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PREFACE

This book is for people who want to learn the fundamentals of meteorology
without taking a formal course. It can serve as a supplemental text in a class-
room, tutored, or home-schooling environment. I recommend that you start at
the beginning of this book and go straight through.

There are “conversational” problems and solutions scattered throughout the
text. There is a practice quiz at the end of each chapter, and a final exam at
the end of the book. The quiz and exam questions are multiple-choice, and are
similar to the sorts of questions used in standardized tests.

The chapter-ending quizzes are “open-book.” You may (and should) refer to
the chapter texts when taking them. When you think you’re ready, take the quiz,
write down your answers, and then give your list of answers to a friend. Have
the friend tell you your score, but not which questions you got wrong. Stick with
a chapter until you get most (hopefully all) of the answers right. The correct
choices are listed in the appendix.

Take the final exam when you have finished all the chapters and chapter-
ending quizzes. A satisfactory score is at least 75 correct answers. With the final
exam, as with the quizzes, have a friend tell you your score without letting you
know which questions you missed. Note the exam topics (if any) that give
you trouble. Review those topics in the text. Then take the exam again, and see
if you get a better score.

I recommend that you complete one chapter a week. An hour or two daily
ought to be enough time for this. That way, you’ll complete the course in a little
over two months. When you’re done with the course, you can use this book, with
its comprehensive index, as a permanent reference.

Suggestions for future editions are welcome.

STAN GIBILISCO

— &

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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CHAPTER

Background Physics

Mnds of years ago, the alchemists believed that all things in the material uni-
verse consist of combinations of four “elements”: earth, water, air, and fire.
According to this theory, different proportions of these four “elements” give mate-
rials their unique properties. Later, physical scientists discovered that there are
dozens of elements, and even these are not the fundamental constituents of mat-
ter. Three basic states of matter are recognized by scientists today. These states,
also called phases, are known as the solid phase (the latter-day analog of earth),
the liguid phase (the analog of water), and the gaseous phase (the analog of air).
A sample of matter in one of these states is called a solid, a liquid, or a gas.

The Solid Phase

A sample of matter in the solid phase retains its shape unless it is subjected to
violent impact, placed under stress, or put in an environment with extremely
high temperature. Examples of solids at room temperature are rock, salt, wood,
and plastic.

— &

Copyright © 2006 by The McGraw-Hill Companies, Inc. Click here for terms of use.
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THE ELECTRIC FORCE

What makes a solid behave as it does? After all, we’ve all been told that the
atoms of matter are mostly empty space, and that this is true even in the most
dense solids we see on this planet. So why can’t solid objects pass through one
another the way galaxies sometimes do in outer space, or the way dust clouds do
in the atmosphere?

The answers to these questions can be found when we analyze the electrical
forces in and around atoms. Every atom consists of a small, dense, positively
charged nucleus, orbited by negatively charged electrons that follow mean
(average) paths called shells. Objects with electrical charges of the same polar-
ity (negative—negative or positive—positive) always repel each other. The closer
together two objects with the same type of charge come to each other, the more
forcefully they repel. Thus, even when an atom has an equal number of electrons
and protons so it is electrically neutral as a whole, the charges are concentrated
in different places. The positive charge is contained in the nucleus, and the neg-
ative charge surrounds the nucleus in one or more shells. These shells are usu-
ally shaped like concentric spheres.

Suppose you could shrink down to submicroscopic size and stand on the sur-
face of a sheet of an elemental metal such as aluminum or copper. Below you, the
surface would appear like a large, flat field full of rigid spheres (Fig. 1-1). You
would find the spheres resistant to penetration by other spheres. All the spheres

Qutermost
electron
shells

Fig. 1-1. In a solid, the outer electron shells of the atoms are
tightly packed. This drawing is greatly oversimplified.
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would be negatively charged, so they would all repel each other. This would keep
them from passing through each other, and would also keep the surface in a sta-
ble, fixed state. The spheres would be mostly empty space inside, but there
wouldn’t be much space in between them. They would be tightly packed together.

The foregoing is an oversimplification, but it should give you an idea of the
reason why solids don’t normally pass through each other, and why many solids
resist penetration even by liquids such as water, or by gases such as air.

DENSITY OF SOLIDS

The density of a solid is measured in terms of the number of kilograms (kg) per
cubic meter (m?). That is, density is equal to mass divided by volume. The kilo-
gram per meter cubed (kg/m>® or kg x m™) is the measure of density in the
International System of units (SI), also known as the meter-kilogram-second
(mks) system. This is a rather awkward unit in most real-life situations. Imagine
trying to determine the density of sandstone by taking a cubical chunk of the
stuff measuring one meter (1 m) on an edge, and placing it on a laboratory scale!
You’d need a construction crane to lift the boulder, and it would smash the scale.

Because of the impracticality of measuring density directly in standard inter-
national units, the centimeter-gram-second (cgs) unit is sometimes used instead.
This is the number of grams of mass (g) per cubic centimeter (cm?) of the mate-
rial in question. Technically it is called the gram per centimeter cubed (g/cm? or
g x cm™). To convert the density of a given sample from grams per centimeter
cubed to kilograms per meter cubed, multiply by 1000 (103). To convert the den-
sity of a sample from kilograms per meter cubed to grams per centimeter cubed,
multiply by 0.001 (1073).

You can think of solids that are dense, such as lead. Iron is dense, too.
Aluminum is not as dense. Rocks are less dense than most metals. Glass has
about the same density as silicate rock, from which it is made. Wood, and most
plastics, are not very dense.

MEASURING SOLID VOLUME

Samples of solids rarely come in perfect blocks, cubes, or spheres, which are
shapes that lend themselves to calculation of volume by mathematical formulas.
Most samples are irregular, and defy direct dimensional measurement.
Scientists have an indirect way of measuring the volumes of irregular solid
samples: immerse them in a liquid. First, we measure the amount of liquid in a
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Fig. 1-2. Measuring the volume of a solid. At A, container with
liquid but without the sample; at B, container with the
sample totally submerged in the liquid.

container (Fig. 1-2A). Then we measure the amount of liquid that is displaced
when the object is completely submerged. This shows up as an increase in the
apparent amount of liquid in the container (Fig. 1-2B). One milliliter (1 ml) of
liquid volume happens to be exactly equal to 1 cm?, and any good chemist has
a few containers that are marked off in milliliters. That’s the way to do it, then—
provided the solid does not dissolve in the liquid, none of the liquid is absorbed
into the solid, and the liquid doesn’t evaporate too fast.

SPECIFIC GRAVITY OF SOLIDS

Another important characteristic of a solid is its density relative to that of pure
liquid water at 4 degrees Celsius (4°C), which is about 39 degrees Fahrenheit
(39°F). Water attains its greatest density at this temperature, and in this condi-
tion it is assigned a relative density of 1. Liquid water at 4°C has a density of
approximately 1000 kg/m?, which is equal to 1 g/cm?. Substances with relative
density greater than 1 sink in pure water at 4°C, and substances with relative
density less than 1 float in pure water at 4°C. The relative density of a solid,
defined in this way, is called the specific gravity, abbreviated as sp gr.
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You can think of substances whose specific gravity numbers are greater than 1.
Examples include most rocks and virtually all metals. But pumice, a volcanic
rock that is filled with air pockets, floats on water. Most of the planets, their
moons, and the asteroids and meteorites in our Solar System have specific grav-
ity greater than 1, with the exception of Saturn, which would float if a lake big
enough could be found in which to test it!

Interestingly, water ice has specific gravity less than 1 (sp gr < 1), so it floats
on liquid water. This property of ice allows fish to live underneath the frozen
surfaces of lakes in the winter in the temperate and polar regions. The surface
layer of ice acts as an insulator against the cold atmosphere. If ice had a specific
gravity larger than 1 (sp gr > 1), it would sink to the bottoms of lakes during the
winter months. This would leave the surfaces constantly exposed to tempera-
tures below freezing, causing more and more of the water to freeze, until shal-
low lakes would become frozen from the surface all the way to the bottom. In
such an environment, all the fish would die during the winter, because they
wouldn’t be able to extract the oxygen they need from the solid ice, nor would
they be able to swim around in order to feed themselves. Many other aquatic
creatures would be similarly affected.

PROBLEM 1-1
% A sample of solid matter has a volume of 45.3 cm? and a mass of 0.543
kg. What is the density in grams per centimeter cubed?

SOLUTION 1-1

This problem is a little tricky, because two different systems of units
are used: SI for the volume and cgs for the mass. To get a meaningful
answer, we must be consistent with our units. The problem requires
that we express the answer in the cgs system, so let’s convert kilograms
to grams. This means we have to multiply the mass figure by 1000,
which tells us that the sample masses 543 g. Determining the density
in grams per centimeter cubed is now a simple arithmetic problem:
divide the mass by the volume. If d is density, m is mass, and V is vol-
ume, then they are related by the following formula:

d=mlV

In this case:
d =543/45.3 = 12.0 g/cm?

This answer is rounded to three significant figures.
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PROBLEM 1-2

Calculate the density of the sample from Problem 1-1 in kilograms per
meter cubed. Do not use the conversion factor on the result of Problem
1-1. Start from scratch.

|

SOLUTION 1-2

This requires that we convert the volume to units in SI, that is, to
meters cubed. There are 1,000,000, or 10°, centimeters cubed in a
meter cubed. Therefore, in order to convert this cgs volume to volume
in SI, we must divide by 10°, the equivalent of multiplying by 107°.
This gives us 45.3 X 107% m?, or 4.53 x 10~ m? in standard scientific
notation, as the volume of the object. Now we can divide the mass by
the volume directly:

AN

d=mlV
= 0.543/(4.53 x 1073)
=0.120 x 10°
=1.20 x 10* kg/m?

This is rounded to three significant figures.

The Liquid Phase

In the liquid state or phase, matter has two properties that distinguish it from
matter in the solid phase. First, a liquid changes shape so that it conforms to the
inside boundaries of any container in which it is placed. Second, a liquid placed
in an open container (such as a jar or bucket) flows to the bottom of the container
and develops a defined, flat surface in an environment where there is constant
force caused by gravitation or acceleration.

DIFFUSION OF LIQUIDS

Imagine a jar on board a space ship in which the environment is weightless (there
is no force caused by gravitation or acceleration). Suppose that the jar is filled
with liquid, and then another liquid that does not react chemically with the first
liquid is introduced into the jar. Gradually, the two liquids blend together until the
mixture is uniform throughout the jar. This blending process is called diffusion.
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Some pairs of liquids undergo the diffusion process more readily than others.
Alcohol diffuses into water at room temperature in a short time. But heavy motor
oil diffuses into light motor oil slowly, and motor oil hardly diffuses into water
at all. When two liquids readily diffuse into one another, the process happens
without the need for shaking the container, because the atoms of a liquid are
always in motion, and this motion causes them to jostle each other until they
become uniformly mixed.

If the same experiment is conducted in a bucket on the surface of the earth,
where there is gravitational force, diffusion occurs, but “heavier” (more dense)
liquids tend to sink towards the bottom and “lighter” (less dense) liquids tend to
rise toward the surface. Alcohol, for example, “floats” on water. But the bound-
ary between the alcohol and water is not sharply defined, as is the surface
between the water and the air. The motion of the atoms constantly “tries” to mix
the two liquids.

VISCOSITY OF LIQUIDS

Some liquids flow more easily than others. You know there is a difference at
room temperature between, say, water and thick molasses. If you fill a glass with
water and another glass with an equal amount of molasses and then pour the con-
tents of both glasses into the sink, the glass containing the water will empty
much faster. The molasses is said to have higher viscosity than the water at room
temperature. On an extremely hot day, the difference is less obvious than it is on
a cold day.

Some liquids are far more viscous even than thick molasses. An example of
a liquid with extremely high viscosity is asphalt, as it is poured to make the sur-
face of a new highway. Another example is petroleum jelly. These substances
meet the criteria as defined above to qualify as liquids, but they are thick. As the
temperature goes down, these substances become less like liquids and more like
solids. It is impossible to draw an exact line between the liquid and the solid
phases for either of these two substances.

LIQUID OR SOLID?

There is not always a specific answer to the question, “Is this substance a solid
or a liquid?” It often depends on the observer’s point of reference. Some sub-
stances can be considered solid in the short-term time sense, but liquid in the
long-term sense. An example is the mantle of the earth, the layer of rock between
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the crust and the core. In a long-term time sense, pieces of the crust, known as
tectonic plates, float around on top of the mantle like scum on the surface of a
hot vat of liquid. This is manifested as plate tectonics, which used to be known
as “continental drift.” It is apparent when the earth’s history is evaluated over
periods of millions of years. But from one moment (as we perceive it) to the
next, and even from hour to hour or from day to day, the crust seems rigidly
fixed to the mantle. The mantle therefore behaves like a solid in short-term time
frames, but like a liquid in long-term time frames.

Imagine that we could turn ourselves into creatures whose life spans were
measured in trillions (units of 10'?) of years, so that 1,000,000 years seemed to
pass like a moment. Then from our point of view, the earth’s mantle would
behave as a liquid with low viscosity, just as water seems to us in our actual state
of time awareness. If we could become creatures whose entire lives lasted only
a tiny fraction of a second, then liquid water would seem to take eons to get out
of a glass tipped on its side, and we would conclude that this substance was
solid, or perhaps a liquid with high viscosity.

DENSITY OF LIQUIDS

The density of a liquid can be defined in three ways. The mass density of a lig-
uid is defined in terms of the number of kilograms per meter cubed (kg/m?) in a
sample of liquid. The weight density of a liquid is defined in newtons per meter
cubed (N/m? or N x m~3), and is equal to the mass density multiplied by the
acceleration in meters per second squared (m/s*> or m X s72) to which the sam-
ple is subjected. The particle density of a liquid is defined as the number of
moles per meter cubed (mol/m3 or mol X m~3), where 1 mole represents approx-
imately 6.02 x 10?3 atoms.

Let d  be the mass density of a liquid sample (in kilograms per meter cubed),
let d_, be the weight density (in newtons per meter cubed), and let dp be the par-
ticle density (in moles per meter cubed). Let m represent the mass of the sample
(in kilograms), let V represent the volume of the sample (in meters cubed), and
let N represent the number of moles of atoms in the sample. Let a be the accel-
eration (in meters per second squared) to which the sample is subjected. Then
the following equations hold:

dm =ml/V
dw =malV
dp =NIV
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Note the difference here between the non-italic uppercase N, which represents
newtons, and the italic uppercase N, which represents the number of moles of
atoms in a sample.

Alternative definitions for mass density, weight density, and particle density
use the liter, which is equal to a thousand centimeters cubed (1000 cm?) or one-
thousandth of a meter cubed (0.001 m?), as the standard unit of volume. Once in
awhile you’ll see the centimeter cubed (cm?), also known as the milliliter
because it is equal to 0.001 liter, used as the standard unit of volume.

These are simplified definitions, because they assume that the density of the
liquid is uniform throughout the sample.

PROBLEM 1-3
% A sample of liquid measures 0.2750 m3. Its mass is 300.0 kg. What is
its mass density in kilograms per meter cubed?

SOLUTION 1-3

This is straightforward, because the input quantities are already given
in SI. There is no need for us to convert from grams to kilograms, from
milliliters to meters cubed, or anything like that. We can simply divide
the mass m by the volume V, as follows:

d =m/V
=300.0 kg/0.2750 m?
= 1090 kg/m?
We’re entitled to go to four significant figures here, because our input
numbers are both given to four significant figures.

PROBLEM 1-4

% Given that the acceleration of gravity at the earth’s surface is 9.81 m/s?,
what is the weight density of the sample of liquid described in
Problem 1-4?

SOLUTION 1-4
All we need to do in this case is multiply our mass density answer by
- 9.81 m/s?. This gives us:
d, = 1090 kg/m? x 9.81 m/s?
= 10,700 N/m? = 1.07 x 10* N/m?
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In this case, we can go to only three significant figures, because that
is the extent of the precision with which the acceleration of gravity is
specified.

MEASURING LIQUID VOLUME

The volume of a liquid sample is usually measured using a test tube or flask
marked off in milliliters or liters. But there’s another way to measure the volume
of a liquid sample, provided we know its chemical composition and the weight
density of the substance in question. That is to weigh the sample of liquid, and then
divide the weight by the weight density. We must, of course, pay careful atten-
tion to the units. In particular, the weight must be expressed in newtons, which
is equal to the mass in kilograms times the acceleration of gravity (9.81 m/s?).

Let’s do a mathematical exercise to show how we can measure volume in this
way. Let d_, be the known weight density of a huge sample of liquid, too large
for its volume to be measured using a flask or test tube. Suppose this substance
has a weight of w, expressed in newtons. If V is the volume in meters cubed, we
know from the formula for weight density that:

d,=wlV

because w = ma, where m is the mass in kilograms, and « is the acceleration of
gravity in meters per second squared. If we divide both sides of this equation
by w, we get:

d w=1/V

Then we can invert both sides of this equation, and exchange the left-hand
and the right-hand sides, to obtain:

V=wld,

This is based on the assumption that V, w, and d_ are all nonzero quantities.
This is always true in the real world; all materials occupy at least some volume,
have at least some weight because of gravitation, and have nonzero density
because there is always some “stuff” in a finite amount of physical space.

PRESSURE IN LIQUIDS

Have you read, or been told, that liquid water can’t be compressed? In a simplis-
tic sense, that is true, but this doesn’t mean liquid water never exerts pressure.
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Liquids can and do exert pressure, as anyone who has been in a flash flood or a
hurricane, or who has gone deep-sea diving, will tell you. You can experience
“water pressure” for yourself by diving down several feet in a swimming pool
and noting the sensation the water produces as it presses against your eardrums.

In a fluid, the pressure, which is defined in terms of force per unit area, is
directly proportional to the depth. Pressure is also directly proportional to the
weight density of the liquid. Let d, be the weight density of a liquid (in new-
tons per meter cubed), and s be the depth below the surface (in meters). Then
the pressure, P (in newtons per meter squared) exerted by the liquid at that
depth is given by:

P=ds

If we are given the mass density d_ (in kilograms per meter cubed) rather
than the weight density, the formula becomes:

P=9381d_s

PROBLEM 1-5

% Liquid water at room temperature has a mass density of 1000 kg/m?3.
How much force is exerted on the outer surface of a cube measuring
10.000 cm on an edge, submerged 1.00 m below the surface of a body
of water?

SOLUTION 1-5

First, figure out the total surface area of the cube. It measures 10.000
cm, or 0.10000 m, on an edge, so the surface area of one face is
0.10000 m x 0.10000 m = 0.010000 m2. There are six faces on a cube,
so the total surface area of the object is 0.010000 m? x 6 = 0.060000 m?.
(Don’t be irritated by the “extra” zeroes here. They indicate that the
length of the edge of the cube has been specified to five significant fig-
ures. Also, the number 6 is an exact quantity, so it can be considered
accurate to as many significant figures as we want.)

Next, figure out the weight density of water (in newtons per meter
cubed). This is 9.81 times the mass density, or 9810 N/m?>. This is best
stated as 9.81 x 103 N/m?>, because we are given the acceleration of
gravity to only three significant figures, and scientific notation makes
this fact clear. (From this point on let’s stick with power-of-10 notation
so we don’t make the mistake of accidentally claiming more accuracy
than that to which we’re entitled.)

The cube is at a depth of 1.00 m, so the water pressure at that depth
is 9.81 x 103 N/m3 x 1.00 m = 9.81 x 10°> N/m?. The force F (in new-
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tons) on the cube is therefore equal to this number multiplied by the
surface area of the cube:

F =9.81 x 10° N/m? x 6.00000 x 10~ m?
=589 %x10' N=589 N

PASCAL'S LAW FOR INCOMPRESSIBLE LIQUIDS

Imagine a watertight, rigid container. Suppose there are two pipes of unequal
diameters running upwards out of this container. Imagine that you fill the con-
tainer with an incompressible liquid such as water, so the container is completely
full and the water rises partway up into the pipes. Suppose you place pistons in
the pipes so they make perfect water seals, and then you leave the pistons to rest
on the water surface (Fig. 1-3).

Piston

Piston force =

force = F,

F, (upward)

(downward)

\ 4

Piston Piston
area = area =
A, A,

\ Surface levels /

are equal

Incompressible liquid

Fig. 1-3. Pascal’s law for confined, incompressible liquids. The forces
are directly proportional to the surface areas where the pistons
contact the liquid.
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Because the pipes have unequal diameters, the surface areas of the pistons are
different. One of the pistons has area A, (in meters squared), and the other has
area A, (also in meters squared). Suppose you push downward on piston number
1 (the one whose area is A,) with a force F| (in newtons). How much upward
force, F,, is produced at piston number 2 (the one whose area is A,)? Pascal’s law
provides the answer: the forces are directly proportional to the areas of the piston
faces in terms of their contact with the liquid. In the example shown by Fig. 1-3,
piston number 2 is smaller than piston number 1, so the force F, is proportion-
ately less than the force F,. Mathematically, the following equations both hold:

F\/F,=AA,
AF,=AF,
When using either of these equations, we must be consistent with units

throughout the calculations. Also, the top equation is meaningful only as long as
the force exerted is nonzero.

PROBLEM 1-6

% Suppose the areas of the pistons shown in Fig. 1-3 are A| = 12.00 cm?
and A, =15.00 cm?. (This does not seem to agree with the illustration,
where piston number 2 looks smaller than piston number 1, but forget
about that while we solve this problem.) If you press down on piston
number 1 with a force of 10.00 N, how much upward force results at
piston number 2?

