suggest
the possible presence of ENSO extremes. Sources include
ship logs in addition to writings by clergy members
who reported unusual natural phenomena in great
detail. These records became more detailed between
1600 and the mid-1800s, when South American events
were chronicled in European literature. Accounts from
historians, explorers, geographers, pirates, and engineers
became more detailed toward the end of the 1800s.
Some of these types of evidence are listed in TABLE4.1.

El Nino Characteristics

An El Nifo event in the ocean coincides with a reversal
of the normal Walker circulation. Trade wind flow weak-
ens along the equator, allowing the pool of warm water
piled up in the western Pacific to flow back toward the
east. Because ENSO-neutral and (especially) La Nifia
conditions pile warm water in the west, the ocean is
simply regaining a somewhat uniform sea surface level
when the trade wind flow weakens.

TABLE 4.1 Indirect Evidence for El Nino Events

in Historical Sources

= Variations in travel times from sailing vessels
Ship logs noting unusual weather and sea
conditions

m  Presence of "aguaje” or red tide, a bloom of toxic
marine plankton

= Abnormally warm waters along the South
American coast

m  Severe and unusual weather events, such as heavy
rains and flooding

= Property damage caused by floods
Travel obstructions from washed-out roads or
mudslides

m  Agricultural destruction
Increases in sea levels along the South American
coast

= Mass mortality of marine sea life caused by a
decrease in the upwelling of nutrients
Death and/or departure of birds
Reductions in productivity in coastal fisheries
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FIGURE4.14 Ocean response to El Nifio.

As the warm water migrates eastward, the overlying
atmospheric low-pressure center follows the warm water
migration eastward as well. By the time the warm water
pool reaches the eastern boundary of the tropical Pacific
Ocean, reduced atmospheric pressures and increased
precipitation are well established. At the same time, colder
than normal water conditions become established in the
western tropical Pacific. Higher pressures build over that
area as a result, and precipitation is far below normal
in the region around the Maritime Continent. El Niflo,
then, simply coincides with a reversal of the “normal”
or “neutral” equatorial Pacific air/sea conditions set up
by the Walker circulation (FIGURE 4.14).

Movement of the warm water pool from west to east
during El Nifo, usually taking about 4 months, appears
in the form of an equatorial Kelvin wave—a pool
of warm water moving eastward while surface waves
propagate westward. The surface waves are initiated
by overlying winds that continue to blow from east to
west as a part of the normal trade wind flow. During El
Nifo events, however, the trade winds are weaker than
normal, which allows the warm water pool to move
eastward as an equatorial Kelvin wave.

When the warm water pool reaches the eastern
boundary, it splits into three primary components.
The main component is the equatorial Rossby wave,
which sloshes back westward along the equator, typically
reaching the starting point within 6 to 8 months, ending
the El Nifio event. Movement of the return flow in this
wave is slower than the original Kelvin wave. These
oceanic Rossby waves differ from Kelvin waves in that
the bulk of water motion is in the same direction as the
surface waves.

The remainder of the original eastward-moving
equatorial Kelvin wave splits into coastal Kelvin waves—
smaller warm water pools that migrate north and south
along the North and South American coasts—displacing
cold currents off the west coasts of both continents.
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These waves are responsible for many regional climate
abnormalities such as increased storminess.

The warm water pool in the eastern equatorial Pacific
causes a downward movement of the thermocline—the
boundary between warm surface waters and colder deep
waters. Oceanic upwelling still occurs in the eastern ocean
during El Niflo events, but because of the deeper thermo-
cline the cold water involved in upwelling is confined to the
deeper layers. Because of these abnormally warm waters
near the American coast, El Nifo events are sometimes
referred to as warm-ENSO events. In its entirety an El Nifio
event usually lasts between 10 and 14 months.

Because so much energy is transported across such
a large distance regardless of the ENSO phase, disrup-
tions to the ENSO-neutral situation have worldwide
atmospheric consequences. The most direct effects occur
in the tropics during the El Nifio phase (FIGURE 4.15).
The reversal of the usual atmospheric pressure and SST
patterns during El Nifo events causes atmospheric and
oceanic circulation systems on the planetary scale to
readjust. These anomalous circulation patterns cause
seemingly chaotic weather conditions worldwide. Nor-
mally dry regions, such as western North and South
America and western Australia, become much wetter
than normal, while characteristically wet regions such as
northeastern Brazil, eastern Australia, and the Maritime
Continent become excessively dry. Such disruption of
normal atmospheric and oceanic conditions leads to
some devastating ecological and economic problems.

La Nifna Characteristics

During the La Nina phase the trade wind flow along the
equatorial Pacific Ocean becomes even stronger than
normal, which increases warm water accumulation in the
western equatorial Pacific and cold water upwelling in
the east. This causes a deeper thermocline in the western
tropical Pacific and a shallower than normal thermocline
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FIGURE 4.16 Ocean response to La Nifa.

in the east (FIGURE4.16). Sea levels respond accordingly,
as the west records higher than normal sea levels and
temperatures, while in the east lower than normal sea
levels and temperatures occur. The enhanced cold water
upwelling near the Americas has given La Nifia another
name in recent years— “‘cold-ENSO events.”

Global Effects

As suggested above, the consequences of ENSO events
do not stop with the equatorial Pacific Ocean. A closer
inspection of Figure 4.15 reveals that the effects of
warm-ENSO events carry through the downstream

circulation patterns of the entire tropics. Because lower
pressure builds over the western portion of South America
during negative phases of the Southern Oscillation, the
circulation regime of eastern South America is altered.
Normally, eastern South America is dominated by low
atmospheric pressure associated with the abundant heat
and humidity from the Amazon rain forest. During the
El Nifo phase the western South American low disrupts
the usual circulation over the eastern portion of the
continent. As a result, higher than normal air pressure
and subsiding airflow is initiated over tropical eastern
South America, bringing drought to much of the rain
forest region.
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Just as the circulation is altered in South America
during warm-ENSO events, the circulation regimes
of other tropical locations are affected. The relatively
high-pressure regime that normally prevails over south-
western Africa flips to lower atmospheric pressure and the
region becomes anomalously wet. This in turn reverses
the normally low pressures that occur near southeastern
Africa, resulting in higher air pressures and drought near
Madagascar. This induces a low-pressure region over the

equatorial Indian Ocean, which is normally dominated
by higher pressures, and the region becomes wetter than
normal. Finally, the circulation is linked to the western
side of the Walker circulation over eastern Indonesia and
northeastern Australia, which experiences El Nifio-induced
above-normal air pressures and the drought conditions
discussed previously. The effect is that the atmosphere
seesaws to an opposite regime from normal. FIGURE4.17a
shows the El Nifio winter climate anomalies for the globe.
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FIGURE4.17 Global climate anomalies. (a) El Nifo winter. (b) La Nifa winter.

Courtesy of NOAA. Retrieved from: www.pmel.noaa.gov/elnino/impacts-of-el-nino.



TABLE 4.2 Persistent Global Effects of El Nino

Drier than Maritime Continent; southeastern

normal Africa and Madagascar; east central
Africa; eastern South America (Brazil)

Wetter than Central equatorial Pacific Ocean;

normal eastern equatorial Pacific Ocean and
western South America (Ecuador,
Peru); southeastern South America
(southern Brazil, Argentina);
southeastern United States

Warmer than Japan, eastern Asia (China/

normal Manchuria); northwestern North

America (southern Alaska through
U.S. Pacific Northwest into central
North America); eastern Canada
(Labrador, Nova Scotia)

Energy transfers during warm-ENSO events also
alter temperate climates, as indicated in TABLE 4.2.
Such interactions originate from increased energy and
moisture transport from the equatorial Pacific into the
midlatitudes. Much of this energy transport is accom-
plished by the poleward-moving coastal Kelvin waves.
These warm water pools displace cold currents along
the west coasts of North and South America, overriding
the colder, denser currents normally present in those
locations. This position allows the abundant stored
oceanic energy to be transferred easily into the atmo-
sphere, particularly under the conditions of unusually
low atmospheric pressure, initiating rising motions in
the atmosphere. Such conditions are capable of ener-
gizing storms that then migrate across the normally dry
western continental locations.

As a general rule, La Nifia situations strengthen
normal atmospheric circulation patterns across the
tropics. A normally dry region becomes exceedingly
dry; a normally wet region becomes exceedingly wet, as
depicted in FIGURE 4.17b. Such conditions may have as
many negative ecological and economic consequences
as an El Niflo event in some locations.

Extreme phases of the Southern Oscillation stress
ecosystems in several ways. Large-scale animal migrations
and die-outs occur in the affected regions. These factors
in turn stress humans as food sources are affected and
landscapes are degraded. For instance, western South
America has seen widespread famine as a result of fish
migrations during warm-ENSO events. As fish move
away from the coast in search of prey, birds that feed
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on the fish are affected. In addition, human populations
are affected directly, because seafood serves as a prime
source of nutrition in these coastal cultures affected by
EINiilo. At the same time, dry western South American
regions may experience heavy rains that cause widespread
floods in a landscape barren of vegetation and without
natural stream drainage capable of handling the sudden
downbursts. Mudslides become common on hill slopes
and occasionally destroy entire villages. Roads become
blocked and bridges collapse. In short, widespread ruin
may occur during particularly strong ENSO events.

Effects in the United States

Relationships between El Nifo and the U.S. climate have
been fairly well documented. Because the jet streams—
fast currents of air in the upper troposphere—are most
active during the cool season (November to March), the
region sees most ENSO-related changes during that time.
In particular, southern and central U.S. precipitation and
southwestern U.S. temperatures appear strongly tied to
warm-ENSO events. Increased energy and moisture are
transported from the tropics to North America as the
equatorial Kelvin wave and the smaller coastal Kelvin
wave warm pools override cold currents along North
and South America. Increased precipitation and storm
activity thus are also typical effects of El Nifio in much
of the southern, central, and southwestern United States.
The small, northward-migrating coastal Kelvin pool
displaces the usual cold California current off the U.S.
Pacific coast, destabilizing the overlying atmosphere
and causing an adjustment in the North American jet
streams.

The two major rivers of air in the high troposphere—
the polar front jet stream (over midlatitude locations)
and the subtropical jet stream—transport energy and
moisture in a generally west-to-east direction. During
warm-ENSO events, the amplitude—the north-south
and south-north component of motion—of the polar
front jet stream tends to increase across the United
States. Jet amplitude dictates where storms form, their
intensity, and direction of migration.

During the El Nino phase the polar front jet is
altered from normal as a trough—an equatorward dip
in the flow—overrides the eastern North Pacific Ocean
(FIGURE 4.18). Midlatitude storm systems form just to
the east of trough regions. The trough is accompanied
by a ridge—a poleward shift in the jet flow—down-
stream (toward the east). For La Nifia, the jet amplitude
increases such that western North America underlies
a more pronounced ridge while the eastern continent
experiences a deep trough (Figure 4.18b).

During warm-ENSO events the polar front jet
may split into two distinct branches—one north, one



68 Chapter 4 Atmospheric Interactions with the Other “Spheres”

Low pressure

Extended
-”‘9 Pacific Jet Stream,
Amplified Storm,
Track

@ . TR

o
Tl A“\“W@%\
) . is e
e
N e
Colder
Variable

Polar Jet Stream

H

Blocking
high pressure

(b) - B AR

FIGURE4.18 The North American climatic response to jet stream alterations. (a) El Nifio and (b) La NiAa.

Courtesy of National Oceanic and Atmospheric Administration. www.climate.gov.

south—over the eastern North Pacific Ocean. This
situation greatly alters normal jet flow across North
America and affects the climate of many associated
regions. The northern branch of the polar front jet
tends to remain farther to the north than the usual
polar front jet and prevents the coldest Canadian air
from penetrating southward into the United States
during most warm-ENSO events. Warm-ENSO winters
thus are usually warmer than normal in the northern
United States and southern Canada. The southern
branch of the polar front jet during warm-ENSO
events flows across the northern Gulf of Mexico, as
shown in Figure 4.17a, and tends to steer midlatitude
storm systems into the Gulf Coast states, after allowing
them to acquire moisture over the Gulf of Mexico. The
subtropical jet still exists in its normal form, south of
the southern branch of the polar front jet, even when
the polar front jet bifurcates.

Because some El Nifio events can trigger increases
in jet amplitude across North America, a trough in
the northern branch of the polar jet can cause colder
air to infiltrate the eastern United States as far as the
Gulf Coast. Northern states are not impacted with
extreme events under these conditions because this
cold air would have been present whether or not
the dip in the jet stream existed. This trough also
causes an increase in precipitation for the southern
United States.

The northeastern United States shows a weaker
relationship between El Nifio and temperature and
precipitation patterns. One explanation for the lack of
relationship is that the polar front jet exits the continent
over the Northeast regardless of jet flow amplitude. It
should be noted, however, that any particular warm-
ENSO event can cause drastic changes in northeastern
U.S. weather. Each ENSO event changes the jet flow

pattern somewhat differently, and strong El Nifio
events occasionally change the jet pattern substan-
tially. The response to El Nifo in the northeastern
United States is usually slightly higher temperatures
along with slightly drier conditions caused by a net
reduction in snowfall.

Recent research indicates that cold-ENSO events
have as much influence on precipitation in the southern
United States as warm-ENSO events. Recent La Nifia
years have been accompanied by pronounced drought
throughout the southern and south-central United
States, even in summer, if La Nifia persists through
the summer. Additionally, cold-ENSO periods are
associated with temperature increases throughout the
Southwest as the polar front jet stream pushes north-
ward over the western United States. Slight temperature
increases also occur in the north-central area of the
United States. La Nifla periods also see heightened
Atlantic hurricane activity if the event is in force into
late summer and autumn, as was evidenced by the
very active 2004 and 2005 seasons. Incipient El Nifo
conditions in late summer and autumn 2006 and early
summer 2009 were associated with a much quieter
Atlantic hurricane season.