SOLUTION 1-6
At first, you might think we have to convert the areas of the pistons to
- meters squared in order to solve this problem. But in this case, it is
sufficient to find the ratio of the areas of the pistons, because both areas
are given to us in the same units:
A /A, =12.00 cm?/15.00 cm?
= 0.8000
Thus, we know that F,/F, = 0.8000. We are given F; = 10.00 N, so it
is easy to solve for F,:
10.00/F, = 0.8000
1/F, = 0.08000
F, =1/0.08000 = 12.50 N

We are entitled to four significant figures throughout this calculation,
because all the input data is provided to that degree of precision.
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The Gaseous Phase

The gaseous phase of matter is similar to the liquid phase, insofar as a gas con-
forms to the boundaries of a container or enclosure. But a gas is much less
affected by gravity than a liquid on a small scale. If you fill up a bottle with a
gas, there is no discernible “surface” to the gas. Another difference between lig-
uids and gases is the fact that gases are nearly always compressible.

GAS DENSITY

The density of a gas can be defined in three ways, exactly after the fashion of
liquids. The mass density of a gas is defined in terms of the number of kilograms
per meter cubed (kg/m?) that a sample of gas has. The weight density of a gas is
defined in newtons per meter cubed (N/m?), and is equal to the mass density
multiplied by the acceleration in meters per second squared (m/s?) to which the
sample is subjected. The particle density of a gas is defined as the number of
moles of atoms per meter cubed (mol/m?) in a parcel or sample of gas, where
1 mol = 6.02 x 10%3.

DIFFUSION IN SMALL CONTAINERS

Imagine a rigid enclosure, such as a glass jar, from which all of the air has been
pumped. Suppose this jar is placed somewhere out in space, far away from the
gravitational effects of stars and planets, and where space itself is a near vacuum
(compared to conditions on the surface of the earth, anyhow). Suppose the tem-
perature is the same as that in a typical household. Now suppose a certain
amount of elemental gas is pumped into the jar. The gas distributes itself quickly
throughout the interior of the jar.

Now suppose another gas that does not react chemically with the first gas is
introduced into the chamber to mix with the first gas. The diffusion process
occurs rapidly, so the mixture is uniform throughout the enclosure after a short
time. It happens so fast because the atoms in a gas move around furiously, often
colliding with each other, and their motion is so energetic that they spread out
inside any container of reasonable size (Fig. 1-4A).

If the same experiment were performed in the presence of a gravitational
field, the gases would still mix uniformly inside the jar. This happens with nearly
all gases in containers of small size. Inside a large enclosure such as a gymna-
sium, gases with significantly greater mass density than that of the air in general
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Fig. 1-4. At A, distribution of gas inside a container. At B,
distribution of gas around a planet with an atmosphere.
At C, distribution of gas in a star as it is forming. Darkest
shading indicates highest concentration.

tend to “sink to the bottom” if there is poor ventilation and poor air circulation.
This results in greater concentrations of especially heavy gases near floors than
near the ceilings. However, a little air movement (such as can be provided by
fans) will cause even the heavier gases to quickly diffuse uniformly throughout
the enclosure.

Planetary atmospheres, such as that of our own earth, consist of mixtures of
various gases. In the case of our planet, approximately 78% of the gas in the
atmosphere at the surface is nitrogen, 21% is oxygen, and the remaining 1% con-
sists of many other gases, including argon, carbon dioxide, carbon monoxide,
hydrogen, helium, ozone (oxygen molecules with three atoms rather than the
usual two), and tiny quantities of some gases that would be poisonous in high
concentrations, such as chlorine and methane. These gases blend uniformly in
containers or enclosures of reasonable size, even though some of them have
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atoms that are far more massive than others. Diffusion ensures this, as long as
there is the slightest bit of air movement.

GASES NEAR A PLANET

Now imagine the shroud of gases that compose the atmosphere of a planet.
Gravitation attracts some gas from the surrounding space. Other gases are
ejected from the planet’s interior during volcanic activity. Still other gases are
produced by the biological activities of plants and animals, if the planet harbors
life. On the earth, some gases are produced by industrial activity and by the com-
bustion of fossil fuels.

All the gases in the earth’s atmosphere tend to diffuse into each other when we
look at parcels of reasonable size, regardless of the altitude above the surface. But
there is unlimited “outer space” around our planet and only a finite amount of gas
near its surface, and the gravitational pull is greater near the surface than far out
in space. Because of these factors, diffusion takes place in a different way when
considered all the way from the earth’s surface up into outer space. The greatest
concentration of gas molecules (particle density) occurs near the surface, and it
decreases with increasing altitude (Fig. 1-4B). The same is true of the number of
kilograms per meter cubed of the atmosphere, that is, the mass density of the gas.

On the large scale of the earth’s atmosphere, yet another effect takes place.
For a given number of atoms or molecules per meter cubed, some gases are more
massive than others. Hydrogen is the least massive. Helium has low mass, too.
Oxygen is more massive, and carbon dioxide more massive still. The most mas-
sive gases tend to sink toward the surface, while the least massive gases rise up
high, and some of their atoms escape into outer space or are not permanently
captured by the earth’s gravitation.

There are no distinct boundaries, or layers, from one type of gas to another
in the atmosphere. Instead, the transitions are gradual. That’s good, because if
the gases of the atmosphere were stratified in a defined way, we would have no
oxygen down here on the surface. Instead, we’d be smothered in some noxious
gas such as carbon dioxide or sulfur dioxide. We’d have to climb mountains in
order to breathe!

GASES IN OUTER SPACE

Outer space was once believed to be a perfect vacuum. But this is not the case.
There is plenty of gaseous matter out there, and much of it is hydrogen and
helium. (There are also trace amounts of heavier gases, and plenty of solid rocks
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and ice chunks as well.) All the atoms in outer space interact gravitationally with
all the others.

The motion of atoms in outer space is almost random, but not quite. The
slightest perturbation in the randomness of the motion gives gravitation a chance
to cause the gas to “clump” into huge clouds. Once this process begins, it can
continue until a globe of gas forms in which the central particle density is sig-
nificant (Fig. 1-4C). As gravitation continues to pull the atoms in toward the cen-
ter, the mutual attraction among the atoms there becomes greater and greater.

If a gas cloud in space has some spin, it flattens into an oblate spherical
shape and eventually into a disk with a bulge at the center. A vicious circle
ensues, and the density in the central region skyrockets. The gas pressure in the
center therefore rises, and this causes it to heat up. Ultimately it gets so hot that
nuclear fusion begins, and a star is born. Similar events among the atoms of the
gas on a smaller scale can result in the formation of asteroids, planets, and plan-
etary moons.

GAS PRESSURE

Unlike most liquids, gases can be compressed. This is why it is possible to fill up
hundreds of balloons with a single, small tank of helium gas, and why it is possi-
ble for a scuba diver to breathe for a long time from a single small tank of air.

Imagine a container whose volume (in meters cubed) is equal to V. Suppose
there are N moles of atoms of a particular gas inside this container, which is sur-
rounded by a perfect vacuum. We can say certain things about the pressure P, in
newtons per meter squared, that the gas exerts outward on the walls of the con-
tainer. First, P is proportional to N, provided that V is held constant. Second, if
V increases while N remains constant, P decreases.

There is another important factor—temperature, symbolized T—that affects
gases when the containers holding them expand or contract. When a parcel of
gas is compressed, it heats up; when it is decompressed, it cools off. Heating up
a parcel of gas increases the pressure, if all other factors are held constant, and
cooling it off reduces the pressure.

What Is Heat?

Heat is a form of energy transfer that can occur between a given object, place,
or region and another object, place, or region. For example, if you place a kettle
of water on a hot stove, heat energy is transferred from the burner to the water.
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This is conductive heat, also called conduction (Fig. 1-5A). When an infrared
(IR) lamp, sometimes called a “heat lamp,” shines on your sore shoulder, energy
is transferred to your skin surface from the filament of the lamp; this is radia-
tive heat, also called radiation (Fig. 1-5B). When a fan-type electric heater
warms a room, air passes through the heating elements and is blown by a fan into
the room where the heated air rises and mixes with the rest of the air in the room.
This is convective heat, also called convection (Fig. 1-5C).

The definition of heat is not identical with the definition of energy, although
heat and energy can both be defined in joules (symbolized J). The joule is the
standard unit of energy in physics. Heat is the transfer of energy that occurs
when conduction, radiation, and/or convection take place. Sometimes the energy
transfer takes place in only one of these three modes, but sometimes it occurs in
two or all three.
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Fig. 1-5. Examples of heat energy transfer by conduction (A),
radiation (B), and convection (C).
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THE CALORIE

The calorie (symbolized cal) is an older unit of energy that is still used, espe-
cially in reference to heat transfer or exchange. One calorie is the equivalent of
4.184 J. In physics, the calorie is a much smaller unit than the “nutritionist’s
calorie,” which is actually a physical kilocalorie (kcal), equal to 1000 cal.

The calorie (cal) in which we are interested is the amount of energy transfer
that raises the temperature of exactly one gram (1 g) of pure liquid water by
exactly one degree Celsius (1°C). It is also the amount of energy lost by 1 g of
pure liquid water if its temperature falls by 1°C. The kilocalorie (kcal) is the
amount of energy transfer involved when the temperature of exactly 1 kg, or
1000 g, of pure liquid water, rises or falls by exactly 1°C.

This definition of the calorie holds true only as long as the water is liquid dur-
ing the entire process. If any of the water freezes, thaws, boils, or condenses, this
definition is not valid. At standard atmospheric pressure on the earth’s surface,
in general, this definition holds for temperatures between approximately 0°C
(the freezing point of water) and 100°C (the boiling point).

SPECIFIC HEAT

Pure liquid water requires one calorie per gram (1 cal/g) to warm it up or cool it
down by 1°C (provided it is not at the melting/freezing temperature or the vapor-
ization/condensation temperature, as we shall shortly see.) But what about oil or
alcohol or salt water? What about solids such as steel or wood? What about
gases such as air? It’s not so simple then. A certain, fixed amount of heat energy
raises or lowers the temperatures of fixed masses of some substances more than
others. Some matter takes more than 1 cal/g to get hotter or cooler by 1°C; some
matter takes less.

Suppose we have a sample of some liquid of unknown or unspecified chem-
ical composition. Call it “substance X.” We measure out one gram (1.00 g) of
this liquid, accurate to three significant figures, by pouring some of it into a
test tube placed on a laboratory balance. Then we transfer one calorie (1.00 cal)
of energy to substance X. Suppose that, as a result of this energy transfer, this
sample of substance X increases in temperature by 1.20°C? Obviously substance
X is not water, because it behaves differently than water when it receives a trans-
fer of energy. In order to raise the temperature of 1.00 g of this stuff by 1.00°C,
it takes somewhat less than 1.00 cal of heat. To be exact, at least insofar as we
are allowed by the rules of significant figures, it will take 1.00/1.20 = 0.833 cal
to raise the temperature of this material by 1.00°C.
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Now suppose we have a sample of another material, this time a solid. Let’s
call it “substance Y.” We carve a chunk of it down until we have a piece of mass
1.0000 g, accurate to five significant figures. Again, we use a laboratory balance
to determine mass. We transfer 1.0000 cal of energy to substance Y. Suppose the
temperature of this solid goes up by 0.80000°C? This material accepts heat
energy in a manner different from either liquid water or substance X. It takes a
little more than 1.0000 cal of heat to raise the temperature of 1.0000 g of this
material by 1.0000°C. Calculating to the allowed number of significant figures,
we can determine that it takes 1.0000/0.80000 = 1.2500 cal to raise the temper-
ature of this material by 1.0000°C.

We’re onto something here: a special property of matter called the specific
heat, defined in units of calories per gram per degree Celsius (cal/g/°C).
Suppose it takes ¢ calories of heat to raise the temperature of exactly 1 g of a
substance by exactly 1°C. For pure liquid water, we already know ¢ =1 cal/g/°C,
to however many significant figures we want. For substance X above, ¢ = 0.833
cal/g/°C (to three significant figures), and for substance Y above, ¢ = 1.2500
cal/g/°C (to five significant figures). The value of c is the specific heat for the
substance in question.

Alternatively, ¢ can be expressed in kilocalories per kilogram per degree
Celsius (kcal/kg/°C), and the value for any given substance will be the same.
Thus for water, ¢ = 1 kcal/kg/°C, to however many significant figures we want.
For substance X above, ¢ = 0.833 kcal/kg/°C (to three significant figures), and
for substance Y above, ¢ = 1.2500 kcal/kg/°C (to five significant figures).

THE BRITISH THERMAL UNIT (BTU)

In some applications, a completely different unit of heat is used: the British ther-
mal unit (Btu). You’ve heard this unit mentioned in advertisements for furnaces
and air conditioners. If someone talks about Btus literally, in regard to the heat-
ing or cooling capacity of a furnace or air conditioner, that’s an improper use of
the term. They really mean to quote the rate of energy transfer in Btus per hour
(Btu/h), not the total amount of energy transfer in Btus.

The Btu is defined as the amount of heat energy transfer involved when the
temperature of exactly one pound (1 1b) of pure liquid water rises or falls by one
degree Fahrenheit (1°F). Does something seem flawed about this definition? If
you’re uneasy about it, you have a good reason. What is a “pound”? It depends
where you are. How much water weighs 1 Ib? On the earth’s surface, it’s approx-
imately 0.454 kg or 454 g. But on Mars it takes about 1.23 kg of liquid water to
weigh 1 1b. In a weightless environment, such as on board a space vessel orbit-
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ing the earth or coasting through deep space, the definition of Btu is meaning-
less, because there is no such thing as a “pound” at all.

Despite these flaws, the Btu is still used once in awhile, so you should be
acquainted with it. Specific heat is occasionally specified in Btus per pound per
degree Fahrenheit (Btu/lb/°F). In general this is not the same number, for any
given substance, as the specific heat in cal/g/°C.

PROBLEM 1-7

% Suppose you have 3.00 g of a certain substance. You transfer 5.0000 cal
of energy to it, and the temperature goes up uniformly throughout the
sample by 1.1234°C. It does not boil, condense, freeze, or thaw during
this process. What is the specific heat of this stuff?

SOLUTION 1-7
Let’s find out how much energy is accepted by 1.00 g of the matter in
question. We have 3.00 g of the material, and it gets 5.0000 cal, so we
can conclude that each gram gets 1/3 of this 5.0000 cal, or 1.6667 cal.
We’re told that the temperature rises uniformly throughout the sam-
ple. That is, it doesn’t heat up more in some places than in other
places. It gets hotter to exactly the same extent everywhere. Therefore,
1.00 g of this stuff goes up in temperature by 1.1234°C when 1.6667
cal of energy is transferred to it. How much heat is required to raise
the temperature by 1.0000°C? That’s the number ¢ we seek, the spe-
cific heat. To get ¢, we must divide 1.6667 cal/g by 1.1234°C. This
gives us ¢ = 1.4836 cal/g/°C. Because we are given the mass of
the sample to only three significant figures, we must round this off to
1.48 cal/g/°C.

Temperature

Now that we’ve defined heat, let’s be sure we know what we’re talking about
when we use the term temperature. You have a qualitative idea of this. The tem-
perature is generally higher in the summer than in the winter, for example. In
quantitative terms, temperature is an expression of the amount of kinetic energy
contained in the atoms of a particular sample of matter. In general, for any given
substance, as the temperature increases, the atoms and molecules move faster; as
the temperature falls, the atoms and molecules move more slowly.
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THERMODYNAMIC TEMPERATURE

Thermodynamic temperature is determined according to the rate at which heat
energy flows out of a sample of matter into the surrounding environment, or into
a sample of matter from the surrounding environment. When energy is allowed
to flow from one substance into another in the form of heat, the temperatures
“try to equalize.” Ultimately, if the energy transfer process is allowed to con-
tinue for a long enough time, the temperatures of the two objects will become
the same, unless one of the substances is driven away (for example, steam boil-
ing off of a kettle of water).

SPECTRAL TEMPERATURE

Temperature can also be expressed in another way. In order to measure the tem-
peratures of distant stars, planets, and nebulae in outer space, astronomers look
at the way they emit electromagnetic (EM) energy in the form of visible light,
infrared, ultraviolet, and even radiowaves and x-rays. By examining the inten-
sity of this radiation as a function of the wavelength, astronomers come up with
a value for the spectral temperature of the distant matter or object.

THE CELSIUS (OR CENTIGRADE) SCALE

Up until now, we’ve been talking rather loosely about temperature, and have
usually expressed it in terms of the Celsius or centigrade scale (°C). This is
based on the behavior of water at the surface of the earth, under normal atmos-
pheric pressure, and at sea level.

If you have a sample of ice and you begin to warm it up, it will eventually start
to melt as it accepts heat from the environment. The ice, and the liquid water
produced as it melts, is assigned a temperature value of 0°C by convention
(Fig. 1-6A). As you continue to pump energy into the chunk of ice, more and
more of it will melt, and its temperature will stay at 0°C. It won’t get any hotter
because it is not yet all liquid, and doesn’t yet obey the rules for pure liquid water.

Once all the water has become liquid, and as you keep pumping energy into it,
its temperature will start to increase (Fig. 1-6B). For awhile, the water will remain
liquid, and will get warmer and warmer, obeying the 1 cal/g/°C rule. But eventu-
ally, a point will be reached where the water starts to boil, and some of it changes
to the gaseous state. The liquid water temperature, and the water vapor that comes
immediately off of it, is then assigned a value of 100°C by convention (Fig. 1-6C).
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Now there are two definitive points—the freezing point of water and the
boiling point—at which there exist two specific numbers for temperature. We
can define a scheme to express temperature based on these two points. This is
the Celsius temperature scale, named after the scientist who supposedly first
came up with the idea. Sometimes it is called the centigrade temperature scale,
because one degree (1 deg or 1°) of temperature in this scale is equal to 1/100
of the difference between the melting temperature of pure water ice at sea
level and the boiling temperature of pure liquid water at sea level. The prefix
multiplier “centi-” means “1/100,” so “centigrade” literally means “graduations
of 1/100.”
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THE KELVIN SCALE

It is possible to freeze water and keep cooling it down, or boil it all into vapor
and then keep heating it up. Temperatures can plunge far below 0°C, and can rise
far above 100°C. There is an absolute limit to how low the temperature in
degrees Celsius can become, but there is no limit on the upper end of the scale.
We might take extraordinary efforts to cool a chunk of ice down to see how cold
we can make it, but we can never chill it down to a temperature any lower than
approximately 273°C below zero (—273°C). This temperature, which represents
the absence of all heat, is known as absolute zero. An object at absolute zero
can’t transfer energy to anything else, because it possesses no heat to begin with.
There is believed to be no object in our universe that has a temperature of
exactly absolute zero, although some atoms in the vast reaches of intergalactic
space come close.

Absolute zero is the defining point for the kelvin temperature scale (K). A
temperature of approximately —273.15°C is equal to 0 K. The kelvin increment
is the same size as the Celsius increment. Therefore, 0°C = 273.15 K, and
+100°C =373.15 K. (There is no need to put a plus sign in front of a kelvin tem-
perature figure, because kelvin temperatures are never negative.)

On the high end, it is possible to keep heating matter up indefinitely.
Temperatures in the cores of stars rise into the millions of kelvins. No matter
what the actual temperature, the difference between the kelvin temperature and
the Celsius temperature is always 273.15.

Sometimes, Celsius and kelvin figures can be considered equivalent. When
you hear someone say that the core of a star has a temperature of 30,000,000 K,
it means the same thing as 30,000,000°C for the purposes of most discussions,
because +273.15 is a negligible difference relative to 30,000,000.

THE RANKINE SCALE

The kelvin scale isn’t the only one that exists for defining absolute temperature,
although it is by far the most commonly used. Another scale, called the Rankine
temperature scale (°R), also assigns the value zero to the coldest possible tem-
perature. The difference is that the Rankine degree is the same size as the
Fahrenheit degree, which is exactly 5/9 as large as the kelvin or Celsius degree.
Conversely, the kelvin or Celsius degree is exactly 9/5, or 1.8 times, the size of
the Rankine degree.

A temperature of 50 K is the equivalent of 90°R; a temperature of 360°R is
the equivalent of 200 K. To convert any reading in °R to its equivalent in K,
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multiply by 5/9. Conversely, to convert any reading in K to its equivalent in °R,
multiply by 9/5 or 1.8.

The difference between the kelvin and the Rankine scale is significant at
extreme readings. If you hear someone say that a star’s core has a temperature
of 30,000,000°R, they are talking about the equivalent of approximately
16,700,000 K. However, you will not hear people use Rankine temperature num-
bers very often.

THE FAHRENHEIT SCALE

In much of the English-speaking world, and especially in the United States of
America, the Fahrenheit temperature scale (°F) is used by lay people. A
Fahrenheit degree is the same size as a Rankine degree. However, the scale is
situated differently. The melting temperature of pure water ice at sea level is
+32°F, and the boiling point of pure liquid water is +212°F. Therefore, a tem-
perature of +32°F corresponds to 0°C, and +212°F corresponds to +100°C.
Absolute zero is represented by a reading of approximately —459.67°F.