The El Nifio event of 2014-2016 was one of the most
notable on record. Among its many impacts were op-
pressive heat and drought in the western tropical Pacific
and parts of Africa, with decreases in food production
contributing to hunger, malnutrition, and disease. In
addition, tropical cyclone activity was affected, with
a suppression of Atlantic basin frequency, increased
frequencies in the North Pacific basin, and an eastward
displacement of South Pacific tracks in response to the
eastward migration of the warm pool. Some are attribut-
ing the record-breaking globally averaged temperatures
in 2014 and 2015 to this El Nifo event.



Relationship to Global Warming

Although much research has been done on ENSO events,
additional work is still needed. Many mechanisms
thought to trigger ENSO events must be explained
turther. One such mechanism that has gained recent
publicity is global warming. Current global warming
is exacerbated by human emission of pollutants known
as greenhouse gases. The recent speculation that global
warming triggers extreme ENSO events was generated
by a higher incidence of intense ENSO events during
recent years of high global temperatures. Since 1970
warm-ENSO events have occurred with a periodic-
ity of about 2.8 years. This significantly exceeds the
frequency of the long-term average of 4.7 years. In
time, relationships between a warmer atmosphere and
El Nifio events may prove valid; however, the reverse
may be equally true: that a higher incidence of intense
warm-ENSO events may be forcing, at least in part,
higher global temperatures. Such a realization may
be substantiated given the slow response of oceans to
atmospheric forcing in addition to the long-term heat
storage capability of oceans.

Recent research supports a more plausible explanation
for the increase in extreme ENSO events since 1970. An
oceanic phenomenon known as the Pacific Decadal
Oscillation (PDO) is directly tied to ENSO strength
and frequency. The PDO is similar to the Southern
Oscillation in that warm and cold phases occur over
time. As the name implies, variability associated with
the PDO occurs much more slowly than that associated
with the Southern Oscillation. A PDO regime may last
20 to 30 years, during which one phase of the oscillation
tends to dominate. During times when the Southern
Oscillation and the PDO are in phase (i.e., both in a
“warm phase” or in a “cold phase”), the impacts of the
Southern Oscillation tend to be magnified. When the
phases offset the Southern Oscillation effects tend to
be dampened.

A PDO warm phase occurred from the early
1970s until the late 1990s. This situation supported
frequent and strong El Nifo events. For about 5 years
beginning with the winter of 1997 and 1998 the PDO
showed signs of shifting phases every 5 years or so.
This shift seems to be rather unusual in the last cen-
tury. The cold phase, which has been in place since
around 2008, is believed to support and magnify the
effects of La Nifa.

Clearly, continued research on the causes and effects
of extreme ENSO events becomes more important with
the increasing demands made by humans upon the
natural environment. Given the abnormalities in the
temperature and precipitation regimes during El Nifio
and La Nifa events, heightened understanding of these
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events is important for planning purposes in a wide array
of environmental and societal applications.

Climatic Feedbacks in the Ocean

An important role in the climate system is played by
the positive feedback system—an input that creates
change to a system in such a way that it triggers additional,
similar changes in the system. A small snowball rolling
down a hill—picking up more snow on its trek, thereby
gaining momentum and rolling faster and faster as it
gains more mass—is an effective example of a positive
feedback. Another example is the suggestion planted by
seeing a person in your climatology class yawn; within
seconds several classmates yawn, despite the interesting
course material.

By contrast, a negative feedback system involves
an input to the system that decreases the likelihood
of further changes of the same type to the system. An
example of a negative feedback system might be your
study habits. If you study hard and do well on the first
exam, you may then be tempted to study less and then
do poorly on the second exam. But then you are likely
to study harder and do better on the third exam. The
net effect is that your overall grade is average. Negative
feedbacks lead to stabilization of a system.

In the Earth-ocean-atmosphere system, feedback
loops are well established. Any change in the energy
balance of the planet, through increased input of
energy into the system, or changes in the release of
stored energy to space will initiate a series of positive
and negative feedbacks. Offsets will result but, overall,
a change will ultimately result as Earth processes reach
a new equilibrium.

Media attention has focused considerably on the
role of greenhouse gases in the atmosphere and the
subsequent increases in stored energy in the Earth-
ocean—atmosphere system. The situation involves
increased concentrations of gases that absorb radiation
emitted upward from Earth’s surface and reemit some
of it back downward, which in turn creates warmer sur-
face temperatures. This oversimplified notion does not
account for the myriad positive and negative feedback
mechanisms involved. For example, early research focused
on a possible positive feedback involving clouds caused
by increased evaporation and subsequent condensation
rates in a warmer surface environment. This increased
cloud cover would effectively absorb more outgoing
radiation and increase surface temperatures in a “run-
away” greenhouse effect. The hypothesis predicted rapid
and strong increases in surface temperature. Research
ultimately revealed that the opposite was true; a negative
feedback would result due to increases in cloud albedo
reflecting more incoming solar radiation. The net effect
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would be cooling of the surface, and at least somewhat
of a balance in the system.

Another potential negative feedback has drawn
interest. The CLAW hypothesis (so-named based on
the first letter of the surname of each of the scientists
formulating the hypothesis) refers to a biologically-induced
energy loop that could either exaggerate or moderate
increased surface temperatures. Research has revealed
that photosynthesizing oceanic microorganisms called
phytoplankton increase in abundance either as a result
of increased water temperatures or increased photo-
synthesis as a result of increased energy. In addition to
providing about half of the atmospheric oxygen (O,)
released by plants, phytoplankton produce dimethyl
sulfide [DMS; (CH5),S] through their growth cycles. As
DMS increases in ocean waters, it is transferred to the
atmosphere where it oxidizes to form sulfur dioxide
(SO,) and sulfate aerosols. The sulfate aerosols then
may act as condensation nuclei by encouraging the
condensation of water vapor around them, which in
turn stimulates the number and thickness of clouds.
The increased cloudiness then reflects more insolation
from the cloud topics, which may regulate the original
cause of higher ocean temperatures—increased energy
at the surface.

On the other hand, one of the proposers of the CLAW
hypothesis, James Lovelock, subsequently posited that
a positive feedback may be at work at the same time
or instead of a negative feedback loop. This so-called
anti-CLAW hypothesis posits that increased ocean
surface warming would increase the stable stratification
within the ocean, with even warmer water overlying
the cold bottom waters. The increased stability would
reduce the upwelling necessary to restore nutrients to
the surface from the depths. Without as many nutrients,
phytoplankton population growth would be curtailed,
DMS production and transfer to the atmosphere would
decrease, less cloud cover would result, and amplification
of the warming would occur.

Which hypothesis is correct? Clearly, more research
is needed. Moreover, we do not know if other unknown
biological or nonbiological processes associated with
the global sulfur cycle may be as important as or more
important than the known components.

Volcanic Activity and Climate

General Effects

As Earth’s crustal plates move very slowly (at about
the same rate at which your fingernails grow), volcanic
activity occurs in certain locations. This volcanism
contributes to both short- and long-term climatic
fluctuations. The primordial atmospheric composition

resulted from the outgassing of molten rock as the Earth
cooled and the molten material hardened. Thisled to an
atmosphere rich in N, and CO,. Water vapor was also
initially introduced to the atmosphere through outgassing
processes. The atmosphere shed excessive water vapor
in the form of precipitation, which eventually cooled
and solidified the crust and formed the oceans of today.
The composition of the atmosphere is, therefore, linked
to volcanic activity.

Evidence indicates that the early landscape of Earth
was marked by rather frequent volcanism as the volatile
Earth cooled from the surface inward. Over time, vol-
canic activity decreased. Still, volcanism is an important
contributor to the Earth-ocean-atmosphere system. We
typically do not hear about active volcanism unless a
particular volcanic event directly threatens humans or the
event is of such magnitude as to invite attention. Many
cases of active volcanism are associated with “cracks”
in the oceanic crust that are widening—midoceanic
ridges—deep beneath the ocean surface, whereas others
are associated with rather remote locations such as the
Aleutian Island chain of Alaska. Others, such as Kilauea,
Hawnaii, are tourist attractions.

Volcanic activity today contributes 1.2 to 2.1 X
1011 kg (130 to 230 million tons) of CO, to the atmos-
phere each year. Volcanoes also add between 3.3 and
6.6 X 1012 kg (3.6 and 7.3 billion tons) of SO, to the
atmosphere annually. Significant amounts of water
vapor are also ejected into the atmosphere. Of the gases
emitted by volcanoes, the one that produces the most
significant climatic signal is SO,. The amount of CO,
emitted by volcanic activity is low compared with the
amount already present in the atmosphere. The additional
amount is quickly absorbed into biomass and/or the
oceans. Water, of course, exits the atmosphere quickly
as precipitation. But SO, presents a different problem.

SO, and atmospheric aerosols of volcanic origin
can trigger either net surface cooling or warming,
depending on individual eruption characteristics. SO,
typically combines in the atmosphere with water, dust,
and sunlight to produce vog, or volcanic smog. Vog
can have both local- and planetary-scale impacts. At
the local scale vog may form near the surface, where it
may hinder loss of longwave radiation back to space,
leading to warming. On the island of Hawaii, vog is
persistent because of the continuous eftfusive (gentle)
eruption of Kilauea since 1986. The volcano contributes
about 1.8 million kg (2000 tons) of SO, to the local
atmosphere daily.

Vog becomes a planetary-scale problem when a
major explosive eruption ejects sulfur compounds into
the stratosphere. Once there, the sulfur compounds can
linger up to 4 years, in part because the stratosphere is
higher than most precipitation clouds, which would



rinse aerosols and SO, from the atmosphere. SO,
combines with the limited amounts of water found in
the stratosphere, dust particles, and sunlight to form
vog. In that situation the vog is capable of producing
a haze that has a rather high albedo—the percentage
of incoming energy from the Sun that is reflected off
an object. The result is that the haze directly reduces
surface air temperatures.

Long-term climatic changes are not initiated by single
volcanic events. Instead, volcanoes lead to significant long-
term climatic changes only during prolonged periods of
above-normal activity. Persistent volcanism is thought
to help maintain Earth’s rather steady climate state, with
temperatures that have varied by less than 15 C° (27 F°)
over its 4.6-billion-year history. Individual volcanoes
are, however, capable of altering hemispheric and global
climates over relatively short time periods. When volca-
noes erupt, gases and solid aerosols (particulates) are
ejected into the atmosphere. Most of the aerosols fall back
to the surface over short periods of time. Particles that
are sand sized or larger fall back to the surface within
minutes of an eruption. Smaller aerosols are capable of
being suspended in the atmosphere for much longer
periods. This is especially true of dust-sized and smaller
particles, which may reach the stratosphere if the volcano
is high and the eruption is especially explosive. Large
eruptions have an average recurrence of about 30 years
over recorded history (TABLE 4.3).

Aerosol Indices

Two indices have been designed to estimate the amount
of aerosols, especially those of volcanic origin, in the
atmosphere. The Dust Veil Index is based on the amount
of material dispersed into the atmosphere. It uses surface
air temperatures and the amount of insolation reaching
the surface, among other variables, to estimate the total
amount of particulates in the atmosphere. This index
is most useful in the midlatitudes because it has been
calibrated in predominantly middle-latitude locations.
Its major weakness is that by using temperature to es-
timate the Dust Veil Index it is impossible to assess the
impact of volcanic activity on temperature accurately.
The Volcanic Explosivity Index is based only on
volcanic criteria. The data used are derived from the
magnitude, intensity, dispersion, and destructiveness of
individual volcanic events. A scale between 1 and 8 is used
for each event, with 8 being the strongest volcanic event.
An event with a Volcanic Explosivity Index exceeding 4
is assumed to produce emissions into the stratosphere,
but atmospheric composition is not taken into account
in the derivation of the Volcanic Explosivity Index.
Similar short-term effects are believed to be caused
by meteor impacts. One example is Barringer Crater
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TABLE 4.3 Major Volcanic Eruptions
of the Past 200 Years

Average Resulting
Global Temperature
Volcano, Location Dedline (C°)

Tambora, Indonesia 1815 0.4-0.7

Krakatau, Indonesia 1883 0.3

Santa Maria, 1902 04
Guatemala
Katmai, Alaska 1912 0.2

Agung, Indonesia 1963 0.3

El Chichon, Mexico 1982 0.5

Mount Pinatubo, 1991 0.5
Philippines
Eyjafjallajokull, 2010 believed to be

Iceland negligible

FIGURE 4.19 Barringer Crater near Winslow, Arizona.
Courtesy of D. Roddy (U.S. Geological Survey), Lunar and Planetary Institute/NASA.

near Winslow, Arizona (FIGURE 4.19), where the impact
of a meteor of 40 to 50 m (130 to 160 ft) in diameter is
likely to have provided global dust-related cooling some
50,000 years ago.

Deforestation and
Desertification

Humans play a role in climatic variation through a number
of ways. Most anthropogenic (human-induced) climatic
effects relate to changes in atmospheric composition
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through the combustion of fossil fuels and the man-
ufacture of certain gases and solids. Human land-use
activities also can contribute to variation and changes in
the climate system. Many of these involve the processes
of deforestation and desertification.

Deforestation refers to the systematic and wide-
spread clearing of forested regions. Although most
associate deforestation with tropical locations, the most
widespread deforestation actually occurred in Europe
and North America a few hundred years ago. Entire
forests were cleared for fuel and/or building materials
during the early part of the Industrial Revolution, be-
ginning in the late 1700s. Today, the most widespread
deforestation occurs in tropical rain forests, where large
tracts of land are deforested to support either individual
subsistence farms or grazing areas.