The most common temperature conversions you will perform involve chang-
ing a Fahrenheit reading to Celsius, or vice-versa. Formulas have been devel-
oped for this purpose. Let F be the temperature in °F, and let C be the
temperature in °C. Then, if you need to convert from °F to °C, use this formula:

F=18C+32
If you need to convert a reading from °C to °F, use this formula:
C=(5/9)(F—-32)

While the constants in the above equations are expressed only to one or two
significant figures (1.8, 5/9, and 32), they can be considered mathematically
exact for calculation purposes.

Figure 1-7 is a nomograph you can use for approximate temperature conver-
sions in the range from —50°C to +150°C.

When you hear someone say that the temperature at the core of a star is
30,000,000°F, the Rankine reading is about the same, but the Celsius and kelvin
readings are about 5/9 as great.

% PROBLEM 1-8
What is the Celsius equivalent of a temperature of 72°F?
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Fig. 1-7. This nomograph can be used for approximate
conversions between temperatures in degrees
Fahrenheit (°F) and degrees Celsius (°C).

SOLUTION 1-8

To solve this, simply use the above formula for converting Fahrenheit

temperatures to Celsius temperatures:

C=(/9)(F - 32)

So in this case:

C=(5/9)(72 - 32)
=5/9 x40 =22.22°C

We are justified in carrying this out to only two significant figures,
because that is the extent of the accuracy of our input data. So we can
conclude that the Celsius equivalent is 22°C.

PROBLEM 1-9

What is the kelvin equivalent of a temperature of 80.0°F?
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SOLUTION 1-9
There are two ways to approach this problem. The first is to convert the
Fahrenheit reading to Rankine, and then convert this figure to kelvins.
The second is to convert the Fahrenheit reading to Celsius, and then
convert this figure to kelvins. Let’s use the second method, because the
Rankine scale is so rarely discussed.
Using the above formula to convert from °F to °C:

C = (5/9)(80.0 — 32)
=5/9 x 48.0 = 26.67°C

Let’s not round our answer off yet, because we have another calcula-
tion to perform. Remember that the difference between readings in °C
and K is equal to 273.15. The kelvins figure is the greater of the two.
So we must add 273.15 to our Celsius reading. If K represents the tem-
perature in K, then:

K=C+273.15
=26.67 + 273.15
=299.82 K

Now we should round our answer off. We are given our input data
to three significant figures, so we can say that the kelvin equivalent is
300 K.

Some Effects of Temperature

Temperature can have an effect on the volume of, or the pressure exerted by, a
sample of matter. You are familiar with the fact that most metals expand when
they are heated; some expand more than others. This is also true of other forms
of matter, including gases and liquids. But for some substances, such as water,
the rules aren’t as straightforward they are for metals.

TEMPERATURE, VOLUME, AND PRESSURE

A sample of gas, confined to a rigid container, exerts increasing pressure on the
walls of the container as the temperature goes up. If the container is flexible (a
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balloon, for example), the volume of the gas increases as the temperature rises.
If you take a container with a certain amount of gas in it and suddenly expand
the container without adding more gas, the drop in pressure produces a decrease
in the gas temperature. If you have a rigid container with gas in it and then some
of the gas is allowed to escape or is pumped out, the drop in pressure will chill
the container. This is why a compressed-air canister gets cold when you use it to
blow dust out of your computer keyboard.

The volume of liquid water in a kettle, and the pressure it exerts on the kettle
walls, don’t change when the temperature goes up and down, unless the water
freezes. But some liquids, unlike water, expand when they heat up. The element
mercury, which is a liquid at room temperature even though it is technically a
metal, is an example. An old-fashioned mercury thermometer works because of
this property.

Solids, in general, expand when the temperature rises, and contract when the
temperature falls. In many cases you don’t notice this expansion and contraction.
Does your desk look bigger when the room is 30°C than it does when the room
is only 20°C? Of course not. But it is! You don’t see the difference because it is
microscopic. However, the bi-metallic strip in some types of thermostat bends
considerably when one of its metals expands or contracts just a tiny bit more
than the other. If you hold such a strip near a hot flame, you can watch it curl up
or straighten out.

STANDARD TEMPERATURE AND PRESSURE (STP)

In order to set a reference for temperature and pressure, against which measure-
ments can be made and experiments conducted, scientists have defined standard
temperature and pressure (STP). This is a more-or-less typical state of affairs at
sea level on the earth’s surface when the air is dry.

The standard temperature is 0°C (32°F), which is the freezing point or melt-
ing point of pure liquid water. Standard pressure is the air pressure that will sup-
port a column of mercury 0.760 m (just a little less than 30 in) high. This is the
proverbial 14.7 pounds per inch squared (14.7 Ib/in?), which translates to
approximately 101,000 newtons per meter squared (1.01 x 105 N/m?).

We don’t think of air as having significant mass, but that is because we’re
immersed in it. When you dive a couple of meters down in a swimming pool,
you don’t feel a lot of pressure and the water does not feel massive, but if you
calculate the huge amount of mass above you, it might scare you out of the
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water! The density of dry air at STP is approximately 1.29 kg/m>. A parcel of air
measuring 4.00 m high by 4.00 m deep by 4.00 m wide—the size of a large bed-
room with a high ceiling—masses 82.6 kg. In the earth’s gravitational field, that
translates to 182 pounds, the weight of a full-grown man.

THERMAL EXPANSION AND CONTRACTION

Suppose we have a sample of solid material that expands when the temperature
rises. This is the usual case, but some solids expand more per degree Celsius
than others. The extent to which the height, width, or depth of a solid (its linear
dimension) changes per degree Celsius is known as the thermal coefficient of lin-
ear expansion.

For most materials, within a reasonable range of temperatures, the coefficient
of linear expansion is constant. That means that if the temperature changes by
2°C, the linear dimension will change twice as much as it would if the tempera-
ture changed by 1°C. But there are limits to this. If you heat a metal up to a high
enough temperature, it will become soft, and ultimately it will melt, burn, or
vaporize. If you cool the mercury in an old-fashioned thermometer down enough,
it will freeze. Then the simple length-versus-temperature rule no longer applies.

In general, if s is the difference in linear dimension (in meters) produced by
a temperature change of T (in degrees Celsius) for an object whose initial linear
dimension (in meters) is d, then the thermal coefficient of linear expansion, sym-
bolized by the lowercase Greek letter alpha (o), is given by this equation:

o = s/dT)

When the linear size of a sample increases, consider s to be positive; when
the linear size decreases, consider s to be negative. Rising temperatures produce
positive values of T; falling temperatures produce negative values of 7.

The coefficient of linear expansion is defined in meters per meter per degree
Celsius. The meters cancel out in this expression, so the technical unit for the
thermal coefficient of linear expansion is a little bit arcane: per degree Celsius,
symbolized /°C.

PROBLEM 1-10

% Imagine a metal rod 10 m long at 20.00°C. Suppose this rod expands
by 0.025 m when the temperature rises to 25.00°C. What is the thermal
coefficient of linear expansion?
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SOLUTION 1-10

The rod increases in length by 0.025 m for a temperature increase of
5.00°C. Therefore, s = 0.025, d = 10, and T = 5.00. Plugging these
numbers into the formula above, we get:

o = 0.025/(10 x 5.00)
= 0.00050/°C = 5.0 x 107%/°C

We are justified in going to only two significant figures here, because
that the limit of the accuracy of the value we are given for s.

PROBLEM 1-11

Suppose o = 2.50 x 107#/°C for a certain substance. Imagine a cube of
this substance whose volume V/, is 8.000 m? at a temperature of 30.0°
C. What will be the volume V, of the cube if the temperature falls to
20.0°C?

SOLUTION 1-11
It’s important to note the word “linear” in the definition of o. This
means that the length of each edge of the cube of this substance will
change according to the thermal coefficient of linear expansion. The
volume changes by a larger factor, because the change in the linear
dimension must be cubed.

We can rearrange the above general formula for o so it solves for the
change in linear dimension, s, as follows:

s =odT

where 7 is the temperature change (in degrees Celsius) and d is the ini-
tial linear dimension (in meters). Because our object is a cube, the ini-
tial length, d, of each edge is 2.000 m (the cube root of 8.000, or
8.000'73). Because the temperature falls by 10°C, T'= —10.0. Therefore:

s =2.50 x 107 x (~10.0) x 2.000
=-2.50 x 103 x 2.000
=-5.00 x 107> m = —0.00500 m
That means the length of each side of the cube at 20°C is equal to 2.000
— 0.00500 = 1.995 m. The volume of the cube at 20.0°C is therefore

1.9953 =7.940149875 m>. Because our input data is given to only three
significant figures, we must round this off to 7.94 m3.
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Temperature and States of Matter

When matter is heated or cooled, it often does things other than simply expand-
ing or contracting, or exerting increased or decreased pressure. Sometimes it
undergoes a change of state. This happens when solid ice melts into liquid water,
or when water boils into vapor, for example.

THAWING AND FREEZING

Imagine it is late winter in a place such as northern Wisconsin, and the temper-
ature of the water ice on the lake is exactly 0°C. The ice is not safe to skate on,
as it was in the middle of the winter, because the ice has become “soft.” It is
more like slush than ice. It is partly solid and partly liquid. Nevertheless, the
temperature of this ice, both the solid and liquid parts, is 0°C.

As the temperature continues to rise, the slush gets softer. It becomes propor-
tionately more liquid water and less solid ice. But its temperature remains uni-
form at 0°C. Eventually all of the ice melts into liquid. This can take place with
astonishing rapidity. You leave for school or work one morning and see the lake
nearly “socked in” with slush, and return in the evening to find it almost entirely
thawed. Now you can get the canoe out! But you won’t want to go swimming.
The liquid water near the surface will stay at 0°C until all of the ice is gone.

Now consider what happens in late autumn. The weather, and the water,
grows colder. The surface temperature of the water finally drops to 0°C. It
begins to freeze. The temperature of this new ice is 0°C. Freezing takes place
until the whole lake surface is solid ice. The weather keeps growing colder (a lot
colder, if you live in northern Wisconsin). Once the surface is entirely solid ice,
the temperature of the ice begins to fall below 0°C, although it remains at 0°C
at the boundary just beneath the surface where solid ice meets liquid water (and
may be considerably above 0°C deeper down because the lake is fed by subter-
ranean springs). The layer of ice gets thicker. Exposed ice at the surface can get
much colder than 0°C. How much colder depends on various factors, such as the
severity of the winter and the amount of snow that happens to fall on top of the
ice and insulate it against the chill of the air.

The temperature of water does not follow exactly along with the air temper-
ature when heating or cooling takes place in the vicinity of 0°C. Instead, the
water temperature follows a curve something like that shown in Fig. 1-8. At A,
the air temperature is getting warmer; at B, it is getting colder. The water tem-
perature “stalls” as it thaws or freezes. Many other substances also exhibit this
property when they thaw or freeze.
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Fig. 1-8. Water as it thaws and freezes. At A, the environmental
temperature is getting warmer and the ice is thawing.
At B, the environmental temperature is getting colder
and the liquid water is freezing.

HEAT OF FUSION

It takes a certain amount of energy to change a sample of solid matter to its lig-
uid state, assuming the matter is of the sort that can exist in either of these two
states. (Water, glass, most rocks, and most metals are examples of this kind of
matter.) In the case of ice formed from pure water, it takes 80 cal to convert 1 g
of ice at 0°C to 1 g of pure liquid water at 0°C. In the reverse scenario, if 1 g of
pure liquid water at 0°C freezes completely solid and becomes ice at 0°C, it
gives up, or loses, 80 cal of energy. This energy quantity varies for different sub-
stances, and is called the heat of fusion for the substance.

Heat of fusion is expressed in calories per gram (cal/g). It can also be
expressed in kilocalories per kilogram (kcal/kg) and will yield exactly the same
numbers as the cal/g figures for all substances. When the substance is something
other than water, then the freezing/melting point of that substance must be sub-
stituted for 0°C in the discussion.

Heat of fusion is sometimes expressed in calories per mole (cal/mol) rather
than in calories per gram. But unless it is specifically stated that the units are
intended to be expressed in calories per mole, you should assume that they are
expressed in calories per gram.



CHAPTER 1 Background Physics _\Ql

Suppose the heat of fusion (in calories per gram) is symbolized 7, the heat
added or given up by a sample of matter (in calories) is %, and the mass of the
sample (in grams) is m. Then the following relation holds among them:

he= him

PROBLEM 1-12

% Suppose a certain substance melts and freezes at +400°C. Imagine a
block of this material whose mass is 1.535 kg, and it is entirely solid at
+400°C. It is subjected to heating, and it melts. Suppose it takes
142,761 cal of energy to melt the substance entirely into liquid at
+400°C. What is the heat of fusion for this material?

SOLUTION 1-12

First, we must be sure we have our units in agreement. We are given
the mass in kilograms; to convert it to grams, multiply by 1000. Thus
m = 1535 g. We are given h = 142,761. Therefore, we can use the above
formula directly:

h,=142,761/1535 = 93.00 cal/g

This is rounded off to four significant figures, because that is the extent
of the accuracy of our input data.

BOILING AND CONDENSATION

Suppose a kettle of water is heating up on a stove top. The temperature of the
water is exactly +100°C, but it has not yet begun to boil. As heat is continually
applied, boiling begins. The water becomes proportionately more and more
vapor, and less and less liquid. But the temperature stays at +100°C. Eventually,
all the liquid has boiled away, and only water vapor is left. Imagine we have cap-
tured all this vapor in an enclosure, and in the process of the water boiling away,
all the air has been driven out of the enclosure and replaced by water vapor. The
stove burner keeps on heating the water even after all of it has boiled into vapor.

At the moment when the last of the liquid vanishes, the temperature of the
water vapor is +100°C. Once all the liquid is gone, the vapor can become hot-
ter than +100°C. The ultimate extent to which the vapor can be heated depends
on how powerful the stove burner is, how well insulated the enclosure is,
and how much heat the enclosure itself can withstand without breaking, melt-
ing, or burning!
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Fig. 1-9. Water as it boils and condenses. At A, the environ-
mental temperature is getting warmer and the liquid
water is boiling. At B, the environmental temperature
is getting colder and the water vapor is condensing.

Consider now what happens if we take the enclosure, along with the kettle,
off of the stove and put it into a refrigerator. The environment, and the water
vapor, begins to grow colder. The vapor temperature eventually drops to
+100°C. It begins to condense. The temperature of this liquid water is +100°C.
Condensation takes place until all the vapor has condensed. We allow a little air
into the chamber near the end of this experiment to maintain a reasonable pres-
sure inside. The chamber keeps growing colder; once all the vapor has con-
densed, the temperature of the liquid begins to fall below +100°C.

As is the case with melting and freezing, the temperature of water does not
follow exactly along with the air temperature when heating or cooling takes
place near +100°C. Instead, the water temperature follows a curve something
like that shown in Fig. 1-9. At A, the air temperature is getting warmer; at B, it
is getting colder. The water temperature “stalls” as it boils or condenses. Other
substances exhibit this same property when they boil or condense.

HEAT OF VAPORIZATION

It takes a certain amount of energy to change a sample of liquid to its gaseous
state, assuming the matter is of a sort that can exist in either of these two states.
In the case of pure water, it takes 540 cal to convert 1 g of liquid at +100°C to
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1 g of vapor at +100°C. In the reverse scenario, if 1 g of pure water vapor at
+100°C condenses completely and becomes liquid water at +100°C, it gives up
540 cal of energy. This quantity varies for different substances, and is called the
heat of vaporization for the substance.

The heat of vaporization is expressed in the same units as heat of fusion, that
is, in calories per gram (cal/g). It can also be expressed in kilocalories per kilo-
gram (kcal/kg) and will yield exactly the same numbers as the cal/g figures for
all substances. When the substance is something other than water, then the boil-
ing/condensation point of that substance must be substituted for +100°C.

Heat of vaporization, like heat of fusion, is sometimes expressed in calories
per mole (cal/mol) rather than in cal/g. But this is not the usual case.

If the heat of vaporization (in calories per gram) is symbolized h , the heat
added or given up by a sample of matter (in calories) is A, and the mass of the
sample (in grams) is m, then the following formula holds:

h, = him

PROBLEM 1-13

% Suppose a certain substance boils and condenses at +500°C. Imagine a
beaker of this material whose mass is 67.5 g, and it is entirely liquid
at +500°C. Its heat of vaporization is specified as 845 cal/g. How much
heat, in calories and in kilocalories, is required to completely boil away
this liquid?

SOLUTION 1-13

Our units are already in agreement: grams for m, and calories per gram
for h,. We must manipulate the above formula so it expresses the heat,
h (in calories) in terms of the other given quantities. This can be done
by multiplying both sides by m, giving us this formula:

h=hm
Now it is simply a matter of plugging in the numbers:

h =845 x67.5
=5.70 X 10* cal = 57.0 kcal

This has been rounded off to three significant figures, the extent of the
accuracy of our input data.
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Quiz

This is an “open book” quiz. You may refer to the text in this chapter. A good
score is 8 correct. Answers are in the back of the book.

1.

The heat of fusion is the amount of energy required to
(a) change a solid into a gas.

(b) change a gas into a solid.

(c) dissolve a substance into water.

(d) None of the above

The mass density of chlorine gas is considerably greater than that of air.
Because of this, if a lot of chlorine gas is present in a swimming pool
enclosure with poor ventilation and poor air circulation, the chlorine gas
(a) tends to settle near the floor and the pool surface.

(b) tends to rise to the ceiling.

(c) does not diffuse into the air at all.

(d) precipitates out of the air as chlorine bleach.

Suppose 2 g of pure water vapor at +100°C condenses completely and
becomes liquid water at +100°C. In this process, it

(a) gives up 540 cal of energy.

(b) gives up 1080 cal of energy.

(c) gives up 270 cal of energy.

(d) does not give up any energy.

Imagine a rod made out of some solid substance. Suppose this rod is
10.00 m long at 100°C. Suppose it shrinks to a length of 9.99 m at —100°C.
What is the thermal coefficient of linear expansion?

(a) —2.00 x 1073/°C

(b) 1.00 x 1073/°C

(c) 5.00 x 107¢/°C

(d) —2.00 x 10°%/°C

. If a substance has a mass of 1 kg and a volume of 1 m?, what is its mass

density in grams per centimeter cubed?
(a) 1000 g/cm?

(b) 10 g/cm?

(¢) 0.1 g/em?

(d) 0.001 g/cm?
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6. The gravitational pull on Mars is about 37% as strong as the gravitational
pull on earth. Suppose a substance has a weight density of 2.00 x 10*
N/m? on the surface of the earth. What is the weight density of this same
substance on the surface of Mars?

(a) 5.41 x 10* N/m?
(b) 7.40 x 10°> N/m?
(c) 2.00 x 10* N/m?
(d) It is impossible to determine this without more information.

7. When you clap two solid chunks of ice together, they don’t pass through
each other because of
(a) the fact that solid matter contains no empty space.
(b) the repulsive electric force produced by the electron shells.
(c) the high specific gravity of ice.
(d) the lack of thermal energy in the ice.

8. The gravitational pull on Mars is about 37% as strong as the gravitational
pull on earth. Suppose a substance has a particle density of 30 mol/m? on
the surface of the earth. What is the particle density of this same sub-
stance on the surface of Mars?

(a) 81 mol/m3
(b) 11 mol/m?
(¢) 30 mol/m3
(d) It is impossible to determine this without more information.

9. Suppose you buy a household appliance. You save the box, in case you
have to return the appliance for service some day. The box is a perfect
cube that measures 0.500 m (or 500 mm) on each edge. What is the mass
of the air inside the empty box, assuming the air is dry, and is at standard
temperature and pressure?

(a) 161 ¢
(b) 323 ¢
(c) 645 ¢
(d) 1.29kg

10. Ice floats on the surface of a lake because
(a) the ice is colder than the water in the lake.
(b) water ice has a specific gravity lower than 1.
(c) the ice has a density greater than 1 g/cm?.
(d) itis exposed directly to the cold air.
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m at the bottom of a dense, swirling, gaseous sea consisting of about
78% nitrogen, 21% oxygen, and 1% other gases and particulate matter including
carbon dioxide, argon, neon, water vapor, dust, and pollutants. The sea of air is
hundreds of kilometers deep. At the lower levels, it is turbulent and sometimes
perilous.

The Atmosphere

Common Variables

Until recent decades, people had little understanding of the idiosyncrasies of the
atmosphere. Before the advent of sophisticated instruments for observing
weather phenomena and recording their effects, people who had dwelt for gen-
erations in a particular place developed an innate ability to forecast the weather.
They used crude instruments, as well as their own senses, to do this. The air
pressure, as well as the amount of moisture in the air, seemed to provide good
indicators of weather to come. These factors are still used to predict the weather
today, and they can be remarkably accurate, especially in regions where weather
systems come from the same direction most of the time.
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TEMPERATURE

There are several scales for quantifying temperature. In America, the Fahrenheit
scale is used by lay people. Scientists, and lay people throughout Europe and
Asia, use the Celsius scale. Physicists and chemists often use the kelvin scale,
which expresses temperature relative to absolute zero. These scales were dis-
cussed in Chapter 1.

BAROMETRIC PRESSURE

You can buy a barometer in a department store for a few dollars and set it accord-
ing to the local data obtained from a Web site such as the Weather Channel
(www.weather.com). The barometer is one of the oldest weather-forecasting
instruments. Mariners have used it for centuries. A barometer is especially use-
ful for predicting foul weather, because storm systems are associated with areas
of low pressure. As a low-pressure center approaches, the barometer reading
falls. If the system is intense (a hurricane, for example) and if you are on a col-
lision course with its center, the barometer reading falls rapidly and dramatically.