Because soils in the rain forest regions are leached
of their nutrients by the abundant rainfall, they are not
well suited to agriculture. As a result, farmers must
continually move from location to location because
agriculture is usually successful for only a few years
before the soil’s nutrients become depleted. This type
of migratory farming in which forests are continually
cleared, often by burning, is called slash and burn
agriculture. This method became widespread once it
was discovered that burning vegetation adds nutrients
to the upper soil layers. These nutrients are capable of
supporting crops for only a few extra years.

If small plots of land are deforested in this manner,
no long-term damage is done because the surrounding
forest is quick to recapture the “slashed and burned” plot.
The problem today involves large deforested plots of land,
especially when the activity leaves only small patches
of rain forest surrounded by much larger deforested
areas. These small plots are not sufficient to maintain
their existence, and they become more susceptible to
disease and other problems with such a high percentage
of the trees near the fringe of the forest. The result is
that the isolated plots die off. Human activities then
move farther into the forest, taking more and more
trees out of existence.

In many areas the rain forests have been totally
decimated in this manner. Deforestation of old growth
forests within the past few centuries in many locations
in Central America has left only a tiny percentage of
rain forest undisturbed, and total annihilation looms
in the near future. Currently, the worst deforestation
of tropical rain forests is occurring in South America,
especially northeastern Brazil, and in Indonesia. At
present rates of clear cutting, it is estimated that all rain
forests will be eliminated within the next 100 to 200
years, if not sooner. This deforestation has dire ecological
consequences. Tropical rain forests represent the most
diverse ecosystems on Earth’s land surface. Elimination

of these regions will directly lead to massive extinctions
of plants and animals, many of which may be useful for
medicinal and economic purposes.

Large-scale deforestation causes numerous im-
pacts on climate. Most of the precipitation water in
rain forests is generated locally through the process of
transpiration—the constant recycling of rainwater
through uptake through tree roots and out through
the leaves. Tropical rain forests have been referred to
as the rain machine for that reason. Once the trees are
removed, precipitation is more likely to run downslope
and leave the area. Temperatures after deforestation
increase abruptly, in part because of the loss of shade
but also because removal of forests will reduce the
transpiration which would have allowed the insolation
to evaporate water (latent energy) rather than heat up
the local environment (sensible energy).

An additional climatic problem is that deforestation
involves the removal of one of the planet’s primary
carbon sinks. In 1 year a single acre of trees can store
as much CO, as is released by driving 26,000 miles. The
discontinuation of photosynthesis when the trees die
decreases the rate at which CO, can be removed from
the atmosphere. This has large-scale consequences be-
cause increased atmospheric CO, is a primary cause of
global warming. Furthermore, the burning of the trees
returns CO, that was sequestered in the biomass to the
atmosphere, directly increasing atmospheric CO, con-
centrations. Finally, photosynthesis in the tropical rain
forests produces a large share of the planet’s atmospheric
oxygen. Obviously, elimination of the planet’s “lungs”
would be disastrous.

While deforestation of tropical rain forests receives
the most news coverage, it is becoming increasingly
recognized that the loss of the vast slow-growing, co-
niferous subarctic forests of the northern hemisphere
called boreal forests is also of grave concern. These
trees store even more CO, than tropical rain forests.
In addition to the role of the trees themselves as a CO,
sink, the boreal forest also binds carbon and methane in
peat and permanently frozen terrain—permafrost—
beneath it. Removal of even modest sections of the
forest, in response to economic pressures of logging and
mineral and fossil fuel extraction, has been estimated
to release enough CO, and CH, to accelerate global
warming noticeably.

Another human land-use effect that can modify
large-scale climate changes is desertification—the
expansion of deserts into semiarid regions, largely
through the impact of human activities such as ranch-
ing and overuse of water. The domestication of grazing
animals has expanded in many semiarid regions of the
world, where grasslands are dominant. When these
activities become too concentrated, they can quickly



FIGURE 4.20 The Sahel region of Africa.

strip a region of vegetation, deplete and contaminate
water, and compact the soil, leading to a rapid drying
of the landscape.

Semiarid regions typically display wide variability
in the precipitation regime. Wet periods may persist
for many years or decades, only to be offset by years
or decades of exceedingly dry conditions. Humans
typically move into the regions during wet periods and
establish grazing practices. But during the dry periods
that inevitably follow, they are reluctant to leave. Their
continued activities quickly compound the problem,
leading to further expansion of the surrounding desert.

Perhaps the most prevalent example of desertification
is the Sahel—a region of Africa that borders the southern
rim of the Sahara Desert that has undergone widespread
degradation over the recent past (FIGURE 4.20). Much of
the problem began in the early twentieth century, when
wet conditions brought people into the region. This
settlement, combined with natural population growth
and the demise of transient herders in favor of more
permanent herding establishments, created a situation
with far too many grazing animals in the region. During
the 1970s widespread drought in the region caused the
animals to strip far too much vegetation in a short period
of time before succumbing to the drought themselves.
The concurrent water and food shortages led to tragic
famine and death throughout the region. The consequent
impact on the landscape was rapid desertification and
southern expansion of the Sahara Desert. The region has
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yet to recover and remains one of the primary regions
of food and water shortages on the planet.

Once the desert expands into a semiarid region, it
is difficult for vegetation to reclaim the region because
the local water and energy balances are disrupted. The
removal of vegetation changes the color and texture of
the landscape. The generally dark and rough vegetated
surface is replaced by lighter and smoother surfaces,
which in turn support higher albedoes, reflecting away
a higher percentage of insolation. But this effect is more
than compensated by a decrease in water availability
after the vegetation is removed. Like a deforested land-
scape, an unvegetated landscape allows water to run
off the surface more quickly, causing less evaporative
cooling and a higher percentage of energy devoted to
sensible heating rather than latent heating. The results
are increased temperatures, reduced water availability,
and larger sections of land being converted to desert.

Several other land cover changes affect climates,
particularly at the local scale. For example, irrigation
and construction of dams and reservoirs tend to alter
the local water and energy budget by producing sudden,
periodic, and drastic increases in water availability at the
surface. Drainage of swamps tends to have the opposite
impact. In all these cases, although local evaporation
rates and humidity are likely to be affected, the scale
is usually too small to see significant changes in local
precipitation totals. And, of course, the most dramatic
land cover change on the planet—urbanization—has
the distinct and irrefutable global impact of warming
the climate in the form of the urban heat island, affect-
ing the availability of water at the Earth’s surface, and
altering atmospheric circulation.

Cryospheric Changes

Ice on the Earth’s Surface

The cryosphere—the region consisting of all seasonal
and “permanent” ice on the planet—is both a direct
consequence of and an influence on the climate sys-
tem. It may exist as a part of continental ice sheets,
semipermanent alpine glaciers, seasonal sea ice, and/or
seasonal snowpack. During cold periods of the year,
all forms of ice accumulate from precipitation and/or
deposition—the direct conversion of atmospheric
water vapor to ice, bypassing the liquid water phase.
In the case of glaciers, the bulk of the ice body
remains in below-freezing temperatures throughout
the year. A portion, however, does exist in areas where
temperatures exceed the freezing point for at least part
of the year, so parts of glaciers are continually melting.
Glacial advances occur during cooler and/or wetter
periods when the rate of snow/ice accumulation in the
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colder part of the glacier exceeds the rate of ablation
(which includes melting and sublimation—the conver-
sion of ice directly to water vapor, bypassing the liquid
water phase) in the warmer part of the glacier. Glacial
retreat occurs during times when the rate of ablation
exceeds accumulation. In the case of a retreating glacier
the ice merely melts or sublimates back from its most
equatorward or downhill extent—the glacier does not
physically move backward. A net mass balance point
exists at the equilibrium line—a point within the body
of glacier where the rate of accumulation equals the
rate of ablation. As this line moves equatorward and/or
downbhill, the glacier is “healthy;” indicating growth,
and when it retreats poleward and/or uphill, ablation
exceeds accumulation for the system.

Earth has undergone several periods when most
glaciers and ice sheets simultaneously advanced over
many thousands of years. These glacial advances—
intervals of 50,000 to 150,000 years or so—are separated
by interglacial phases, warmer periods of approximately
8,000 to 12,000 years when net glacial retreat occurs in
most glaciers. Summer temperatures generally determine
whether glacial advance or retreat is occurring, because
even abnormally high winter temperatures are below
freezing in most glacial environments. Cool, short sum-
mers with snowy transition seasons generally provide
the optimal conditions for glacial advance. Long, warm,
dry summers cause the high rates of ablation coincident
with interglacial phases.

Regardless of whether a glacial or interglacial
phase is occurring, any time in geological history when
semipermanent ice exists somewhere on Earth’s sur-
face is termed an ice age. We are in an ice age today,
because permanent ice exists on the planet—in Ant-
arctica, Greenland, the north polar ocean, and on the
tops of the world’s highest mountains at any latitude.
The present ice age may have begun as many as 40 to
50 million years ago, but evidence shows that it became
more intense some 1.6 million years ago. The last major
glacial advance in the present ice age peaked between
12,000 and 18,000 years ago. This advance is known as
the Wisconsin Glacial Phase, which occurred during
the Pleistocene Epoch, a generally cold period that
occurred from about 1.8 million years ago until about
10,000 years ago. Because planetary temperatures have
generally increased for the last 10,000 years or so, most
of the ice has been retreating poleward and/or uphill,
and we are currently in the Holocene Interglacial
Phase, an interglacial phase within the present ice
age that corresponds to the Holocene Epoch, the
present epoch in geological time. In recent years,
the Holocene Epoch has also been referred to as the
Anthropocene Epoch, to emphasize the impact of
humans on the climate.

Feedbacks in the Cryosphere

An important positive feedback in the cryosphere is
caused by surface albedo changes when the ice- and
snow-covered area expands or contracts. The surface of
the terrestrial Earth is, for the most part, dark. Expansion
of bright white continental ice sheets across continents
increases hemispheric and global albedo. In such in-
stances a larger percentage of insolation is reflected
from the surface to space. As a result, a decrease in the
amount of absorbed insolation occurs at the surface,
triggering a reduction in temperature, which in turn
supports further growth of the ice sheets.

A similar positive feedback system occurs during
periods of slight warming, such as at the beginning of an
interglacial phase. Slightly elevated temperatures trigger
increased icepack ablation. The albedo then decreases
slightly, as the darker surface beneath the ice is exposed.
This in turn initiates increased absorption of insolation.
The net energy gains then cause increased atmospheric
temperatures, which cause further increases in ablation
and further albedo decreases.

It is apparent from the discussion above that the
cryosphere is intricately linked to the atmosphere over
long time scales. But the cryosphere can also influence
the atmosphere (and vice versa) on short time scales.
For example, a region may be hit with a heavy snowfall
event in autumn. In such a case the snow may effectively
change the regional albedo. After the event, the surface
albedo changes may cause the region to grow colder,
which in turn may cause the polar jet stream to shift
farther equatorward than normal, because it exists near
the boundary between cold and warm air. Because the
jet steers midlatitude storm systems, displacement
of the jet may initiate even more snowstorms over
the affected regions. In this way a positive feedback
system is set up, causing even more snowpack and
higher albedo rates even farther equatorward, leading
to further cooling.

Given such direct relationships between the cryosphere
and the atmosphere, it is important that researchers
examine and understand processes involving changes
in the cryosphere. Such changes may lead to feedback
systems that could influence the planetary-scale atmos-
phere. These atmospheric changes may then cause further
feedbacks in the cryosphere and the other “spheres” in
the climate system.

Researchers studying regional ice packs have found
that the spring melt in western Canada has occurred
earlier in more recent years than before, changing
by as much as a half-day per year since 1955. These
findings support computer modeling studies that
suggest widespread reduction in snow cover could
occur over the next 50 to 100 years as concentrations



of greenhouse gases such as CO, increase in the at-
mosphere. But this trend is not solely dependent on
greenhouse warming, as extreme ENSO events, shifts
in major circulation patterns, and other factors also
play important roles.

Some researchers now estimate that the Greenland
ice sheet, the largest in the northern hemisphere, could
lose as much as one-half of its mass over the next
thousand years, leading to an increase in global sea
level of about 2.7 m (9 ft). Adjacent summer sea ice
has decreased markedly over the past few decades, and
some expect that within the next century the Arctic
Ocean could be largely ice-free. Alpine (mountain)
glaciers are in active retreat worldwide, with only a
few regional exceptions.

Temperatures over the West Antarctic Ice Sheet have
increased by approximately 4 C° (7 F°) over the past half
century. A decrease in adjacent sea ice extent has also
resulted, and two large collapses of major ice shelves have
occurred over the past decade. The East Antarctic Ice
Sheet appears to have remained stable during the same
time period. If all permanent continental ice were to
melt, sea levels would rise by approximately 67 m (220 ft).

A common misconception is that the melting of sea
ice would not affect sea level because the ice displaces
the same volume of seawater as its water equivalent. But
because fresh water is less dense than saltwater, freshwater
ice floats higher over the salty seawater and does not
displace quite as much seawater as it would if the two
had the same density. So when freshwater floating ice
melts, it increases sea level by a small amount because
of an increased amount of meltwater compared with
the amount of seawater originally displaced.

Both this extra water and (especially) melted con-
tinental ice would greatly affect populations, because
many of the world’s major cities would be inundated by
the sea level increases. Fortunately, even in the worst-
case scenarios, the entire cryosphere is not expected
to melt completely in a short time. But the (unknown)
feedback mechanisms involved would determine
whether any initial warming and melting would be
counteracted (a negative feedback) or accelerated (a
positive feedback). Positive feedbacks would further
warm the climate system, which itself could have major
global consequences. Observations generally confirm
that the polar parts of the Earth have warmed more
than tropical regions. This notion is termed Arctic
amplification.