In the seventeenth century, an inventor named Evangelista Torricelli built a
device that demonstrated how the atmosphere exerts pressure on everything.
This was the first mercury barometer. It was constructed from a glass tube closed
off at one end, a small flask, and a few milliliters (cubic centimeters) of mercury.
The basic design is shown in Fig. 2-1. You won’t see mercury barometers often
today, because we know that mercury is toxic, and a mercury barometer needs a
large amount of it! But people in Torricelli’s time didn’t know anything about
the dangers of this element.

Torricelli believed that an ocean of air approximately 80 km (50 mi) deep
exerted pressure that supported the mercury column and kept it from falling to
the bottom of the sealed tube. Today we know that our atmosphere does not
abruptly end at an altitude of 80 km; it has no well-defined “surface.” It exists
in rarefied form at altitudes far greater than 80 km.

DEWPOINT AND FROSTPOINT TEMPERATURE

The air always contains water vapor, but it can only hold a certain amount before
it becomes saturated. In general, as the temperature of the air rises, its water-
vapor—holding capacity increases. The amount of water vapor that the air can
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Fig. 2-1. A mercury barometer was made with a glass tube, a flask, and some mercury.
Today, you won’t see this type of barometer often.

hold roughly doubles with each temperature increase of 10°C (18°F). On a hot
summer day, the air can contain much more water vapor than on a cold night in
the winter.

Suppose it is a warm day and the air, while containing some water vapor, is
far from saturated. Then as evening comes, the air temperature falls, but the
amount of water vapor remains nearly constant. At a certain temperature, the air
reaches a state in which it is saturated, because cool air has less ability to hold
moisture than warm air. When the air, and objects in it, reach this temperature,
condensation occurs, and dew forms. This temperature, called the dewpoint
temperature (or sometimes simply the dewpoint), can be used to quantify the
amount of water vapor in the air.

If the temperature must fall below the freezing point of water (0°C or 32°F)
before the air becomes saturated, frost forms instead of dew. Water vapor is con-
verted directly into ice under these conditions by a process called deposition,
and the temperature at which frost forms is technically known as the frostpoint
temperature (or sometimes simply the frostpoint). However, the frostpoint is
sometimes called the dewpoint, no matter how low the temperature gets.

On nights when there is no wind, dew often forms on grass before it forms on
other objects such as cars. This is because the blades of grass “exhale” water
vapor by means of transpiration. The amount of water vapor within a few cen-
timeters of a grassy lawn, when the air is still, is considerably greater than the
amount of water vapor in the air higher up. However, when it is windy, this
effect disappears. That is why you are less likely to see dew on grass in the
morning after a windy night, as compared with a morning after a calm night.
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RELATIVE HUMIDITY

Another way to express the amount of water vapor in the air is to consider the
ratio of the amount of water vapor actually in the air (let’s call it a), measured in
grams of water vapor per kilogram of air (g/kg), to the amount of water vapor in
grams per kilogram that would be required for saturation to occur at the same
temperature and pressure (let’s call it s). This ratio is multiplied by 100 to obtain
relative humidity (let’s call it /&) as a percentage:

h =100als

Relative humidity is the figure you most often hear in the weather forecasts
and reports you get on the radio, on television, or on the Internet.

PROBLEM 2-1

% Suppose the relative humidity of the air was 40% on a summer after-
noon when the temperature was 20°C. At sunrise the next morning, the
air temperature has fallen to 10°C, but the actual amount of water vapor
in the air, in grams per kilogram, is the same as it was the previous after-
noon. The barometric pressure is also the same as it was the previous
afternoon. What is the approximate relative humidity at sunrise?

SOLUTION 2-1
In the afternoon, the ratio a/s was 0.40. This can be seen by “plugging”
- numbers into the above equation and then manipulating it:

h =100als
40 = 100als
a/s =40/100 = 0.40

The next morning, the amount of water vapor (in grams per kilogram) required
to cause saturation has roughly halved, because the temperature has fallen by
10°C while the barometric pressure has not changed. Therefore, we can substi-
tute s/2 for s in the first equation above. Let 4* represent the relative humidity
as sunrise. Then:

h* = 100a/(s/2)
= 100(2als)
=100(2 x 0.40)
=100 % 0.80
=80

Because the values of 4 and h* are expressed as percentages, the relative
humidity at sunrise the next morning is 80%.
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SIGNS OF A STORM

Even without a barometer or a hygrometer (a device for measuring relative humid-
ity), you can often tell when a storm system is approaching. The wind changes direc-
tion. In the tropics of the northern hemisphere, the prevailing east wind turns and
blows from a northerly quarter. At northern temperate latitudes, the prevailing west
wind shifts counterclockwise to southwest, then south or southeast; this is called a
backing wind. In the southern hemisphere, the wind also shifts, but in the opposite
direction; an east wind becomes southerly, and a west wind becomes northerly.
An approaching storm is commonly preceded by rising temperature and humid-
ity, but not always. A storm coming up the Atlantic coast towards New England will
produce an easterly wind off the sea, raising the dewpoint temperature while the
barometric pressure falls. The same happens in the Midwest when winds ahead
of a storm system blow from the south, bringing moisture from the Gulf of Mexico
into the continental interior. However, a hurricane approaching the east coast of
Florida from the east may bring dry air in ahead of itself, as backing winds (from
easterly to northerly) “pull air down” from the cool North Atlantic, where the air,
because of its lower temperature, is capable of holding less moisture. This drives
the relative humidity down. It can also produce an unusually clear sky and balmy,
pleasant weather, which lulls inexperienced people into complacency. This phe-
nomenon has been called “the calm before the storm.” Anyone who has spent a
number of years in hurricane-prone regions knows better than to be deceived by this!

OTHER INSTRUMENTS

Meteorologists have sophisticated apparatus for forecasting the weather. Satellites
orbit the earth, their cameras scanning the surface for weather patterns. Large sys-
tems, which can harbor thundershowers, tornadoes, high winds, heavy snows, or
other adverse conditions, have a characteristic signature that the meteorologist
recognizes immediately.

As a storm system approaches a weather station, the meteorologist can look
at it with a radar set. Large balloons, equipped with instruments to measure tem-
perature, humidity, pressure, wind direction, and wind speed, can be sent aloft to
detect atmospheric changes that indicate approaching or developing weather
systems. Aircraft pilots can fly their aircraft near (or even into) a storm and see
for themselves how bad it is. Meteorologists all over the region, the country, and
the world share information, and from this combined effort intricate diagrams
are made, showing the locations of air currents, temperature regions, pressure
zones, and other parameters.
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Atmospheric Circulation

The earth’s atmosphere is a complex system that is in continuous motion.
Patterns emerge on all scales: planet-wide, hemispheric, regional, and local. The
behavior of the atmosphere in any given location also varies with altitude above
the surface.

LAYERS OF THE ATMOSPHERE

The lowest layer of the atmosphere, rising from the surface to approximately
18 km (11 mi) altitude, is the troposphere. This is where all weather occurs; most
of the clouds are found here. In the upper parts of the troposphere, high-speed
“rivers of air” travel around the planet. The strongest of these “rivers,” called jet
streams, blow in a generally west—to—east direction between 30 degrees north
latitude (30°N) and 60 degrees north latitude (60°N), and between 30 degrees
south latitude (30°S) and 60 degrees south latitude (60°S).

Above the troposphere lies the stratosphere, extending up to approximately
50 km (30 mi) altitude. Near the upper reaches of this level, ultraviolet (UV)
radiation from the sun causes oxygen atoms to group together in triplets (O,),
rather than in pairs (O,) as is the case nearer the surface. An oxygen triplet is a
molecule known as ozone. This gas is opaque to most UV rays. Oxygen atoms
form a self-regulating mechanism that keeps the surface from receiving too
much UV radiation from the sun. Certain gases are produced by industrial
processes carried on by humans; these gases rise into the stratosphere and cause
the ozone molecules to break apart into their individual atoms. This makes the
upper stratosphere more transparent to UV. Some scientists contend that if this
process continues, it could have an adverse effect on all life on the planet.

Above the stratosphere lies the mesosphere, extending from 50 km (30 mi) to
an altitude of 80 km (50 mi). In this layer, UV radiation from the sun causes elec-
trons to be stripped away from atoms of atmospheric gas. The result is that the
mesosphere contains a large proportion of charged atoms, or ions. This occurs in
a layer that engineers and scientists call the D layer of the ionosphere.

Above the mesosphere lies the highest layer of the atmosphere, known as the
thermosphere. It extends from 80 km (50 mi) up to more than 600 km (370 mi)
altitude. This layer gets its name from the fact that the temperature is extremely
high. Ionization takes place at three levels within the thermosphere, called the £
layer, the FI layer; and the F2 layer. Fig. 2-2 is a cross-sectional drawing of the
earth’s atmosphere, showing the various layers and the ionized regions.
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Fig. 2-2. The atmosphere is hundreds of kilometers thick. Weather affecting the surface
occurs below approximately 16 km (10 mi) altitude.

HEAT TRANSPORT

The sun warms the earth to a greater extent in some areas than in others, and the
air seeks to equalize this imbalance by convection. This is what makes the winds
and clouds, and is ultimately responsible for all weather.

The equatorial regions receive more heat from the sun than they can radiate
back into space. The polar areas are the opposite: They radiate more energy than
they get from the sun. The polar/equatorial temperature difference is the result
of the astronomical fact that the sun’s average angle is more direct at the equator
than at the poles. Thus the polar regions have become ice shrouded, and the equa-
torial zone has not. The different surface characteristics increase the temperature
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differential still further: Snow and ice reflect much solar energy and absorb little,
while vegetation and dark soil reflect little energy and absorb much. If the air did
not act to equalize this temperature discrepancy, at least to some extent, the trop-
ics would be boiling hot, and the poles would be incredibly cold.

Fig. 2-3 shows a simplified model that explains how the atmosphere can
transport heat on a large scale. The air over the tropics, especially near the equa-
tor, is heated by contact with the earth. Therefore, it rises, because warm air always
rises. The air over the arctic and antarctic is cold, so it descends, because cold air
always descends. The result is that air flows from the poles toward the equator
along the planet’s surface, and from the equator toward the poles at high altitudes.

According to the model of Fig. 2-3, we should expect to have a prevailing
northerly surface wind in the northern hemisphere, and a prevailing southerly
surface wind in the southern hemisphere, with no surface winds at the equator
or at either pole. This is not what we observe, because Fig. 2-3 is an oversim-
plification. The air flow around the earth is affected not only by temperature dif-
ferences, but by geography and the fact that the earth rotates on its axis.

In the actual atmosphere, there are three major convection regions, called
Hadley cells, in the northern hemisphere, and three “mirror-image” ones in the

North
pole

Equator Equator

South
pole

Fig. 2-3. Simplified model showing how heat can be transported
from warm zones to cold zones by convection.
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Fig. 2-4. Simplified rendition of convection in the real atmosphere of our planet,
showing approximate locations of the Hadley cells.

southern hemisphere. Ascending air is found at or near the equator and at about
60°N and 60°S. These areas are semipermanent low pressure systems, and the
weather in and around them is characterized by abundant cloudiness and rainfall.
Descending air is found at or near the poles and at about 30°N and 30°S. The
descending air is associated with semipermanent high-pressure systems, with
predominantly fair weather. This convection pattern, neglecting the effects of the
earth’s rotation, is shown in Fig. 2-4. But even this is an oversimplification.

EASTERLIES AND WESTERLIES

Between the equator and about 30°N, the air at the surface flows generally
toward the equator, from a zone of relatively high pressure to a zone of relatively
low pressure. The same thing happens between the equator and about 30°S. As



\®’_ CHAPTER 2 The Atmosphere

the air reaches progressively lower latitudes (that is, it gets closer to the equa-
tor), the tangential speed of the earth’s surface, resulting from the rotation of the
planet, increases. Therefore, air flowing toward the equator is deflected toward
the west; the earth literally speeds up beneath it. We find prevailing easterly
winds in these regions, known as the forrid zones or the tropics, for this reason.

Between 30°N and 60°N, and also between 30°S and 60°S, the air at the sur-
face tends to flow away from the equator and toward the pole, from the semi-
permanent 30° high-pressure zone toward the semipermanent 60° low-pressure
zone. As the air near the surface moves poleward, the earth slows down under-
neath it. Thus, the air is deflected in the same direction the planet rotates. For
this reason, we find prevailing westerly surface winds in the mid-latitude regions,
which are called the temperate zones.

Between 60°N and the north pole, and also between 60°S and the south pole,
the air flow is generally away from the poles and toward the equator. The effect
here is the same as it is in the tropics, but of course at much colder temperatures.
The earth speeds up under the air near the surface as it flows away from the pole.
There are prevailing easterly surface winds in the arctic and antarctic regions,
which are called the frigid zones.

The prevailing winds of the torrid, temperate, and frigid zones sometimes
shift because of changes in the locations of the semipermanent high and low
pressure belts. In general, however, the torrid zones have easterly winds called
the trade winds, the temperate zones have westerly winds called the prevailing
westerlies, and the frigid zones have easterly winds called the polar easterlies.
The earth’s atmosphere is thus broken up into six major belts or zones that gir-
dle the planet.

SEMIPERMANENT PRESSURE REGIONS

Near the 30° and 60° latitude lines, both in the northern hemisphere and in the
southern hemisphere, the surface winds converge from, or diverge in, opposing
directions. This gives the air an impetus to spin clockwise at 30°N and 60°S,
counterclockwise at 60°N and at 30°S. The air also spins around the poles,
clockwise in the arctic and counterclockwise in the Antarctic. The eddies near
the 60th parallels tend to pull surface air inward, and the eddies near the 30th
parallels and the poles tend to push surface air outward.

Because of the tendency of the air to rotate near the 30th and 60th parallels and
the poles, we find persistent cyclonic (inward-spiraling) and anticyclonic (outward-
spiraling) atmospheric zones. The cyclonic zones are semipermanent low-pressure
systems, and the anticyclonic zones are semipermanent high-pressure systems.
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Over the oceans, semipermanent low-pressure regions are found near the
Aleutian islands in the North Pacific, Iceland in the North Atlantic, and just off
the coast of Antarctica in the South Pacific, South Atlantic, and Indian Oceans.
Semipermanent high-pressure systems are found near Hawaii in the North
Pacific, Bermuda in the North Atlantic, Tahiti in the South Pacific, between
South America and Africa in the South Atlantic, and between Australia and
Africa in the Indian Ocean.

Over land masses, the semipermanent high and low pressure systems are not
as stable as they are over the oceans. This is because temperature variations are
greater over land masses, and temperature changes affect atmospheric circula-
tion. Nevertheless, certain land regions, notably deserts, are usually dominated
by semipermanent high pressure. Sometimes, a high- or low-pressure system
can stall over a land mass for a considerable period of time. This brings droughts
or wet spells to such regions.

A semipermanent low-pressure region, called the intertropical convergence
zone (ITCZ), exists near the equator in a sinuous band that completely circles the
globe. Semipermanent highs are found near the poles. The ITCZ, in particular,
is associated with major weather events, particularly hurricanes, that develop
over warm ocean waters at certain times of the year.

PROBLEM 2-2
% Are Hadley cells, along with semipermanent highs and lows and pre-
vailing winds, unique to the earth?

SOLUTION 2-2

No. Similar patterns are observed on other planets that have atmos-
pheres. On Jupiter and Saturn, each hemisphere has multiple cells. The
atmosphere of Jupiter is an especially good example, because the belts
and zones of prevailing winds show up as light and dark cloud bands.
These bands can be seen through a good telescope on a clear night.

Weather Systems

Semipermanent oceanic highs were well known to mariners who sailed between
Europe and the New World or the Orient. Seamen, becalmed in the hot, fair
weather near 30°N or 30°S, sometimes remained motionless for days. Rations
ran short. The men got hungry and ate the food intended for the horses they had
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brought with them, and threw the horses overboard to drown. Sometimes the
hapless sailors even ate the horses themselves! This, according to some legends,
is how the regions became known as the horse latitudes.

SPINOFFS

A set of intense, persistent low-pressure systems dominate the climate over the
oceans near 60°N and 60°S. These great lows spawn low-pressure systems
called frontal cyclones that sweep from west to east across the continents. One
such low-pressure system, which is largely responsible for much of the change-
able weather in the United States and Canada, is called the Aleutian low because
it is centered just off the southern coast of Alaska. In winter, the Aleutian low
generates frontal cyclones that drench the west coast of North America with one
storm after another. Some of these cyclones rival hurricanes for ferocity.

Another well-known semipermanent low exists near Greenland and Iceland.
This low, like its Aleutian cousin, produces smaller, frontal cyclones that move
toward the east and southeast. The Greenland—Iceland low intensifies during the
fall and winter, so the climate of northern Europe is not unlike that of the Pacific
Northwest during these months. Some winter gales in this region, like their
counterparts in the Pacific Northwest, produce tidal floods and damaging winds.

The Aleutian and Icelandic lows, although well known, cannot rival the chain
of semipermanent low-pressure systems that dominate the southern hemisphere
between approximately 40°S and 70°S. The Tierra del Fuego region, at the
southern tip of South America, is regularly blasted by gales. The stormy Strait
of Magellan, named after the European explorer who sailed through the region
on his quest to circumnavigate the world, is respected by sailors to this day. The
westerly winds of the southern hemisphere blow around the planet almost unob-
structed by land masses between 40°S and 50°S, earning this region the nick-
name the roaring forties.

JET STREAMS

The general circulation around the semipermanent lows is counterclockwise in
the northern hemisphere and clockwise in the southern hemisphere. The air cir-
culation around the semipermanent highs is just the reverse: clockwise in the
northern hemisphere and counterclockwise in the southern hemisphere. This
produces a prevailing west—to—east wind in the temperate latitudes, with which
most of us are familiar. The lows dominate the weather much of the time
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between 45°and 60° north or south latitude; the highs control the weather much
of the time between 30° and 45°. The boundaries between the influence of low
and high pressure are sharp, and they constantly fluctuate, moving closer to the
equator in the hemispheric winters and closer to the poles in the hemispheric
summers.

During the Pacific battles of World War II, aviators often observed that their
air speeds and ground speeds were different, sometimes by as much as 300 km/h
(about 200 mi/h). These aviators had discovered a jet stream. Today, passenger
airliners flying in the middle latitudes are sometimes ahead of schedule or behind
schedule because of the mid-latitude jet stream, which flows from west to east
and marks the boundary between the semipermanent pressure systems.

The mid-latitude jet stream is recognized as a major factor that contributes to
weather in the United States, Canada, Europe, and Asia. North of the jet stream
in the northern hemisphere, polar air masses dominate. South of the jet stream,
tropical air prevails. The situation is reversed in the southern hemisphere. A
semipermanent front encircles the whole planet between 30° and 60°N. A simi-
lar front exists between 30° and 60°S. The mid-latitude jet streams in both hemi-
spheres flow at an altitude of several kilometers near the top of the troposphere,
and can vary greatly in width and speed.

POLAR FRONTS

In either hemisphere, the semipermanent front, called the polar front, makes
unending attempts to invade the tropics, pushing the jet streams toward the equa-
tor. The tropical air fights back, limiting the progress of the polar front and occa-
sionally causing the jet stream to move toward the pole. The polar front changes
position almost every day. The polar air mass expands during the winter months
and shrinks in the summer. The mid-latitude jet stream thus lies closer to the
equator in the winter than in the summer.

Much of the United States and all of Canada are in the grip of the polar air
mass during the winter. Most of Europe and much of Asia endure the same fate.
In the southern hemisphere, much less land area is invaded by the polar front
from Antarctica, but this is because most of the inhabited lands in that hemi-
sphere lie far from the pole.

Sometimes certain areas are spared the domination of the polar air mass for
weeks or even months during the winter season. At other times, the polar front
moves unusually close to the equator in a particular part of the world, and a cold
wave occurs. An event of this type occurred in December of 1983, during one of
the most severe early winters on record. The midwestern United States had read-
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ings that stayed well below zero Celsius for days in a row, in some locations
reaching —40°C (—40°F). In Florida and Texas, oranges and grapefruit froze.
Even in Miami, frost was observed.

The polar front does not invade the tropics everywhere at the same time. The
United States may suffer while Europe stays comfortable. While Anchorage,
Alaska, experiences record high temperatures, New York City might experience
record lows. On the morning of December 26, 1983, the temperature in Miami,
Florida, was colder than it was in Moscow, Russia. The jet stream dipped
toward the south over the United States, forming what meteorologists call
a trough.

Air masses also do battle in the summer, but then the tropical air goes on the
offensive. The cold polar front retreats, reverses direction, and becomes a warm
tropical front. The jet stream is generally more stable in summer than in winter.
The southern United States, and much of southern Europe, settles into a weather
pattern that stays fairly constant from early June into September. At times, the
tropical air pushes the jet stream far toward the pole, and a large part of North
America or Europe stays under its influence for weeks. The jet stream moves
along with the tropical front over the land, and forms what meteorologists call a
ridge. The barometric pressure rises and remains high. The weather under these
conditions can become extremely hot and dry. This kind of situation dominated
the summer weather during 1983, pushing temperatures to all-time record highs
and drying out farm crops in the Great Plains of North America.

MEANDERS IN THE JET STREAM

The jet stream flows in an irregular path, not straight around the world at one lat-
itude. An experiment can be conducted to demonstrate this effect on a small
scale, using a rotating pan, ice, water, and a heating element. The pan is filled
with water of a moderate temperature. A container of ice water is placed at the
center of the pan, and the heating element is placed under the periphery of the
pan, all the way around (Fig. 2-5). This sets up a “battle” between cold water and
hot water. Sawdust, or some other fine substance that will float, is sprinkled on
the surface of the water, facilitating observation of the water circulation. The pan
is then spun around.

Although the pan is circular, and not spherical like the earth, the forces
imposed on the water are similar to the forces that occur in the atmosphere of
our planet. The center of the pan does not move but simply rotates, as does the
north or south pole of the earth. The outer edge of the pan has considerable
tangential speed, as does the equator. The water in the pan develops a miniature
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Fig. 2-5. An artificial jet stream can be produced in a rotating pan of water.

“jet stream” somewhere between the center and the periphery, and this stream
flows in the direction of rotation, as can be seen by watching the sawdust. If the
pan is rotated fast enough, the stream develops irregularities that resemble the
meanders of the jet stream in the real atmosphere.

If the temperature of the heating element is increased, simulating the condi-
tions of summer, the stream becomes smaller, moving in toward the center of the
pan. If the heat is turned down and extra ice is placed in the container at the cen-
ter, the stream moves toward the periphery of the pan, just as the real jet stream
moves toward the equator in the winter.

The jet stream flows in an irregular way because of inherent instability of the
system. A bend in the jet stream is called cyclonic if it turns toward the left
(counterclockwise) in the northern hemisphere or toward the right (clockwise)
in the southern hemisphere. A bend is termed anticyclonic if it turns toward the
right in the northern hemisphere, or toward the left in the southern hemisphere.
When the polar air mass pushes toward the equator, a cyclonic bend is produced
in the jet stream; when the tropical air mass advances on the pole, an anticy-
clonic bend is produced.

Cold low-pressure systems on the polar side of a cyclonic trough in the jet
stream tend to be stable and persistent. The same is true of warm high-pressure
systems that exist on the equatorial side of an anticyclonic ridge. Troughs and
ridges can form over the oceans or over the continents. Persistent ridges tend to
develop over the oceans during winter and over land in the summer. Troughs
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tend to form over the continents in the winter. Continental ridges bring warm,
dry, fair weather, and sometimes they produce heat waves. Troughs generate
stormy weather.

WHEN AIR IS SQUEEZED AND STRETCHED

The jet stream varies in width and speed, as well as in direction. These variations
cause air to be pushed together, or compressed, in some places causing an
increase in pressure. In other places, the air is pulled apart, and the pressure goes
down. Either of these situations can result from changes in the width of the jet
stream, its speed, or both. When air is pushed together, it is said to be converg-
ing, and when it is pulled apart, it is said to be diverging.

Fig. 2-6 illustrates convergence and divergence. Directional convergence and
directional divergence are shown at A and B, respectively. Speed convergence
and speed divergence are shown at C and D, respectively.

N 4
N -
*\ ///
\\\\‘__) ey
- —— > —_—————————— >
> ———>__

/)'/ \\\

- ~
- N

A B
I —> —> —> e e
I —> - . —_—> _— >
E— —> —> —> —> I
C D

Fig. 2-6. At A, directional convergence of air. At B, directional divergence.
At C, speed convergence. At D, speed divergence.



CHAPTER 2 The Atmosphere _\@’

Directional effects take place only at bends in the jet stream. But speed effects
can occur whether there is a bend or not. Divergence gives rise to low-pressure
systems, because divergence creates a drop in pressure. If the air in a particular
part of the jet stream diverges to a great enough extent, clouds form and the
weather becomes foul. The system is carried along, from west to east, by the jet
stream. Warm tropical air moves toward the pole ahead of the system, and cold
polar air flows in behind the low-pressure center. The result is a frontal cyclone,
also known as a low. This type of system can form anywhere along the jet
stream, provided there is enough divergence of the air.

The most intense frontal cyclones are generated when there is not only strong
divergence in the air, but also a cyclonic bend in the jet stream. If the jet stream
is turning in a cyclonic direction (toward the left in the northern hemisphere, or
toward the right in the southern) when a frontal cyclone forms, the circulation is
given an extra push. If an existing frontal cyclone encounters a cyclonic bend in
the jet stream, intensification is likely.

Frontal cyclones are always accompanied by clouds. As a low-pressure sys-
tem approaches, the first sign is an increase in high-altitude, thin clouds. The
clouds thicken and become lower, until the sky is a dull overcast and rain or
snow falls. If the center of a frontal cyclone in the northern hemisphere passes
to the south, the weather becomes chillier, and the winds shift from south to east,
then to the north and northwest. If the center of the system passes to the north,
the rain or snow may abate, and the temperature usually rises. The wind shifts to
the southwest. A day or two later, the sky becomes cloudy again. In the summer,
fair-weather clouds give way to towering cumulonimbus, and heavy thunder-
storms are common. In the winter, freezing rain or snow falls, driven by strong
westerly or northwesterly winds.

TROPICAL SYSTEMS

The mid-latitude jet stream, marking the battle front between the tropical and the
polar air masses, is responsible for changeable weather in the temperate zone. In
the tropics, far from the influence of the mid-latitude jet stream, the prevailing
winds are from east to west. The weather in the tropics is relatively stable from
day to day; the trade winds blow at a nearly constant speed of 15 to 30 km/h
(approximately 10 to 20 mi/h), and fair-weather cumulus clouds dot the sky.
Near the equator, these clouds tower higher and higher as morning progresses
into afternoon, producing daily rains in the jungle over land, and squally down-
pours of the ITCZ over the oceans.
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The weather in the mid-tropical latitudes (about 10°N to 25°N and 10°S to
25°S) is not always benign, as anyone who has lived there knows. The tropics
are plagued by their own breed of cyclone. The equator receives far more energy
from the sun than it can radiate into space. Sometimes the normal atmospheric
circulation is not enough to maintain equilibrium. It is then that the ITCZ makes
its effects felt in the form of a tropical cyclone. The system begins as a trough,
with cyclonic deflection of the trade winds. Clouds and rain accompany this so-
called easterly wave, and the system moves from east to west. If intensification
occurs, a closed, rotating low-pressure system, called a tropical depression,
forms, and the precipitation becomes heavier. The circulation may then become
concentrated, producing the high winds and torrential rains of a tropical storm
or hurricane.

Tropical weather systems help to transfer heat from the equator toward the
poles. The systems also provide much-needed rainfall in the normally dry areas
of Texas and Mexico. But a major hurricane can inflict destruction because of
the high winds, which can reach sustained speeds of around 320 km/h (200 mi/h)
in extreme cases. More severe damage is caused by the rough and high seas that
are generated by the winds and the low barometric pressure.

POLAR SYSTEMS

The north pole is covered by an ocean that is almost completely surrounded by
land masses. The south pole, in contrast, lies near the middle of a continent. The
polar regions are dominated by high-pressure systems. These air masses produce
prevailing easterly winds. At the north pole, the high-pressure system sometimes
weakens, and the prevailing winds slacken and may even reverse direction.

Both polar regions have a dry climate. On the average, they receive less than
25 cm (10 in) of total melted precipitation annually. This qualifies them as true
deserts. As the distance from either pole increases, the effects of the semiper-
manent low-pressure belts near 60°N and 60°S become increasingly apparent.
Cloudy skies, frequent fog, and abundant precipitation become more common.
The winds increase in speed and become more variable. In summer, the low-
pressure belt in either hemisphere moves slightly closer to the pole; in winter, it
moves toward the equator.

The weather in the arctic and antarctic, although dominated by semiperma-
nent high pressure, is not gentle. Ask anyone who has lived in northern Alaska,
or who has worked at one of the scientific installations in Antarctica. Blizzard
conditions with high winds occur often. In the antarctic, the wind speeds rival
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those in major hurricanes. Small, intense low-pressure systems, sometimes
called arctic hurricanes, have been observed near the periphery of the high pres-
sure region surrounding the north pole.

PROBLEM 2-3
% Why are colder temperatures observed in the antarctic winter, as com-
pared with the arctic winter?

SOLUTION 2-3

The antarctic region is dominated by a land mass, which cools down
more rapidly, and to a greater extent, than water in the absence of solar
irradiation. The arctic is dominated by an ocean with outlets to other
oceans, and this serves to keep the temperature higher and more con-
stant than it would be if the region were covered by land.

Weather Maps

Because of the endless movement of weather systems throughout the world,
especially in the temperate latitudes, conditions vary greatly from place to place.
Before wire or radio communications were available, a person living in New
York City could only guess at the current weather in Philadelphia or Boston. The
conditions at any given place can change within minutes.

After the telegraph was invented, it was possible to get weather information
almost instantly. But storms regularly tore the wires down. Then came the inven-
tion of the “wireless telegraph.” Only a few of the more violent frontal cyclones
managed to rip down radio antennas and cut off communications, but the sun
occasionally produced (and still produces) ionospheric and geomagnetic distur-
bances that degraded or ruined radio-wave—propagation conditions.

THE STATION MODEL

Today, every city has a weather station that is linked by wire, fiberoptic cable,
terrestrial radio, and satellite systems to a central office. The meteorologist
in Rochester, Minnesota, can find out in a matter of seconds what happening in
Eureka, California. The data from a particular place includes temperature, dew-
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point, extent and type of cloud cover, type of precipitation (if any), wind direc-
tion, wind speed, and barometric pressure. All of this information is fed into a
computer, and the computer transforms it into a detailed graphical representation
of the weather over the whole country. The conditions at each weather station
are indicated on the weather map by a set of symbols known as a station model.

ISOBARS

Equal-pressure lines, called isobars, are drawn on weather maps to represent
various pressure levels in units called millibars (mb). Isobars are typically drawn
representing pressures at intervals of 4 mb, equivalent to about 3 mm (0.12 in)
of mercury. If P_, is the pressure in millibars, P__ is the pressure in millime-
ters of mercury, and P, is the pressure in inches of mercury, then you can use
the following formulas to convert among them:

P =1333P_ =3386P,
P =0750P_ =2540 P,
P, =0.02953 P =0.03937 P,

The isobars on a weather map show the locations of the cyclones and anticy-
clones. In the vicinity of high- and low-pressure systems, the isobars are curved.
If the system is intense, several closed isobars exist around the center. The wind
blows nearly parallel to the isobars, especially when the isobars are close
together. When isobars are close together, it shows that the pressure gradient is
steep. High winds tend to occur in regions indicated by closely spaced isobars
on the weather map.

SYMBOLS IN GENERAL

The temperature data on a weather map gives an indication of the locations of
fronts, where air masses having different characteristics come together. Most
severe weather occurs near fronts. The isobars are “kinked” along the line of an
intense or fast-moving front. Stormy weather tends to occur near these zones.
Weather fronts are plotted as lines with bumps or barbs that indicate the type of
front and the direction of movement.

There are four major types of fronts. In a cold front, a cold air mass pushes
its way into warmer air. In a warm front, a warm air mass pushes its way into
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Fig. 2-7. Sky condition symbols (A), wind speed symbols (B), frontal symbols (C), and a cold
front as it might appear on a local weather map (D).

cooler air. In a stationary front, a warm air mass and a cold air mass meet in a
boundary that moves slowly or not at all. When a cold front catches up to a warm
front ahead of it, the result is called an occluded front.

The common weather map symbols are shown in Fig. 2-7, and a hypothetical
weather map, similar to the type you might see in a major daily newspaper, is
shown in Fig. 2-8. In the situation of Fig. 2-8, a strong midwinter low-pressure
system is sweeping across the central United States, and an intense cold front is
pushing eastward across Texas.

The weather maps used by meteorologists are more detailed than the one
shown in Fig. 2-8. Computer-generated maps show such things as lines of equal
temperature (isotherms) or weather conditions at various altitudes, but the simple
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Fig. 2-8. A simplified weather map, showing a hypothetical low-pressure system
over the central United States.

map found in the daily newspaper is sufficient for you to get a good idea of what
is happening throughout the continent. You can tell with reasonable accuracy
where the major weather systems are. If you know the position of the jet stream,
you can forecast where the storms will pass.

PROBLEM 2-4
% In the situation shown by Fig. 2-8, where would the strongest wide-
spread winds likely be found?

SOLUTION 2-4
The most intense winds are likely to occur where two things happen
simultaneously: (1) the isobars on the weather map are close together,
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and (2) the wind direction is the same as the direction in which the
weather system giving rise to that wind is moving. In Fig. 2-8, this is
near, and to the south of, the center of the low-pressure system over the
middle part of the United States.

PROBLEM 2-5
In the situation shown by Fig. 2-8, where would the strongest localized
winds likely be found?

>

SOLUTION 2-5

This question is more difficult to answer than the previous one.
Localized winds are affected by mountains, canyons, the presence of
tall buildings, and storms associated with weather fronts. Cold fronts
are often associated with heavy thunderstorms, which can occur at any
time of year in the extreme southern United States. It is even possible
that there is a tornado somewhere near the cold front in the situation
shown by Fig. 2-8, in which case the highest localized winds would be
found there.

Wind Speed

Normally, the wind does not blow hard enough to have too much effect on
things. Occasionally, there is an exceptionally windy day or a brief rush of
strong wind as a thundershower approaches and passes. Once in a while, the
wind becomes strong enough to cause massive damage to natural and human-
made things.

UNITS OF SPEED

Wind speed can be specified in meters per second (m/s), kilometers per hour
(km/h), statute miles per hour (mi/h), or nautical miles per hour, also known as
knots (kt). The most common unit used by weather forecasters and other pro-
fessionals is the knot, which is equivalent to approximately 1.852 km/h or
1.151 mi/h. The most common unit used by news and weather broadcasters in
the United States is the statute mile per hour, which is equivalent to approxi-
mately 1.609 km/h or 0.8690 kt.



@’— CHAPTER 2 The Atmosphere

THE BEAUFORT SCALE

Early in the nineteenth century, an admiral in the British Navy, Sir Francis
Beaufort, noticed that winds of various speeds produced consistent and visible
effects on land and at sea. Not everyone has a wind-speed measurement instru-

Table 2-1. Beaufort scale for winds on land. Wind speeds are sustained (based
on a 1-minute average.)

Beaufort | Wind speed

number in knots General observed effects
0 0 Calm; smoke rises vertically.
1 1-3 Smoke shows direction of wind, but

weather vanes do not.

2 4-6 Wind can be felt on face. Leaves move
slightly.
3 7-10 Leaves are in continual motion. Small

flags unfurl.

4 11-16 Dust is raised. Papers blow around. Small
tree branches move.

5 17-21 Medium-sized tree branches move. Small
trees sway.
6 22-27 Large tree limbs are in constant motion.

Utility wires whistle.

7 28-33 Whole trees are in constant motion.
Umbrellas turn inside-out.

8 3440 Gale. Twigs and leaves break off trees.
Walking into wind is difficult.

9 41-47 Strong gale. Branches break off trees.

10 48-55 Whole gale. Trees are heavily damaged.

Minor structural damage occurs.

11 56-63 Storm. Numerous trees blow down.
Considerable structural damage occurs.

12 64 or more Hurricane. Widespread destruction occurs.
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Table 2-2. Beaufort scale for winds over large bodies of water. Wind speeds
are sustained (based on a 1-minute average).

Beaufort | Wind speed

number in knots General observed effects

0 0 Surface is glassy, but swells may exist.

1 1-3 Small ripples form.

2 4-6 Small waves form.

3 7-10 Moderate-sized waves form. Some waves
break.

4 11-16 Moderate-sized waves break consistently.

5 17-21 Moderate-sized and large waves occur,

and some airborne spray is observed.

6 22-27 Large waves occur with whitecaps and
airborne spray.

7 28-33 Large waves produce foam, and there is
considerable airborne spray.

8 34-40 Gale. Large waves occur with foam,
streaking on surface, and airborne spray.

9 41-47 Strong gale. High waves occur with dense
foam streaks. Air is dense with spray.

10 48-55 Whole gale. High waves occur with
dangerous crests. Visibility deteriorates.

11 56-63 Storm. Massive waves occur. Visibility is
reduced to near zero.

12 64 or more Hurricane. Air is filled with spray that
blows horizontally. Huge waves occur.

ment (anemometer), but you can get a good idea of the wind speed by observ-
ing what it does to trees, dust, buildings, or the surface of a large body of water.
Table 2-1 shows the Beaufort scale for winds observed on land, and Table 2-2
shows the Beaufort scale for winds observed at sea or on large lakes. The num-
bers range from 0 (calm) to 12 (hurricane force).
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Clouds

WIND FORCE

Perhaps you have wondered why a 40 kt wind does little or no damage, while an
80 kt wind, only twice as fast, can snap trees off at the trunk, shatter window
panes, and send large objects flying through the air. Moving air produces meas-
urable forces against objects that get in the way. This force increases much more
rapidly than the speed in knots. This is why incredible things happen in severe
hurricanes and in tornadoes. The power of the wind in a tornado can be thou-
sands of times the power of a late-autumn gale that rattles the windows and
strips the last of the leaves from the trees.

When a strong wind blows against a building, force is produced directly
against the wall or walls facing most nearly into the wind. This is positive
force. There are also other forces generated by winds blowing around an
object. As the air flows over the roof, the pressure above the surface goes
down, producing negative force as the air inside the building pushes upward.
If the wind gets strong enough, part or all of the roof can be ripped off
because of this force. Similar negative forces are produced on walls that face
sideways to the wind; windows are sometimes blown out by this pressure.
Some negative pressure also occurs on the wall or walls facing away from the
oncoming wind.

PROBLEM 2-6

% Suppose you look at an Internet site for tropical weather and learn that
a hurricane has sustained winds of 120 kt. What is the equivalent wind
speed in miles per hour? In kilometers per hour?

SOLUTION 2-6

From the above discussion, we know that a wind speed of 1 kt is equal
to approximately 1.151 mi/h. Therefore, 120 kt = 138 mi/h. A speed of
1 kt is equal to approximately 1.852 km/h. Therefore, 120 kt =222 km/h.

Clouds normally form in parcels of air where the relative humidity is 100%, that
is, when the air is saturated with water vapor. The temperature at which clouds
form depends on how much water vapor is in the air. The more water vapor the
air contains, the higher the temperature at which clouds can form.
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CAUSES OF CLOUDS

The temperature of the air decreases steadily with increasing altitude, but the
amount of water vapor does not necessarily decrease with altitude. Thus, the
relative humidity typically rises with altitude. If it rises to 100% at a certain
level, clouds can form at and above that level, because condensation forms on
airborne dust particles. The development of clouds is accelerated by atmospheric
updrafts, when moist air ascends to great heights. The higher the relative humid-
ity, in general, the lower the altitude at which clouds begin to form. On a muggy
or rainy day, clouds are usually observed at low altitudes, and in the extreme
case, they form on the ground. Then they are called fog.

Meteorologists and aviators speak of the cloud ceiling (often simply called
the ceiling). This is the altitude of the bottom of the lowest layer of clouds, meas-
ured with respect to either sea level or the earth’s surface. Clouds form in a vari-
ety of shapes and patterns. Meteorologists have several different classifications
for tropospheric clouds. Clouds are named according to their relative altitude
and their general shape. Clouds associated with weather at the surface occur
at altitudes from sea level to the top of the troposphere. Nacreous clouds and
noctilucent clouds form above the troposphere, and are not directly associated
with weather at the surface.

HIGH-ALTITUDE CLOUDS

The highest tropospheric clouds range from altitudes of about 7 km (20,000 ft) to
18 km (60,000 ft) above sea level. They are named with words that begin with the
prefix cirr- from the Latin word cirrus, meaning “curly.” Wispy, web-like cirrus
clouds are commonly seen. High, smooth clouds are called cirrostratus. They give
the sky a milky appearance and frequently cause a ring around the sun or moon.

An old adage says that a ring around the sun or moon means rain or snow is
on the way. This is often true. Low-pressure systems are commonly preceded by
high, thin clouds such as cirrostratus. Some high clouds have a congealed or
puffy look. These are known as cirrocumulus. They can cause partial or com-
plete overcast.

MID-ALTITUDE CLOUDS

The mid-level clouds are between about 800 m (6000 ft) and 7 km (20,000 ft)
above sea level and are given the prefix alto-, which is Latin for “high.”
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Mid-level clouds sometimes have a flattened appearance, in which case they
are called altostratus. Altostratus clouds are lower and thicker than cirrostratus.
Mid-level clouds with a puffy look are known as altocumulus.

LOW-ALTITUDE CLOUDS

The lowest clouds have bases at altitudes less than 800 m (6,000 ft). These
clouds are sometimes given the prefix strat-. Low clouds sometimes extend all
the way to the surface, in which case fog occurs.

Low, flat clouds are called stratus clouds. If rain falls from them, they are
called nimbostratus. Low, rolling, gray stratocumulus are seen on an overcast
but dry day typical of much of the United States in late autumn. The cottonlike
puffs of fair-weather cumulus are easy to recognize.

CLOUDS AT MULTIPLE ALTITUDES

Several kinds of clouds can exist at the same time, at various altitudes. It is not
uncommon, especially in storm systems, to observe three different and distinct
cloud layers. One well-known type of cloud complex, the cumulonimbus,
encompasses low, medium, and high levels, often extending from approximately
1 km (3300 ft) to the top of the troposphere (Fig. 2-9). These clouds sometimes
produce severe thunderstorms.

Cumulonimbus clouds sometimes stand alone in an otherwise clear sky. In
other storm systems, especially in front of strong cold fronts, multiple cumu-
lonimbus clouds merge into squall lines. Cumulonimbus clouds congregate in a
donut-shaped, revolving mass around the eye of a tropical storm or hurricane.