Summary

This chapter explores the effects of several phenomena
in the nonatmospheric “spheres” of the climate system
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on climate. Surface ocean currents derived from atmos-
pheric circulation in turn affect the adjacent climate
of affected locations. The subtropical anticyclones
centered in each ocean basin play an especially im-
portant role in the strength, direction, and variability
of these currents. The anticyclones and corresponding
semipermanent low-pressure cells—cyclones—located
poleward of the anticyclones support cold ocean
currents in the eastern ocean basins and warm ocean
currents in the western basins in each hemisphere. The
Ekman spiral, combined with latitudinal differences in
Coriolis deflection, causes an accumulation of water
to the west of the central ocean basin, which leads
to western-boundary intensification—strong, deep,
warm ocean currents in the western ocean basins—and
shallow, slower cold currents in the eastern basins.
Deep ocean currents also influence the broad-scale
climate. Deep-water motions are described for each
ocean basin, with particular attention paid to the
Stommel model deep-water circulation, which stores
and releases large quantities of energy into the climate
system over long time periods.

El Nifio-Southern Oscillation events represent
the greatest single source of variability in the climate,
excluding Earth-Sun-related seasonality. El Nifio
events occur when a warm water pool that normally
occurs in the western equatorial Pacific Ocean migrates
eastward during times of reduced trade wind flow.
The water pool brings changes to typical atmospheric
stability patterns. Specifically, clouds and precipitation
occur in the normally clear, dry eastern Pacific region.
Because of the immense amount of energy carried
by the pool, global climatic regimes are affected. The
opposite phenomenon—La Nifia—is associated with
the “normal” (ENSO-neutral) directions of oceanic and
atmospheric flow but with increased intensities of that
flow and effects. Biological effects in the ocean, such as
the role of phytoplankton in the production of dimethyl
sulfides, clearly have a role to play in global climate,
but we are uncertain of whether the impacts produce
a net dampening (negative feedback) or amplification
(positive feedback) of warming.

Processes in the lithosphere and biosphere can
also impact the climate system. Times of heightened
volcanic activity may produce both short-term and even
long-term climate variation. Human activities such as
deforestation and desertification alter local to regional
energy and water balances, which can ultimately affect
hemispheric and global climate regimes. Finally, the
cryosphere was discussed as an element of the climate
system. Positive and negative feedback systems, espe-
cially in the cryosphere, are likely to dictate the severity
of impacts of climatic change caused by human and
natural forces.
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Key Terms

Ablation

Accumulation

Advection

Aerosol

Albedo

Amplitude

Antarctic Bottom Water

Antarctic Deep Water

Antarctic Intermediate Water

Anthropocene Epoch

Anthropogenic

Anti-CLAW hypothesis

Arctic amplification

Atmosphere

Biosphere

Boreal forest

California current

Canary current

Chimu Floods

CLAW hypothesis

Coastal Kelvin wave

Common Water

Condensation

Condensation nuclei

Continentality

Convection

Coriolis effect

Cryosphere

Cyclone

Deforestation

Deposition

Desertification

Dimethyl sulfide (DMS)

Downwelling

Dust Veil Index

Ekman spiral

El Nifio

El Nifio—Southern Oscillation
(ENSO) event

Equatorial Kelvin wave

"

Equatorial Rossby wave

Equilibrium line

Evaporation

Fossil fuel

Geostrophic flow

Global warming

Greenhouse effect

Greenhouse gas

Gulf Stream

Gyre

Holocene Epoch

Holocene Interglacial Phase

Humboldt (Peru) current

Hydrosphere

Ice age

Insolation

Interglacial phase

Jet stream

La Nifla

Latent energy

Latitude

Lithosphere

Maritime Continent

Maritime effect

Methane

Momentum

Multivariate ENSO Index

Negative feedback system

Nino 3.4 Index

North Atlantic Deep Water

North Atlantic Drift

North Equatorial current

North Pacific Intermediate
Water

Northeast trade winds

Outgassing

Pacific Decadal Oscillation
(PDO)

Pacific Subarctic Water

Particulates

Terms in italics have appeared in at least one previous chapter.

Review Questions

Permafrost

Peru current
Photosynthesis
Phytoplankton
Pleistocene Epoch

Polar front jet stream
Positive feedback system
Rain machine

Ridge

Sahel

Sensible energy

Sink

Slash and burn agriculture
Source area

Southeast trade winds
Southern Oscillation
Southern Oscillation Index (SOI)
Stable atmosphere

Stable stratification
Stommel model
Stratosphere

Sublimation

Subtropical anticyclone
Subtropical jet stream
Sulfur dioxide (SO,)
Thermocline
Thermohaline circulation
Thermohaline current
Trade winds
Transpiration

Trough

Unstable atmosphere
Upwelling

Urban heat island

Vog

Volcanic Explosivity Index
Walker circulation
Western-boundary intensification
Wisconsin Glacial Phase

1. Discuss the role of atmospheric circulation in 4. Describe the importance of western-boundary

creating and maintaining surface currents in

the oceans.

2. Discuss the role of surface ocean currents on

climate.

3. What is geostrophic balance in the oceans and

why is it important?

intensification.

5.  What are thermohaline currents and how and

why are they maintained?

6. How are thermohaline currents tied to the atmo-

sphere and how can these currents affect climatic

variations in the future?



7. Discuss the importance of the Stommel model
of deep-water motion.
8.  What is the Walker circulation?
9. Describe ENSO-neutral conditions along the
equatorial Pacific Ocean.
10. What is El Niflo and how is it initiated?
11. Discuss changes in the sea surface circulation and
the thermocline of the Pacific Ocean during an
El Nifo event.
12.  Describe the changes in the overlying atmosphere
during an El Nifio event.
Questions for Thought
1. Think of an example of a possible negative feedback
mechanism that might result in a minimization
of the global warming problem in the cryosphere.
2.  How might a warmer atmosphere alter surface

and deep ocean currents, and what effect would

13.

14.
15.

16.

17.
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Discuss the global climatic significance of an
El Niio event.

What is a La Nina event and why is it significant?
Compare and contrast deforestation and deserti-
fication and their impacts on the climate system.
How do atmospheric changes drive processes in
the cryosphere?

How can changes in the cryosphere lead to changes
in the climate system?

such changes have on the general atmospheric
circulation?

How might continued human-related tropical
deforestation alter regional and even global climate?
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includes latitude, land-sea distribution, circulation,

topography, and local features on climates, interactions
involving the hydrosphere, lithosphere, biosphere, and
cryosphere also affect climate. These factors and their
impacts can be felt on a variety of spatial scales. The
scales range from the microscale to the planetary
scale. This chapter describes the influence of these and
other factors on near-surface climates. It also introduces
the effect of energy, matter, momentum, and friction on
local climates.

I n addition to the role of “site” and “situation,” which

Properties of the Troposphere

As we have seen, the atmosphere can be subdivided
into various layers based on the expected change in
temperature with height. In this chapter we keep the
discussion focused on the lower part of the troposphere,
the layer from the surface up to 8 to 20 km (5 to 13 mi)
high (the tropopause). The troposphere is thickest over
the tropics, where warm air tends to expand, stretching
the distance vertically, and thinnest over the polar areas
in winter, where the intense cold air compresses.