Imagine that it is a cloudy, dark day, and you board an airplane bound for a
distant place. You know the airplane will be flying at a high altitude. As you set-
tle in for the long ride, the pilot’s voice comes over the speakers. She tells you
that the cruising altitude will be 37,000 feet (approximately 11 km or 7 mi). The
plane climbs into a nimbostratus cloud bank. The clouds are so thick that you
can hardly see the wings. Then the aircraft bursts into the clear, only to reveal
another, higher cloud layer. You recognize it as altocumulus. Even at this alti-
tude, the sky is overcast. The plane climbs higher and enters the second deck of
clouds. You emerge from the second cloud deck into sunshine, but you can see
clouds in the distance at a still higher altitude. As you squint into the sun, you
discern a cumulonimbus “thunderhead” about 60 km (40 mi) away, and cirro-
stratus at about the same distance. The altocumulus clouds, through which you
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Fig. 2-9. Cumulonimbus clouds affect the troposphere at all altitudes, and often
occur along with other cloud types.

have just passed, recede underneath the aircraft, which is still gaining altitude.
This scenario is typical of midsummer over continents at temperate latitudes.

OTHER CLOUD TYPES

Clouds do not always fall neatly into common classifications. There might be
some doubt, for example, whether a certain cloud is cumulus or altocumulus.
Not all clouds of a given type look exactly the same. The wind speed at the cloud
level, the angle from which the sun or moon is shining, the extent of cloud cover
at higher or lower altitudes, and other factors affect the appearance of clouds.

Some clouds are unusual or interesting enough to have special names. For
example, when cumulus clouds build up in the heat of the summer, towering
higher and becoming wider at the base, they are called cumulus congestus. The
“thunderheads” nearly merge together. When rain begins to fall from such
clouds, they technically become cumulonimbus.
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The base of a cumulonimbus cloud can have various features. If the cloud
seems to have pouches or rounded protrusions, it is called mammatus. These
clouds are associated with extreme atmospheric turbulence. A cyclonic vortex
will occasionally form within a cumulonimbus cloud, the spinning air column
extending below the base. If the vortex is strong enough, water vapor condenses
and a funnel cloud appears. If the funnel cloud reaches the ground or water sur-
face, it becomes a tornado or waterspout.

When high winds are present at relatively low altitudes, we sometimes see
ragged, fast-moving, dark clouds called fractocumulus or “scud.” These clouds are
literally shreds of cumulus or cumulonimbus. They scurry along, driven by high
winds, and are common in and near violent storms. Fractocumulus clouds are usu-
ally dark, because they hang in the shadows of higher clouds. But sometimes they
contain dust and dirt, so they appear dark even when the sun shines directly on
them. This is the result of strong updrafts in the past history of a storm.

Mountains can produce marked local effects in the atmosphere, at altitudes
ranging from a few thousand meters up to several kilometers. As moist air passes
over a mountain range, lens-shaped or undulating clouds often form on the lee-
ward sides of peaks. These are known as lenticular clouds or wave clouds. They
are a combination of altostratus and cirrostratus, although they sometimes
become large and thick enough to produce rain, thus becoming cumulonimbus.

HUMANMADE CLOUDS

Not all clouds are products of nature. High-flying aircraft produce their own
form of cloud: the vapor trail or contrail. A contrail can result from condensa-
tion of water vapor in jet-engine exhaust as the rarefied air cools it. A contrail
can also be produced by the abrupt decrease in pressure that chills air as it passes
over fast-moving airfoils. Rockets produce contrails as they ascend through the
upper troposphere. If a vapor trail persists long enough, it is spread into cirro-
stratus or cirrocumulus clouds by high-altitude winds. In recent decades, an
increasing number of aircraft have been flying in the upper troposphere, and
some scientists think this has caused an increase in the average amount of cloud
cover, especially over the midwestern United States.

Another example is the partially humanmade cloud, smog, that is found in
and near major urban areas. The term is derived from a combination and con-
traction of the words “smoke” and “fog.” There is little doubt that smog is bad
for the environment, but there is disagreement about the extent of the environ-
mental damage smog has caused on our planet.

Sometimes you will see what looks like a cloud, but really isn’t. A forest
fire can produce blue-white or gray smoke that looks like a cloud from a dis-
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tance. Some such “clouds” can rise thousands of meters, blow downwind for
distances in excess of 100 km, and show up on weather radar displays and
satellite photographs.

In some places, brush fires can produce smoke that inhibits visibility and
causes general darkening of the sky. In the late winter and early spring in
South Florida, dry weather in conjunction with lightning storms or careless
tourists can cause fires in the Everglades. If the wind blows from the west, as it
often does during the winter and spring, the cities of the “gold coast”—Miami,
Fort Lauderdale, and places between—are covered by dense smoke. It smells
like burning leaves and looks like fog. At its worst, it can cause breathing prob-
lems for people with respiratory ailments.

CLOUDS FROM THE EARTH

Blowing dust or sand, as well as blown smoke, can take on the appearance of
threatening clouds. Sand, smoke, or dust occasionally fill the air over vast
regions. Massive forest fires in the western regions of the United States have
caused smoke that rose to heights of several kilometers, drifted thousands of
kilometers, and darkened the skies as far east as the Atlantic seaboard. Strong
winds over a large area, during a period of dry weather, can pick up and carry
the topsoil for hundreds of kilometers, blackening the sky over a vast region.

Some clouds of debris are produced by volcanic eruptions. After the eruptions
of Mount St. Helens in 1980, for example, much of the United States was affected
by the volcanic dust that rose to the top of the troposphere and was caught and
carried by the jet stream. Volcanic dust has been blamed for cooling trends last-
ing several years. Some scientists believe that the legendary cold summer of
1816 and the cold winter of 1983—-1984 were caused by a prolonged reduction
in the amount of solar heat received by the earth, and that this heat reduction was
the direct result of blockage and reflection of solar energy by airborne volcanic
dust. In both cases, massive volcanic eruptions months earlier threw tremendous
amounts of dust into the upper troposphere and stratosphere.

CLOUDS WARN OF STORMS

Certain clouds, or combinations of clouds, indicate the approach of foul or severe
weather. Other clouds reassure us that the weather will stay fine for awhile. You
can usually get a good idea of what to expect, simply by observing clouds.
Small, puffy cumulus clouds, with little or no clouds at higher altitudes, gen-
erally mean that the weather will remain fair for the next day or so. If the clouds
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begin to build up during the late morning or early afternoon, however, you
should take your umbrella if you plan to be outside later. Gradually rising and
thickening cumulus do not usually portend severe weather, although heavy rains
sometimes occur. This kind of weather pattern is typical in the tropics and sub-
tropics during much of the year, and in the temperate latitudes in the summer.

A distant, but advancing, storm system causes increasing instability in the
upper troposphere. A clear, deep-blue sky, in which airplanes produce no con-
trails or contrails that die out quickly, indicates stability in the upper tropo-
sphere, and the continuance of fair weather for a day or two. The first noticeable
sign of an approaching low-pressure system is the tendency for aircraft to pro-
duce long contrails that span the sky from horizon to horizon.

The upper troposphere gets increasingly susceptible to cloud formation as water
vapor condenses more readily, and this tends to happen in advance of an approach-
ing storm system. As the system moves nearer, high cirrus clouds appear. They
get thicker until the sky is filled with high clouds. At temperate latitudes, the
clouds thicken toward the western horizon. The movement of the clouds is gen-
erally from west to east. In the tropics, clouds thicken toward the east; the cloud
movement is usually from some point in the eastern half of the compass toward
some point in the western half. As the atmosphere becomes more unstable, cumu-
lus congestus clouds begin to form. The wind shifts, backing several compass
points. In the temperate latitudes, the prevailing westerlies give way to breezes
that come from the direction of the equator. In the tropics, the easterly trade winds
shift, become gusty, and blow from the direction of the pole. Eventually, rain or
snow begins to fall. At temperate latitudes, the temperature can rise several
degrees Celsius over a period of a few hours. Then the sky lightens, the rain or
snow abates, and moderate weather prevails. If the storm system is intense,
however, these pleasant conditions do not last long. In the tropics, conditions are
difficult to predict without satellite information. The approaching system might
be nothing more than a weak tropical wave, but it might be a hurricane!

For those who live in the latitudes where frontal cyclones prevail, the
sequence of events just described indicates the approach and passage of a warm
front. When a warm front has moved past an area in the temperate zone, a cold
front often follows. The cold front causes large cumulonimbus clouds to form in
the summer. In the winter, the wind veers sharply and increases in speed, some-
times to gale force. If snow has fallen or already exists on the surface, it blows
in a blinding white sheet. At any particular surface location affected by the front,
the temperature falls suddenly and dramatically as the front arrives and the cold
air mass behind it takes over.

As a cyclone approaches in the tropics or subtropics, changes in temperature
are not likely to be significant. The sky gets alternately gloomy and bright. If the
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storm is not intense, rain falls, accompanied by gusty winds. If the storm is
intense, the National Hurricane Center informs people in or near its forecast
track. Before the existence of geostationary satellites and reconnaissance air-
craft, people in the path of a hurricane had little or no warning before the high
winds and tides were upon them.

As a low-pressure system moves away, the weather improves. Behind a tem-
perate low, brisk winds blow from the pole, and the weather becomes dry. Within
a few days, the pattern is repeated as another system approaches and passes.
Behind a tropical storm, conditions gradually improve as the winds and rains
ease and the trade winds regain their benign aspect.

PROBLEM 2-7
% Why does the sky get so dark during a heavy thunderstorm?

SOLUTION 2-7
The “fog” of water droplets (which scatter sunlight) in a cumulonimbus
- cloud extends continuously from an altitude of a few hundred meters
up to several kilometers. As a result, more sunlight is absorbed than is
the case with layered clouds, even if the minimum-to-maximum-altitude
cloud span is the same. The angle of the sun with respect to the hori-
zon also has an effect. The larger the angle, the less cloudiness the
sunlight must penetrate in order to reach the surface. A summer storm
that occurs at noon (when the sun is high) does not cause as much dark-
ening as is the case if it occurs in the early morning or late afternoon
(when the sun is low).

PROBLEM 2-8

% In recent years, much attention has been given to the damaging effects
that sunlight has on exposed skin. Do clouds protect against ultraviolet
(UV) radiation from the sun? If they do, why do we often hear about
people getting sunburned on overcast days?

SOLUTION 2-8

Heavy overcast reduces the intensity of UV reaching the surface, as
compared with clear weather. However, this reduction is not always
as great as people imagine, so they tend to neglect precautions such as
applying sunblock lotion to the skin, wearing long-sleeved shirts, long
pants, and wide-brimmed hats, and limiting sun-exposure time. This is
why some of the worst cases of sunburn occur on cloudy days.



\@’— CHAPTER 2 The Atmosphere

Quiz

This is an “open book” quiz. You may refer to the text in this chapter. A good
score is 8 correct. Answers are in the back of the book.

1.

Low, dull, “iron gray” clouds that completely cover the sky, and from
which a light rain falls, are an example of

(a) cirrus.

(b) cumulus congestus.

(¢) nimbostratus.

(d) fractocumulus.

Clouds often form when

(a) the air is suddenly heated.
(b) air is compressed.

(c) air is suddenly cooled.
(d) All of the above

Fill in the blank in the following sentence to make it true: “The mid-

latitude jet streams carry high and low pressure systems generally
at temperate latitudes, primarily between 30°N and 60°N, and

between 30°S and 60°S.”

(a) from the equator toward the pole

(b) from lower altitudes to higher altitudes

(c) against the direction of the prevailing winds

(d) from west to east

The troposphere is

(a) the highest layer of the atmosphere.

(b) the only layer in the atmosphere where no weather occurs.
(c) also known as the torrid zone.

(d) None of the above

A cumulonimbus cloud can rise as high as the top of the
(a) troposphere.

(b) stratosphere.

(c) mesosphere.

(d) thermosphere.
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10.

In the northern hemisphere, the term backing, with respect to wind,

refers to

(a) a counterclockwise shift in compass direction; for example, from
west to south.

(b) aclockwise shift in compass direction; for example, from north to east.

(c) adecrease in speed.

(d) a wind that blows contrary to the direction of the prevailing winds.

Which of the following is an indicator that stormy weather can be
expected at a location in the temperate latitudes?

(a) A gradually falling temperature reading.

(b) A rapidly falling barometer reading.

(¢) A sudden wind shift to the north.

(d) Gradually decreasing relative humidity.

. The expression “knots” is equivalent to

(a) statute miles per hour.
(b) kilometers per hour.

(c) nautical miles per hour.
(d) meters per second.

. The altitude of the base of the lowest clouds in a given location is

called the

(a) ceiling.

(b) thermal level.
(c) visual level.
(d) fog level.

At certain levels in the atmosphere, ultraviolet (UV) radiation from
the sun

(a) is changed into visible light.

(b) causes ionization of atoms.

(c) causes lenticular or wave clouds to form.

(d) causes noctilucent clouds to form.
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CHAPTER

Observation and
Forecasting

People have tried to forecast the weather for at least as long as there has been
recorded history. All modern forecasting methods involve observations of cur-
rent conditions, along with a combination of historical data, scientific method,
and computer modeling.

Some Weather Lore

Before people had instruments to measure parameters such as temperature,
humidity, and barometric pressure, there were ways in which the weather could
be forecast—or at least, ways in which attempts at forecasting could be made.
People noticed that certain observations or events were usually followed by fair
weather, while other observations or events were usually followed by foul
weather. Here are some weather legends, or bits of lore, that have evolved.

—&
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SILVER-SIDE OUT

“Before a storm, the leaves of the trees face backside to the breeze.” Tough oaks
in the American Midwest are called upon to withstand extreme temperatures and
wind speeds. Whole hillsides are covered with them. As the wind blows from the
south or southwest on a warm, humid day in late spring or summer, you’ll see
the back (“silver”) sides facing outward.

A change in the humidity can cause leaves on the trees to alter the way they
hang, because the stems absorb water in an uneven way. Storms are often
preceded by a rise in the humidity, especially in the American Midwest and
Northeast, where low-pressure systems pump warm, moist air into a region
before the cold front, with its associated turbulence, passes through. This bit of
lore has some science behind it!

THE WEATHER STICK

Long before Europeans came to North America, Native Americans in the
region now known as New England discovered that the branches of certain
trees bent in one direction in fair weather, and in the opposite direction in foul
weather. These branches, measuring about 30 cm (1 ft) long, were de-barked,
mounted in plain sight, and used as weather-forecasting instruments. They can
still be obtained today under names such as Maine Weather Stick. You can find
some of these for sale on the Internet by entering “weather stick” into any
search engine.

There’s a Maine Weather Stick mounted on the side of my house, and it can
be watched from the dining room window. During fair weather it points up, and
during foul weather it points down—usually. Upon close observation, I have
found that warm temperatures and low humidity cause the stick to move upward,
and cold temperatures and rising humidity cause it to move downward.

PAINFUL JOINTS

Have you ever heard anyone say, “My joints tell me that we’re going to have a
storm”? Maybe you have a body like this! Some people get headaches in asso-
ciation with weather changes; other people feel the same no matter what hap-
pens, and call all this talk about “rheumatism” and “migraines” a mark of
a hypochondriac.
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Changes in barometric pressure can cause some people to develop reactions
in their bones and sinuses. The onset of sultry weather prior to a storm can cause
some people to experience mood changes, and these in turn can affect the way
they feel physically. Certain weather conditions can cause an increase or decrease
in air pollution or pollen levels, in turn affecting the severity of allergic reactions.

As people age, their bodies get increasingly sensitive to variable weather.
This has been well documented, and was described by Native Americans. So it’s
not some import from the pilgrims. However, each person reacts uniquely to the
weather, and only experience can provide anyone with a “forecasting tool” that
is “based in the bones.” At best, it is a qualitative phenomenon, subject to large
errors and variability.

BIRDS ROOST BEFORE A STORM

The notion that birds roost (sit around and don’t fly much) when a storm is
approaching has a sound basis, assuming birds can sense weather changes.
During times of adverse atmospheric conditions, the informed small-plane pilot
stays on the ground. Before a storm comes in from the sea, small craft remain in
port. Do birds really have a built-in sense of the weather to come? Many people,
especially rural folks, will tell you they do. If they do, then they apparently heed
it. The next time a big thunderstorm comes near, watch the birds.

Similar behavioral changes have been observed among other animals. During
the Klondike gold rush, sled dogs were known for digging their sleeping holes
in the snow on the sides of trees that later faced away from the wind during a
blizzard. Some ranchers say they can tell whether the next day will be fair or
foul, based on the behavior of their cattle. In the Florida Keys, some natives say
they can tell when a hurricane looms, because the roaches get restless.

CLOUDY BEFORE SEVEN

When I was a child, one of my teachers said, “Cloudy before seven, clear before
eleven,” and its converse, “Clear before seven, cloudy before eleven.” According
to these principles, clear nights should always give way to cloudy days, and
gloomy dawns should invariably evolve into sunny afternoons. Perhaps these
axioms apply in certain places at certain times of the year, but whoever coined
them never spent a winter in the woods of Wisconsin or a summer in the high
desert of Nevada.
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STORING UP FOR WINTER

Here’s another bit of country weather lore. Animals develop thicker fur, put on
more fat, or store away more food prior to a long or severe winter, than they do
before a short or mild winter. If you see squirrels storing acorns in greater abun-
dance than usual around Labor Day, or if you see your “outside cats” getting fat
and fuzzy for Halloween, you should suspect, according to this theory, that the
approaching winter will be cold or snowy, or both, and will linger into May—
but only if you live up North or in the mountains, of course. People in the Sun
Belt (the southern U.S.) don’t have to worry about this.

Anyone who has lived both the country life and the urban life, and who
knows anything about animals, knows that their behavior correlates with the
weather. Humans, in developing the intellect, have sacrificed instinct and intu-
ition. But animals, like humans, can get things wrong. I’ve seen winters that
started out severe become mild in December and then stay mild. I’ve also seen
winters that withheld snow until January turn stormy and frigid, lasting well past
the spring equinox. I wonder if anyone else has noticed this? Or can we dismiss
it as a trait peculiar to Homo sapiens—imagination?

THE LAST WORD: SCIENCE!

Animals, as well as trees and joints, aren’t perfect weather forecasters. If taken
literally, folklore forecasting can lead to serious consequences! That’s why peo-
ple have developed instruments for quantitative measurement of weather param-
eters, and put the power of scientific method to work in formulating weather and
climate forecasts.

Today, when you see a big thunderstorm coming straight towards your town
on Doppler radar by checking out the Web page for your Zip code at the Weather
Channel (www.weather.com), you don’t need to watch the birds, look at the
trees, or flex your elbows. You know that rain will soon fall.

PROBLEM 3-1
% How can a device such as the Maine Weather Stick actually work? Or
is it nothing more than a gimmick?

SOLUTION 3-1

The wood in the top of the stick behaves differently—under changing
temperature and humidity conditions—than the wood in the bottom of
the stick. Fig. 3-1 illustrates the principle. The stick’s position during
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good or improving weather is shown at A; the stick’s position during bad
or deteriorating weather is shown at B. There are at least four possible
scenarios that can cause the stick to work.

e The wood in the top of the stick (X) tends to contract when the tempera-
ture rises and/or the humidity drops, conditions typical of improving
weather; it tends to expand when the temperature drops and/or the humid-
ity rises, conditions typical of deteriorating weather. The wood in the bot-
tom of the stick (Y) does not expand or contract as the humidity and
temperature change.

e The wood in the bottom of the stick (Y) tends to expand when the temper-
ature rises and/or the humidity drops, conditions typical of improving
weather; it tends to contract when the temperature drops and/or the humid-
ity rises, conditions typical of deteriorating weather. The wood in the top
of the stick (X) does not expand or contract as the humidity and tempera-
ture change.

e Both of the above are true.

e Other factors, such as changes in the barometric pressure, affect the wood.
These factors could operate in addition to, or instead of, temperature and
humidity changes.

A B

Fig. 3-1. llustration for Problem 3-1. At A, the Maine Weather Stick
during fair weather; at B, the same stick during foul weather.
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Basic Observation Tools

These days, we have precision instruments that can measure parameters such as
temperature and humidity. Some of these devices operate on principles similar
to those of the Maine Weather Stick. Others are more sophisticated. Here are
some examples of devices that can measure temperature, humidity, barometric
pressure, and other variables. All of these should be included in a home weather
station, if you’re interested in observing the weather, recording daily conditions,
or conjuring up your own forecasts.

THERMOMETER

Thermometers come in two types: the bulb thermometer and the bi-metal-strip
thermometer. Either type can be used in a home weather station.

The bulb thermometer consists of an enclosed glass tube with a solution of
colored liquid inside, and a bulb filled with the liquid at one end. As the tem-
perature rises, the liquid expands, and the column of liquid in the tube gets
longer. As the temperature falls, the liquid contracts, and the column of liquid in
the tube gets shorter. A graduated linear scale indicates temperature. This type of
thermometer has an advantage: It allows for two scales, one on either side of the
column. Usually, when there are two scales, one is in degrees Fahrenheit (°F)
and the other is in degrees Celsius (°C). Fig. 3-2A is a functional drawing of this
type of thermometer.