The troposphere is characterized by temperatures
that normally decrease with height, both because of
the decreasing compression of atmospheric gases
with increasing height and because of the increasing
distance from the (indirect) heat source—the surface.
In general, the atmosphere tends to transmit most of
the shortwave radiation—electromagnetic radiation
at wavelengths between about 0.4 to 4.0 microm-
eters (um)—from the Sun through it. The surface
(particularly the land surface) absorbs most of the
shortwave energy incident upon it. This causes the
surface to emit longwave radiation (electromag-
netic radiation at wavelengths greater than 4.0 pm)
upward. The near-surface atmosphere is more likely
to absorb longwave radiation than locations higher
in the troposphere, because more atmospheric mass
is concentrated near the surface.

Although it varies across space and time, the average
rate of cooling with height in the troposphere is 6.5 C°/
km. This rate is known as the environmental lapse rate
(ELR, or A). As we see later in this chapter, ELR is a
critical determinant of whether vertical motion occurs
easily in the troposphere. The root word “tropo” means
“turning,” and the troposphere is so-named because it
is often characterized by convection—vertical motions
that are caused by hotter air near the surface rising while
cooler air aloft sinks, or turbulence—vertical motions
caused by surface friction on advecting air.

Because about 75% of the atmosphere’s mass and
nearly all its water vapor are located in the troposphere, this

layer is sometimes referred to as the “weather and climate
layer” The lowest part of this layer, which contains an even
more disproportionate share of the atmosphere’s mass and
water and an even greater tendency for vertical motion,
is the site of the most vigorous and intense exchanges of
energy, matter, and momentum in the climate system.

Near-Surface Troposphere

Four subdivisions within the troposphere can be defined,
as shown in FIGURE5.1: (1) laminar layer, (2) roughness
layer, (3) transition layer, and (4) free atmosphere. The
laminar layer is the part of the atmosphere that is
nearest to the surface or elements on the surface, such
as a leaf, roof, or wave on the sea. This layer is only a
few millimeters thick, at most. By definition, the lami-
nar layer is characterized by smooth flow that parallels
the features of the surface over which it moves. Several
laminar layers may even exist vertically when the shape
of the surface feature is complicated. For example, every
leaf on a tree has a laminar layer adjacent to its surface.
The features of this layer are most important in plant
physiology applications, because the atmospheric flow
across the leaves is an important factor affecting the
loss of water from the plant’s surface.

Above the laminar layer is a zone of strong convection
or turbulence, called the roughness layer, character-
ized by a large component of vertical motion compared
with horizontal motion. The turbulence in this layer
is almost entirely mechanical in origin. Mechanical
turbulence is motion caused by the friction, irregular
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FIGURE5.1 The near-surface troposphere.



flow, and vertical gradients of momentum associated
with the roughness elements, such as trees in a forest,
buildings, mountains, or crops.

Less important in the roughness layer, particularly
within a dense plant canopy, is thermal turbulence
resulting from unequal heating of the surface, because
differences in surface heating are small when shading occurs
from the roughness elements. The roughness layer may
extend up to one to three times the height of the individual
roughness elements (to perhaps 50 to 100 m). It is thicker
by day than by night because of the increased differences
of surface heating across space during daylight hours.
The maximum height of the roughness layer occurs
with a medium density of roughness elements. Inter-
estingly, if the roughness elements become too closely
packed and uniform in height, the top of the roughness
elements may mimic a smooth surface and show rela-
tively little mechanical or thermal turbulence and more
laminar-like flow.

The roughness layer is important from an energy
perspective. The vertical motion that dominates this zone
transports energy used to drive atmospheric processes
between the surface and the atmosphere above this layer.
In most cases, especially in daylight hours, the surface
is warmer than the atmosphere above it and energy is
transported upward via the turbulent flux (flow) of
sensible heat—also known as the sensible heat flux
(Qp). The most intense turbulence is associated with
situations when the temperature difference between
the surface and the air above it is very large.

The upward transport of matter is also important
in the roughness layer. The type of matter that is of
most concern to climatologists is water. The turbulent
flux of latent heat—also known as latent heat flux
(Qg)—transports water vapor, usually in an upward
direction also, from the surface where oceans, soil
moisture, streams, and lakes evaporate liquid water to
the atmosphere. From there, the turbulent flow may
allow clouds to form.

Unlike the fluxes of heat (energy) and matter (i.e.,
water), the vertical flux of horizontal momentum (1)
or shearing stress is usually transported downward,
from the atmosphere to the surface. This is because
winds usually strengthen with increasing height, as
friction decreases. The net flux of horizontal momen-
tum is downward as turbulence carries air with greater
momentum downward and air with lesser momentum
upward.

The laminar layer and the roughness layer combined
are sometimes referred to as the surface boundary
layer (SBL). In the SBL the turbulent fluxes and
the momentum flux are generally considered to be
constant with height, but not over time. According
to Fick’s law, the flux of any entity is proportional
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to the gradient of that entity in the fluid (liquid or
gas) through which the flux occurs. The gradient of
energy or moisture from the surface upward or the
gradient of momentum downward hence must also
be constant to the top of the SBL at any given place
and time. We can take this logic one step further by
saying that the rate at which the energy, water, or
momentum is moved vertically is constant from one
height to another within the SBL at one moment in
time. Because the energy and momentum fluxes are
constant with height, wind direction theoretically
cannot change within the SBL.

The transition layer extends from the top of the
SBL to approximately 500 to 1000 m above the surface.
Again, this layer extends farther upward by day than by
night, as convective processes thrive in the afternoon
heat. In the transition layer turbulent features from the
SBL remain important. Some of the characteristics of the
free atmosphere above this layer, however, also have some
importance. The shearing stress gradually decreases with
height in the transition layer until it becomes zero,
which defines the top of the layer, at which a negligi-
ble vertical flux of horizontal momentum occurs. The
decrease in friction with height in the transition layer
causes winds to change direction in a “spiral staircase”
pattern; this is the Ekman spiral in the atmosphere. For
instance, a balloon that is released changes direction in
a rather predictable pattern (FIGURE 5.2). Collectively,
the laminar, roughness, and transition layers comprise
the planetary boundary layer.

In the free atmosphere friction is generally as-
sumed to be negligible. In that layer, flow is governed
by the pressure gradient force, the apparent horizontal
deflective force known as the Coriolis effect, centrifugal
acceleration, and geostrophic balance.
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Sun as Energy Source

The Sun is the source of essentially all energy that
drives atmospheric and oceanic circulations. Without
the Sun’s unequal heating of Earth, there would be no
need for the atmosphere or oceans to circulate, because
no differences in heat (energy) would be received from
one place to another on Earth’s surface. Because the
differences in local energy received from the Sun are
so important in the climate system, many applications
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