Enclosed Graduated
glass tube temperature
scale
o T[]
8 1o
‘© 1
<113
o |l
Eﬂ?‘ég T Needle
ol - Bi-metal
with liquid —— strip
A B

Fig. 3-2. At A, a bulb thermometer with dual temperature scales.
At B, a bi-metal-strip thermometer.
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The bi-metal-strip thermometer consists of two strips of metal with different
coefficients of linear expansion, wound into a spiral. A needle is attached to the
outer end of the spiral (Fig. 3-2B). As the temperature changes, one of the metal
strips expands or contracts more than the other, and this changes the pitch of the
spiral, in turn causing the needle to point in different directions. A graduated cir-
cular scale indicates temperature. The mechanism in this type of thermometer is
also commonly used in thermostats that control older home heating and air-
conditioning systems.

HYGROMETER

Relative humidity is measured by means of a hygrometer. The old-fashioned
method of measuring relative humidity requires the use of two bulb thermome-
ters, one with a “wet bulb” and the other with a “dry bulb.” The rate of evapo-
ration from the “wet bulb” depends on the amount of moisture in the air. Dry air
causes more rapid evaporation than moist air, and hence a lower temperature
reading. Relative humidity can be determined by taking the readings of both
thermometers after they have stabilized, and then looking up the percentage of
humidity on a table.

Simpler, but less accurate, hygrometers contain a human hair (or some other
fine material that expands and contracts with changes in the air temperature and
moisture content). This type of mechanism is found in hygrometers available in
department stores. The hair is connected to a needle that moves back and forth,
in a circle, or up and down along a calibrated scale. This type of hygrometer
works according to a principle that is similar to that of the Maine Weather
Stick—and the phenomenon responsible for “bad hair days”!

Still another way to measure relative humidity is by measuring the electrical
conductivity of lithium chloride, a chemical salt. High levels of moisture in the
air cause the lithium chloride to conduct better than it does when the air is dry.
A battery, a milliammeter (a current-measuring meter), a resistor, and a container
of lithium chloride salt can be connected in series to obtain an accurate hygrom-
eter (Fig. 3-3)—once the current scale of the meter has been calibrated against
the relative humidity under laboratory conditions.

BAROMETER

A barometer is a device for measuring atmospheric pressure. In most baromet-
ric pressure readings, a correction factor is introduced to standardize the actual
air pressure to the sea-level equivalent pressure. This eliminates discrepancies
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Fig. 3-3. Relative humidity can be determined by measuring
the current through a sample of lithium chloride.

that would otherwise occur because of differences in altitude among weather
observing stations.

In Chapter 2, the mercury barometer was described. This type of barometer,
while accurate and reliable, is not widely available for the same reason you
won’t often find a mercury thermometer these days. Elemental mercury, as well
as almost every compound derived from it, is toxic. Even the small amount of
mercury found in an old-fashioned fever thermometer harms the environment
when the device is discarded. A true mercury barometer requires more mercury
than does a mercury thermometer, and is more destructive.

A common aneroid barometer has a sealed container called an aneroid
cell from which the air has been partially removed. A needle is attached to the
cell with a set of levers that amplify the needle movement as the cell expands
and contracts under conditions of varying air pressure. The needle swings
around a circular scale to provide a pressure reading. The scale is calibrated in
pressure units called inches of mercury (inHg). A high-quality instrument is also
calibrated in millibars (mb or mbar). The typical atmospheric pressure at sea
level is a little over 1000 mbar.

In order to convert from inches of mercury to millibars, multiply by 33.864.
If you want to convert from millibars to inches of mercury, multiply by
0.029530. Mathematically, if P _ is the sea-level barometric pressure in millibars
and P, is the sea-level barometric pressure in inches of mercury, then the fol-
lowing two equations hold:

P, =33.864 P,
P,=0.029530 P,
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Fig. 3-4. An aneroid barometer can be attached to a pen recorder to
get a graphical record of barometric pressure versus time.

The pointer in an aneroid barometer can be equipped with a marking tip that
lies against a piece of quadrille paper attached to a rotating drum. The result is
a pen recorder that can record barometric pressure over periods of hours or days.
(Pen recorders can also be used with any other needle-type metering device.)
The graphs produced by pen recorders can be interesting, particularly when they
portray the passage of hurricanes or strong frontal cyclones. Fig. 3-4 is a func-
tional diagram of a pen recorder connected to an aneroid barometer. Fig. 3-5
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Fig. 3-5. Pen-recorder rendition of barometric pressure during the
passage of a hurricane.
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is a hypothetical example of the graph produced by a barometric pen recorder as
an intense tropical hurricane scores a direct hit on the weather station where the
recorder is located. The passage of the eye is represented by the flat interval of
lowest pressure.

WIND VANE

A wind vane is a mechanism that indicates wind direction. The simplest wind
vanes are found in department stores, and can be placed in your front yard. Most
of these are intended as decorative devices only, and must be observed directly.
They are not particularly accurate, because they are often placed where the wind
direction is modified by obstructions such as trees and buildings.

A precision wind vane is connected to a selsyn, which is an electromechani-
cal indicating device that shows the direction in which an object is pointing. It
consists of a direction sensor and transmitting unit at the location of the movable
device, a receiving unit and direction indicator located in a convenient place, and
an electrical cable or wireless link that connects them. Fig. 3-6 is a functional
diagram of a selsyn for use with a mechanical wind vane.

Mechanical
wind vane

Transmitting
unit

Geographic .
north

Display 0°
270° 90°
Receiving
180° unit

Fig. 3-6. A selsyn can be used with a mechanical wind
vane to monitor the wind direction remotely.
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In a true selsyn, the indicator rotates through the same number of angular
degrees as the moving device. A selsyn for azimuth (compass) bearings, such as
is used with a remote-reading weather vane, is calibrated in degrees clockwise
from 0° (geographic north) through 90° (east), 180° (south), 270° (west), and all
the way up to 360° (north, the same as 0°).

ANEMOMETER

An anemometer is a device that is used to measure wind speed. There are sev-
eral types. One of the most common and well-known types has a set of three or
four rotating cups. Another type has a propeller-like assembly that resembles a
miniature wind turbine. Still another type employs a flat surface that hangs by
a hinge, and that is deflected upward more or less depending on the pressure of
the wind against it.

The rotating-cup anemometer (shown in Fig. 6-1, Chapter 6) operates inde-
pendently of the wind direction. Other types are direction-sensitive, and must be
attached to wind vanes in order to give accurate readings. A typical anemometer
has a small electric generator connected by wires to an electrical meter that can
be placed in a convenient location. The meter is calibrated in knots (kt) and/or
miles per hour (mi/h). In some instruments, the meter is also calibrated in meters
per second (m/s).

A typical anemometer can register wind speeds with reasonable accuracy
up to about 65 kt, or minimal hurricane force. Beyond that speed, accuracy di-
minishes. Peak gusts are difficult to measure, especially with rotating-cup ane-
mometers, because the mass of the assembly produces angular momentum that
tends to keep the rate of rotation constant, resisting momentary changes in wind
pressure. For this reason, particularly in severe storm systems such as hurri-
canes, the sustained wind speed is specified rather than the peak gust speed. The
sustained wind speed is based on a 1-min average. Peak gusts in windstorms are
typically 25 to 30 kt (30 to 35 mi/h) higher than the sustained wind.

Specialized anemometers are used in portable weather observatories that are
deliberately placed in the paths of violent storms, particularly tornadoes. These
devices are designed to withstand extreme winds that would destroy ordinary
anemometers.

RAINFALL MEASUREMENT

A rain gauge measures the amount of liquid precipitation that has fallen between
the present moment and the last time it was emptied. Normally, rain gauges
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are checked and emptied every 24 hours, except during storms when they can be
checked more often.

A typical rain gauge has a funnel that empties into a test-tube-like container
that is calibrated in centimeters and/or inches. The funnel increases the amount
of rain that the device can “catch” (that is, it increases the aperture). When the
liquid passes into the cylindrical portion of the device, the increments are
expanded, making it possible to read rainfall amounts accurate to a small frac-
tion of a centimeter or inch (£0.025 cm or £0.01 in is typical).

The readings of a rain gauge can be influenced by various factors. High wind
reduces the amount of rain that falls into the funnel, because the rain tends to
blow across it, rather than down in. Special rain gauges are needed to accurately
measure the amount of rain that falls in windstorms, particularly tropical
cyclones. If a rain gauge is not emptied often enough, some of the water evapo-
rates, producing an artificially low reading. During a significant storm, a rain
gauge will overflow if it is not emptied often enough.

SNOWFALL MEASUREMENT

For measurement of snow accumulation, two figures are determined: the actual
amount of snow as it has fallen on a flat surface (absent drifting or blowing), and
the amount of liquid that remains when the snow is melted. The ideal surface for
measuring snow depth during and after a snowstorm is an outdoor tabletop. This
minimizes settling that can occur on warm ground when snow melts partially as
it falls. Simply place a ruler or yardstick down into the snow, making sure it is
oriented vertically, and making sure that the zero point on the ruler or yardstick
is right at the end of the stick.

To measure the melted snow equivalent, a variety of techniques can be used.
The simplest method is to collect a cylindrical sample of the snow from a flat
surface, melt it down, and then measure the depth of the resulting pool of water.
If this depth is too small to accurately measure, or if greater accuracy is desired,
the contents of the cylindrical collecting container can be poured into a rain
gauge, and the reading from the gauge multiplied by the ratio of the square of
the diameter of the top of the rain gauge (that is, the funnel opening) to the
square of the diameter of the cylindrical snow collector. If d is the diameter of
a cylindrical snow collector, d is the diameter of the top of the rain gauge, and
s, 1s the reading of the rain gauge (in centimeters or inches) after the melted
snow has been poured into it, then the melted snow equivalent, s, (in centi-
meters or inches, respectively) is:

s = srdrz/dc2
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PROBLEM 3-2

% Suppose you look at a weather map and see an isobar (a curve denoting
points of equal barometric pressure) labeled 1012. This is the barometric
pressure in millibars. What is the equivalent barometric pressure in
inches of mercury?

SOLUTION 3-2
Use the formula for conversion from pressure in millibars (P, ) to pres-
sure in inches of mercury, (P,). We know that P = 1012. Therefore:

P,=0.029530 P,
=0.029530 x 1012
=29.88 inHg

PROBLEM 3-3

% Suppose there has been a snowstorm and you collect some of the snow
in a coffee can by placing the can, open-side down, on a tabletop where
there is snow. The can is 150 mm in diameter. You then slide the can
off the top of the table, and use a piece of cardboard to keep snow from
falling out. You take the can indoors and let the snow melt. Then you
pour the water from the can into a rain gauge whose top is 200 mm in
diameter. The rain gauge tells you that 0.45 in of “rain” has “fallen.”
What is the melted snow equivalent precipitation?

SOLUTION 3-3

First, determine the ratio of the square of the diameter of the top of the
rain gauge (d?) to the square of the diameter of the cylindrical con-
tainer (d ’):

d’ld? = 200%/150?
= 40,000/22,500
= 1.77778

Then the amount of melted snow equivalent precipitation (s, ) is equal
to 1.77778 times the reading of the rain gauge (s,). Note that the multi-
plier 1.77778 is a dimensionless constant, meaning that it does not have
units. We have been given s, in inches. Therefore, the value we get for s
will also be in inches:

s, =sd’d’?
=5, X 1.77778
=0.45x1.77778
=0.80in
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If you hear this on the local weather forecast, they’ll read it as “eighty
hundredths of an inch.”

Advanced Observation Tools

Professional meteorologists use sophisticated systems to aid in their observation
of weather phenomena. The data and displays from these systems have become
available to lay people in recent years through Internet sites such as the Weather
Channel (www.weather.com).

RADAR

The term radar is an acronym derived from the words “radio detection and rang-
ing.” Electromagnetic (EM) waves, having frequencies in the ultra-high or
microwave range, reflect from certain types of objects and particles, including
aircraft, missiles, raindrops, ice pellets, and snowflakes. By ascertaining the
direction(s) from which radio signals are returned, and by measuring the time it
takes for an EM pulse to travel from the transmitter location to a target and back,
it is possible to locate flying objects and to evaluate some weather phenomena.

A complete radar set consists of a radio-frequency (RF) transmitter, a direc-
tional antenna, an RF receiver, and a display. The transmitter produces EM wave
pulses that are propagated in a narrow beam. The waves strike objects at various
distances. The greater the distance to the target, the longer the delay before the
reflected signal, or echo, is received. The transmitting antenna is rotated so that
the sky in all azimuth directions can be observed. Most radar sets are aimed at
the horizon, or a few degrees above it, so they can return echoes from the great-
est possible distances.

In original radar designs, there was a circular display consisting of a cathode-
ray tube (CRT). Nowadays, computers can take the signals from a radar receiver
and render them on a high-resolution liguid-crystal display (LCD) or plasma
display. The basic display configuration is shown in Fig. 3-7. The observing sta-
tion is at the center of the display. Azimuth bearings are indicated in degrees
clockwise from true north, and are marked around the perimeter of the screen.
These show the compass direction of the echo relative to the station. The distance,
or range, of the echo is indicated by the radial displacement of the echo. The
radius on the display is directly proportional to the distance to the echo. Airborne
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Fig. 3-7. A radar display. The light radial band shows the azimuth direction in which the RF
beam is currently transmitted and received. (Not all radar displays show this band.)

long-range radar can detect echoes from several hundred kilometers away under
ideal conditions. A modest system with an antenna at low height can receive
echoes from up to about 80 km (50 mi) away.

Some radar sets can detect changes in the frequency of the returned pulses,
thereby allowing measurement of wind speeds in hurricanes and tornadoes. This
is called Doppler radar. This type of radar is also employed to measure the
speeds of approaching or receding targets. Doppler radar has proven invaluable
in detecting the presence of rotation within thunderstorms. This can provide
advance warning of tornado development.

LIGHTNING STROKE DETECTION AND LOCATION

All lightning strokes produce bursts, or pulses, of EM energy. You can hear these
as “static” on a portable radio tuned to the amplitude-modulation (AM) broad-
cast band. One method that can be used to locate a lightning stroke involves
measuring the time it takes for the EM pulse from a given stroke to arrive at two
or more receiving stations. This is a process familiar to navigators, and is known
as triangulation.
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Lightning strokes, when plotted on a regional map for a specific period of
time (such as within the last few hours), are usually concentrated in and near
areas of heavy precipitation. But this is not always the case. Some summer light-
ning in the United States desert Southwest occurs in the absence of precipitation.
The rain in this region often evaporates before it reaches the surface, even in
fairly strong thundershowers, because the air is dry and warm. Rain that does not
reach the surface is called virga.

Lightning stroke locators are useful for people planning outdoor activities.
They can also be useful to firefighting personnel in forested regions, because
lightning is often the culprit in destructive forest fires.

INSTRUMENTS SENT ALOFT

A radiosonde is a portable, battery-powered weather station that is carried aloft
by a helium balloon. It contains a thermometer, a hygrometer, a barometer, and
aradio transmitter. The transmitter sends encoded data to stations on the ground.
The position of the device in three-dimensional space at any given moment can
be pinpointed using triangulation from multiple surface-based stations. In this
way, the temperature, relative humidity, and barometric pressure are determined
as functions of altitude, and also as functions of the point on the surface directly
below the radiosonde (the exact geographical location). The wind direction and
speed at various altitudes can be determined by observing and recording the
direction and speed of the point on the surface directly below the device. The
radiosonde can operate in the troposphere and lower stratosphere—as high as a
balloon can take it.

A dropsonde is an instrument and radio transmitter similar to a radiosonde.
The difference is that the dropsonde is released from a high-flying aircraft rather
than sent up from the surface. It has a parachute instead of a balloon. A drop-
sonde is especially well suited to use in hurricanes and large thunderstorms. It
can monitor conditions, and record wind speeds and the intensity of updrafts and
downdrafts, at points within such storms that are too dangerous for aircraft.

Other vehicles for carrying instruments into the atmosphere include manned
aircraft, helicopters, and rockets. Rockets can attain higher altitudes than other
vehicles, so they can send back data at all levels of the atmosphere, not only
the troposphere and lower stratosphere. The hurricane hunter aircraft is flown
directly into the eyes of hurricanes, recording and observing conditions along
the way. This aircraft is piloted by people who not only obtain quantitative data,
but who directly observe (and vividly recall) qualitative conditions. In this
respect, the difference between a radiosonde or dropsonde and a hurricane
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hunter is like the difference between the Mars lander and a manned mission to
the planet.

WEATHER SATELLITES

The first weather satellite that provided pictures of the earth and cloud forma-
tions in the troposphere was called TIROS. It was launched in April, 1960. The
TIROS satellite was approximately 0.6 m (2 ft) high and 1.2 m (4 ft) wide, and
shaped like a can of tuna. Since this satellite was deployed, many others have
been put into various types of orbits so that meteorologists can keep constant
watch on the weather everywhere in the world.

The first weather satellites were in low orbits, at altitudes of only 200 km
(125 mi) or so, and took approximately 90 minutes to complete a single revolu-
tion around the earth. Today, most weather satellites orbit at much higher alti-
tudes, and they take longer to orbit the earth. When a satellite is put into orbit at
a distance of approximately 36,000 km (22,500 mi) above the surface, the orbital
period is 24 hours. This is called a geosynchronous orbit. Satellites in geosyn-
chronous orbits above the equator are known as geostationary satellites, because
they are always above the same point on the surface. In order to be geostation-
ary, a satellite must orbit directly above the equator, and must remain at exactly
the correct altitude all the time. It must also be revolving around the earth in the
same direction that the earth rotates (counterclockwise as viewed from high
above the north pole).

The first TIROS satellites orbited the earth at an angle of 48° relative to the
equator. To observe a certain part of the world, it was necessary to wait until the
satellite came within a few hundred kilometers of that location. Places at lati-
tudes north of 55°N, or south of 55°S, couldn’t be observed. Later, as rocket
technology improved, satellites were placed in orbits tilted at angles of nearly
90° relative to the equator. Such an orbit is called a polar orbit. As the earth
rotates beneath a polar-orbiting satellite, different parts of the world come into
view. Over the course of half a day, a composite picture of the whole planet can
be obtained. Such a combination of small photographs, put together to show a
large area, is called a mosaic.

Today’s fleet of weather satellites can view nearly an entire hemisphere of the
earth at once, or zoom in on a particular weather system or surface feature. There
are cameras sensitive to various wavelengths, including visible light, infrared
(IR), and water-vapor (WV) emission spectra. The cameras can be adjusted to
obtain more or less magnification. As the magnification increases and all other
factors are held constant, the image resolution (detail) increases.
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REMOTE MONITORS

Geostationary weather satellites are equipped with radio receivers and transmit-
ters. Weather information is collected from remote monitoring stations on the
surface. These include rain gauges, tide gauges, ships, manned weather stations,
and automatically controlled weather stations.

A single satellite can be used to compile all the data from thousands of dif-
ferent surface-based stations, both manned and unmanned, at frequent intervals.
The satellite can get the information from a particular station by sending a com-
mand to the station. Some stations send information to the satellite whenever
unusual or severe weather conditions or other natural events occur.

LINEAR INTERPOLATION

Weather data is collected at defined, usually fixed, locations on the surface. The
number of locations may be large, but it is not infinite. Therefore, conditions at
points not located at observing stations must be estimated. A common way to
estimate intermediate data is by linear interpolation.

Suppose it is a warm spring day in Minnesota, and the temperature at the
weather station in Minneapolis is 21°C. In Rochester, approximately 100 km to
the southeast, the temperature is 19°C. The temperature in Cannon Falls, located
50 km southeast of Minneapolis and 50 km northwest of Rochester, can be
estimated by interpolation as the average of the temperatures at Minneapolis
and Rochester, or 20°C. This is because Cannon Falls lies near the midpoint
of a straight line connecting the two weather stations from which data has
been obtained.

Interpolation does not always work. In regions where the terrain is irregular,
elevation affects the temperature. In some locations, small-scale weather phe-
nomena can be dramatic. Interpolation is not a reliable way to estimate data in
these kinds of situations. In the Black Hills of South Dakota, for example, par-
ticularly in the winter, a few hundred meters difference in elevation can produce
amazing differences in temperature. This is especially true when an inversion
occurs, and warm air overlies cold air. Two stations, at the same elevation and
separated by 10 km, might report temperatures of 5°C, while another station,
midway between them but 200 m lower in elevation, reports —10°C.

Suppose, on that warm Minnesota day, an intense cold front moves through the
state from the northwest towards the southeast. As the front passes Minneapolis,
the temperature drops to 12°C. In Rochester, the afternoon sun has warmed things
up to 21°C; the front has not yet arrived there. Interpolation is not a good way
to estimate the temperature in Cannon Falls in this scenario. If the front has not
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yet arrived in Cannon Falls, the temperature there might be 20°C. An hour later,
it might be 13°C, even if the temperatures in Minneapolis and Rochester have
not changed during that hour.

The use of linear interpolation is not confined to temperatures. It can be used
for any variable, including relative humidity, wind speed, wind direction, baro-
metric pressure, and percentage of cloud cover. When using linear interpolation,
it is important to keep in mind the limitations imposed by localized weather
anomalies, irregular terrain, proximity to water, and other variables. Also, it’s
worth noting that linear interpolation is useful only between points that are fairly
close together (a few tens of kilometers or less). Thus, you can’t interpolate the
conditions in St. Louis, Missouri, based on known conditions in Miami, Florida
and Seattle, Washington.

PROBLEM 3-4

% Imagine a situation in which linear interpolation is reliable, such as an
open prairie without weather fronts in the vicinity. Suppose the tem-
perature in Happyton is 20.0°C and the temperature in Blissburg,
70 km away, is 22.0°C. Now consider Joyville, which does not lie on a
straight line connecting Happyton and Blissburg, but is 70 km away
from Happyton and 30 km away from Blissburg. Using linear interpo-
lation, give an estimate of the temperature in Joyville.

SOLUTION 3-4
Refer to Fig. 3-8. Suppose you take a straight-line trip from Happyton
to Joyville. This is 70 km. Then imagine traveling in a straight line

Blissburg:
22°C 30K
O 2T M Joyville:
| ""--@ 20.0 + (0.7 x 2.0)
: / =214C
70 km |
; / 70km
&
Happyton:
20.0°C

Fig. 3-8. Illustration for Problem 3-4.
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from Joyville to Blissburg. This is 30 km. The total distance traveled is
70 km + 30 km, or 100 km. The temperature difference at the extreme
points, representing the beginning and end of your complete trip, is
2.0°C. In terms of your route, Joyville is 70/100, or 0.7, of the way
from Happyton to Blissburg. Thus, the temperature in Joyville can be
estimated as 20.0 + (0.7 x 2.0) = 21.4°C.

WHAT DOES “LINEAR” MEAN?

In the foregoing scenario, the estimation process for the temperature at Joyville
represents linear interpolation in the mathematical sense. But it is an imperfect
application of the process, because the three towns don’t lie on a geographical
straight line. Linear interpolation works best when the location for which condi-
tions are to be estimated lies on a geographical straight line between the two
observation stations. If the evaluated location is not on this straight line, linear
interpolation is less reliable. The greater the deviation from a straight line, the
greater the chance for error in the result obtained by linear interpolation.

Forecasting Methods

The science of weather prediction has improved over the past several decades,
largely as a result of the use of increasingly powerful computers and sophisti-
cated observing equipment. Nevertheless, some basic principles, along with his-
torical data, will always be useful.

HISTORY REPEATS—SOMETIMES

One of the simplest forecasting techniques involves examination of past weather
events that followed conditions similar to those observed. For example, if you
live in the American Midwest, you know that a warm, cloudy spring day with a
southerly breeze, high humidity, and a rapidly falling barometer reading is more
likely to produce a tornado than a cool, clear, dry day in early autumn with a
high, steady barometer reading. If records are kept over a period of decades and
then the data is carefully examined, correlations will be found. Certain condi-
tions are followed by specific types of weather events—usually. But not always!
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Forecasting based on history can be surprisingly accurate. It can also be
astonishingly inaccurate! Have you ever seen a table that provides weather fore-
casts based on easily observed factors such as the barometric pressure and the
wind direction? Table 3-1 is an example that can be used by amateur meteorol-
ogists to obtain forecasts in the American Midwest and Northeast. But this table
does not work all the time. It won’t work as well in Miami, San Francisco, or
Honolulu as it will in Boston. It certainly won’t be of much use to someone liv-
ing in Sydney, Australia or in Santiago, Chile.

Table 3-1. Some common weather signs and forecasts for locations in the American

Midwest and Northeast.

Barometer Barometer Wind

reading (inHg) | movement direction Forecast

30.00 to 30.20 Steady SW to NW | Fair for the next day or two.

30.00 to 30.20 Rising SW to NW | Fair for a day or two; then rain
or snow possible.

30.20 or above | Falling slowly | SW to NW | Fair for a day or two, with
warming trend.

30.00 to 30.20 Falling StoE Becoming cloudy; rain or snow
likely in a day or two.

30.00 to 30.20 Falling S to NE Rain or snow likely within
24 hours.

30.00 to 30.20 Falling EtoN Rain or snow likely within
24 hours; rising wind.

30.00 or below | Falling slowly | SE to N Rain or snow for a day or two.

30.00 or below | Falling rapidly | SE to NE Rain or snow likely within
hours; high wind possible.

29.80 or below | Falling rapidly | Sto E Heavy rain or snow likely within
hours; high wind possible.

29.80 or below | Falling rapidly | Eto N Storm likely within hours;
blizzard possible in winter.

29.80 or below | Rising rapidly | Veering to | Cooler, with rain or snow ending.

W or NW
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“Historical forecasting”—predicting the weather by assuming that what hap-
pened in the past will happen again this time—is one of the methods used to pre-
dict the tracks of hurricanes. Suppose you live in Charleston, South Carolina,
and it is mid-September. You know that hurricanes can be a factor at this loca-
tion during this time of the year. Suppose a category 3 hurricane (let’s call it
Ellen) is churning along just north of the island of Hispaniola. You go to one of
the weather Web sites on the Internet and find a hurricane tracking map that
shows the paths of all category 3 September hurricanes in the past several
decades that have tracked within 320 km (200 mi) of Ellen at this point. You see
that the tracks are concentrated in a generally west—northwesterly direction
(approximately azimuth 290°) for some distance, and then they begin to diverge.
By looking at these tracks, you can get some idea of the risk Ellen poses to you.

PERSISTENCE FORECASTING

One of the simplest methods of forecasting the weather is to assume that it will
not change for a little while. This technique, called persistence forecasting, is
often reliable over periods of minutes or hours. If a blizzard is blowing where
you are right now, you can be pretty sure it will still be going 10 minutes from
now, or 30 minutes from now. If the current barometric pressure is 29.65 inHg,
you can be reasonably certain that it will be close to this value for the next few
hours, unless a hurricane is bearing down on you.

In most locations, persistence forecasting doesn’t work well for periods
longer than a couple of hours, because the temperature and cloud cover often
vary greatly between morning and afternoon, afternoon and evening, and of
course, between day and night. There are some places, too, where it is risky even
to attempt a forecast for the next half hour. Have you heard people say, “If you
don’t like the weather, wait a few minutes”? That can be literally true in loca-
tions such as the northern Black Hills in the summer, where the sun can be shin-
ing at one moment and marble-sized hail falling five minutes later. It is also true
just before and during the passage of a “Texas norther,” a rainband in a hurri-
cane, or a fast-moving thunderstorm.

TREND FORECASTING

A more reliable and versatile method of short-term forecasting involves the
assumption that a current tendency or trend will continue, or that an observed cycle
will repeat. This is known as trend forecasting. It is a form of extrapolation—
extending a defined rate of change into the future.



CHAPTER 3  Observation and Forecasting —\@’

Suppose that it is 11:00 A.M. in your town, and you have been observing the
temperature for the past several hours. At 8:00 A.M. it was 20°C. Then it rose to
22°C at 9:00 A.M., 24°C at 10:00 A.M., and 26°C at 11:00 A.Mm. A trend forecast
would suggest that at 12:00 noon, the temperature will be 28°C.

There are limitations to this method. You can’t keep extrapolating and con-
clude that within a couple of days, the air will be hot enough to boil water! In
fact, if a cold front is approaching or you live in the tropics where rain showers
are an almost daily occurrence during the afternoon hours, the trend will soon be
reversed. By 5:00 p.M. it might be only 20°C again, after the front has passed or
the shower has cooled things down.

Trend forecasting has been applied to long-term climate prediction. The con-
troversy over global warming—Is it really happening, or not?—has been largely
resolved by observing average temperature trends since about the year 1900.
Based on this data, you’ll hear scientists warn that if current trends continue, the
entire planet will be several degrees Celsius warmer, on the average, a century
from now, as compared with conditions today. They will also report trends in
other factors such as the frequency and intensity of hurricanes, the ocean tem-
perature, the distribution of rainfall, and changes in sea level.

STEERING

Have you heard that storm systems are “blown along” by upper-atmospheric
currents, especially the jet streams? To some extent this is true, but it is an over-
simplification. The jet streams, which you learned about in the last chapter, blow
west—to—east in the upper troposphere along narrow, riverlike channels of air.
There are two or three jet streams in the northern hemisphere, and counterparts
in the southern hemisphere. The most significant of these are the mid-latitude jet
streams. One of these meanders through the temperate zones between latitudes
of approximately 30°N and 60°N. The other behaves in a similar manner
between approximately 30°S and 60°S.

Low-pressure systems in the temperate zones tend to track along the jet streams,
centered slightly poleward of them. (Hurricanes in the tropics follow atmospheric
currents, too, but do not interact with the jet streams unless or until they enter
the temperate zones.) Blizzard tracks can be predicted by watching the behavior
of the jet streams. Individual fronts, and thunderstorm cells or snow squalls
within these large cyclonic systems, however, tend to form, dissipate, and rede-
velop in a different way. Rather than following the jet stream, these smaller com-
plexes are guided by the circulation around the main cyclonic system, or “low.”

On the Eastern Seaboard and Gulf Coasts of the United States, residents hear
the term steering currents in conjunction with hurricanes. These are not jet
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streams, but are less well-defined upper-tropospheric currents that tend to blow
east—to—west in the tropics and subtropics. The National Hurricane Center issues
updates for storms during the hurricane season, which runs from June 1 through
November 30 in the North Atlantic, the eastern North Pacific, the Caribbean, and
the Gulf of Mexico. If a hurricane threatens North America, the point of landfall
is estimated by extrapolation on the basis of how the steering currents will cause
the storm to behave over the next few hours or days. These steering currents are
sometimes strong, causing hurricanes to follow well-defined tracks at speeds of
10 to 20 kt. The tracks of such storms are easier to predict than the tracks of hur-
ricanes that encounter weak steering currents. When the steering current is not
well defined or blows at 5 kt or less, it can be difficult to predict where a hurri-
cane will track. Such storms challenge meteorologists, and produce gray hairs in
veteran oceanfront residents who know what hurricanes can do.

SYNOPTIC FORECASTING

The term synoptic means ‘“generalized,” or “taking a view of the whole.”
Synoptic weather forecasting is done by assembling weather maps of large
regions from observed and reported data at numerous stations (station models).
The defining tool of synoptic forecasting is the weather map.

Synoptic forecasting evolved before computers were available to analyze
weather data in high detail. A meteorologist might look at a sequence of weather
maps showing conditions in the United States at intervals of a few hours, and
deduce from it the conditions likely to exist for various locations a few hours, a
day, or two days into the future. Fig. 3-9 is a simplified example of such a map,
showing a high-pressure system (H) centered in the western United States, and a
low-pressure system (L) centered in the southeast. Two hypothetical towns,
Plainsboro in the Midwest and Surfsburg on the East Coast, are shown. The arcs
with arrowheads represent the general wind circulation around the weather sys-
tems. The heavy, dashed line shows the position of the jet stream.

At the temperate latitudes, major weather systems tend to move generally from
west—to—east at 20 to 30 kt. Based on this, even a meteorologist can come to
the reasonable conclusion that the weather should be improving in Plainsboro
and deteriorating in Surfsburg over the next 24 hours. High-pressure systems are
usually associated with fair and warm weather, while low-pressure systems
are associated with foul weather.

More detailed information can be obtained from Fig. 3-9 if we know the time
of year. If it is January, Plainsboro might expect to see cool and clear weather
for the next day or two, while Surfsburg can expect high winds and rain, fol-
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Fig. 3-9. A large-scale weather map of the United States, showing the jet stream, a high-pressure
system (H) dominating the west, and a low-pressure system (L) dominating the east.
Two hypothetical towns, Plainsboro and Surfsburg, are also shown.

lowed by cold weather and perhaps some snow. We would have to know the tem-
peratures at numerous stations throughout the U.S. to get a better idea about this.
If it is April, Plainsboro might enjoy a couple of warm, sunny days, while
Surfsburg would brace for the possibility of severe thunderstorms or tornadoes.
Again, the intensity of the weather systems, and the temperatures associated
with them, would have to be determined by looking at the station models for
numerous locations across the country.

Do you get the idea that synoptic forecasting is as much an art as a science?
If so, you're right. Meteorologists in the early part of the 20th century relied on
their experience and intuition, as well as on mathematics and physics. But that
began to change in the 1960s and 1970s as computers became more available
and more powerful.

PROBLEM 3-5

% What can the town of Plainsboro and Surfsburg expect three days
after the existence of conditions shown in Fig. 3-9? After a week?
After two weeks?

SOLUTION 3-5

After three days, it’s possible that the high-pressure system out west
will have made its way to Surfsburg, giving them improved weather.
But we can’t be sure about this, based on the map alone. The storm sys-
tem currently bearing down on Surfsburg will likely have moved out to
sea. We have little idea of what to expect in Plainsboro after three days,
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because we must know what is coming in from the Pacific, and we
must also know whether the high-pressure system out West will move
along or remain fixed. The data in Fig. 3-9 is not enough to give us a
good idea, much less a precise forecast, for conditions in either town
after a week or two weeks have passed.

Numerical Forecasting

Synoptic forecasting can be compared to analog communications or imagery, in
which variables can change continuously or “smoothly.” Numerical forecasting
is more like digital communications or imagery, in which the variables are bro-
ken up into small parcels or packets, and the behavior of the whole system is
deduced by brute force of calculation, based on the laws of physics.

PARTICLES AND PACKETS

The atmosphere and the oceans interact to produce weather on a moment-to-
moment basis. The motion of every single atom or molecule plays some role.
The weather phenomena we see, and the conditions we experience, are the sum
total of the actions of all these particles. There are millions upon millions of
material particles moving around, and their interaction is complicated! But their
number is finite, and each one of them obeys the same physical laws, which are
clearly definable. It is impractical to observe the behavior of every atom and
molecule in the planet’s entire ecosystem, but the system can be broken down
into parcels, and each piece considered an elementary particle.

Imagine that the atmosphere is defined according to a coordinate system that
assigns cubic kilometers of air above square kilometers of planetary surface.
Imagine that each square kilometer of surface has a stack of parcels measuring
1 km X 1 km X 1 km (for a volume of 1 km’) of air above it, extending up to
about 16 km (10 mi), the top of the troposphere. This stacking scheme doesn’t
work perfectly, because the earth is not flat, but 16 km is tiny compared with the
radius of the earth, so it’s almost perfect. Suppose that the water in the oceans is
parceled in a similar way, considering cubic kilometers beneath the water sur-
face, down to the seafloor, and that the same is done for large freshwater lakes.
Now imagine that the characteristics of each parcel are measured by instruments
located at the center of every cube. These conditions include:
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Temperature

Relative humidity

Wind direction (in three dimensions)
Wind speed

Barometric pressure

All of this data is fed into a computer, which is programmed with one objec-
tive: determining what each of these parameters will be, for each cubic kilome-
ter of air or water on the entire planet, five seconds (5 s) into the future. It’s not
difficult to imagine that a powerful computer, programmed according to all the
laws of physics, ought to be able to figure out a problem like that. This is, sim-
plified terms, what numerical weather prediction is all about.

SMALLER PACKETS, LONGER TIME

Of course, a forecast for the next 5 s is not going to be of much use to anybody.
But if we can forecast the weather 5 s in advance, we’ll get a new set of param-
eters, and we can apply the same computer program to the same parcels of air
again, getting another 5 s forecast. This can be repeated, or iterated, as many
times as we like, ultimately getting forecasts for the next minute, hour, day,
week, month, or year!

Obviously, as this numerical process is extended by repetition, the range of
error increases. Even if we can predict, with 99.99% certainty, the parameters for
every cubic kilometer of air and water for the next 5 s, we can’t expect to get the
same accuracy after 10 iterations (50 s), 100 iterations (500 s or 8.3 min), 1000
iterations (5000 s or 83 min), or 1,000,000 iterations (5,000,000 s or 58 days). The
error, however small, that occurs with each iteration is multiplied by itself again
and again. Over time, the resulting uncertainty can become so great as to render
the forecast meaningless. If you multiply 99.99% by itself 1000 times, you get
90.48%. If you multiply 99.99% by itself 10,000 times, you get 36.79%. If you
multiply 99.99% by itself 100,000 times, you get a number pretty close to 0%.

Yet, with each passing year, computers become more and more powerful, and
the programs they use become better and better. Observing apparatus becomes
more accurate, and can be placed in more and more locations. Imagine obtaining
data, by a combination of observation and interpolation, for each parcel of air and
water measuring just one cubic meter (1 m?) in size! Suppose the accuracy is
refined a thousandfold for every observation and every calculation! This might
result in a 10 s prediction certainty of 99.9999999%. When this number is mul-
tiplied by itself 1000 times, you get 99.9999%. If you multiply 99.9999999%
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Quiz

by itself 10,000 times, you get 99.999%. If you multiply 99.9999999% by
itself 100,000 times, you get 99.99%. Even if you multiply 99.9999999% by itself
100,000,000 times, you get 90.48%—a result as good as the 1000th iteration in
the previous example.

IN PRACTICE

The preceding examples are hypothetical, and are provided only to give you an
idea of how numerical forecasting can be done. Numerical forecasting has
proven to be an excellent method of weather prediction for the short term (a few
hours) and the medium term (up to a few days). Computer models have also
been used to forecast weather trends for approaching months and seasons.
Historical data can be compiled and analyzed, compared with current data, and
extrapolated into the future.

Quantitative analysis of observed data, along with interpolation, extrapola-
tion, and computer modeling, have provided scientists with fascinating insight
into the future of the earth’s climate and weather patterns. A good example is
that, from a scientific perspective, there is little doubt that human activity is
heating up the earth. A few scientists still question the theory of global warming,
but not many.

The greatest challenge meteorologists and climatologists have ever faced can
be posed as a question: How does the way we treat the earth today determine the
way the earth will treat our grandchildren? And to this, we might add a second
question: Even if we can generate a computer model that answers the first ques-
tion with virtual certainty, will we be able to muster the collective will to take
the appropriate action?

This is an “open book™ quiz. You may refer to the text in this chapter. A good
score is 8 correct. Answers are in the back of the book.

1. A geostationary satellite always orbits
(a) directly above the earth’s equator.
(b) at an angle of about 48° with respect to the earth’s equator.
(c) at an angle of about 90° with respect to the earth’s equator.
(d) above the meridian representing 0° longitude.
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2. As the time frame for a numerical weather forecast increases, all other
factors being constant, the extent of the error
(a) does not change.
(b) decreases.
(c) increases.
(d) becomes zero.

3. Numerical forecasting has been improving in recent years because
(a) meteorologists have developed better intuition.
(b) computers have become more powerful.
(c) weather maps have become easier to read.
(d) the weather itself has become less variable.

4. A method of weather forecasting in which it is assumed that current con-
ditions will not change for a few minutes or hours is called
(a) persistence forecasting.
(b) linear interpolation.
(c) numerical extrapolation.
(d) iteration.

5. Suppose you are looking at a data table that tells you it was +5°F at
2:00 p.M. at the weather station in Wonderington, and +9°F at 6:00 p.M. at
the same location. From this, you estimate that it was +7°F at 4:00 p.M.
at the weather station in Wonderington. This is an example of
(a) trend forecasting.

(b) extrapolation.
(c) synoptic weather prediction.
(d) None of the above

6. Some hygrometers operate on a principle similar to that of
(a) a mercury barometer.
(b) an aneroid barometer.
(c) an anemometer.
(d) the Maine Weather Stick.

7. The electrical conductivity of certain chemical salts is sometimes used
to measure
(a) temperature.
(b) wind direction.
(c) relative humidity.
(d) solar illumination.
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8. The term “‘steering currents” is often heard in conjunction with
(a) the circulation around a high-pressure system.
(b) the air turbulence within a thunderstorm.
(c) the difference in wind speed in various parts of a frontal cyclone.
(d) hurricane track prediction.

9. The position of the jet stream can often be used to predict
(a) where large low-pressure systems will go.
(b) where small thunderstorms in larger cyclones will go.
(c) the temperature difference between the upper and lower atmosphere.
(d) the wind speed at any given location at any given time.

10. A polar-orbiting satellite always orbits
(a) directly above the earth’s equator.
(b) at an angle of about 48° with respect to the earth’s equator.
(c) at an angle of about 90° with respect to the earth’s equator.
(d) above the meridian representing 0° longitude.
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CHAPTER

Rain and Lightning

gﬁowers and thundershowers occur throughout the world. The rainfall they pro-
duce is often beneficial. In some cases, however, rain showers develop into
destructive storms, or rain falls when there is already too much water.

Thunderstorm Formation and Evolution

Thunderstorms are always associated with cumulonimbus clouds. Such clouds
can form all by themselves, or they can form in groups. When several thunder-
storms band together and move as a unit, the combination is called a squall line.
Squall lines are found in tropical cyclones, as well as in temperate low-pressure
systems.

INITIAL STAGES

In the early stages of formation, a cumulonimbus cloud appears as an oversized
cumulus cloud. The top is rounded, and little or no rain falls. Warm ground-level
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air ascends, pushing into the cooler air above and resulting in the formation of
water droplets, making the cloud visible. As the warm air rises through the cen-
ter of the cloud, more warm air flows inward at the cloud base, feeding energy
into the system. The cloud rapidly grows in breadth and height. It is sometimes
possible to observe a cumulonimbus cloud expand in its early stages, merely by
watching it for a couple of minutes.

Eventually, precipitation begins. The cloud top can reach an altitude of 12 km
(40,000 ft) or more above sea level, and its rain area may cover hundreds of
square kilometers. The cloud edge contrasts with the surrounding sky. Finally,
the updrafts encounter high-speed winds in the upper troposphere and lower
stratosphere, and the top of the cloud is sheared off. This results in the well-
known anvil shape, the signature of a fully developed thunderstorm.

TROPICAL AND SUBTROPICAL
THUNDERSHOWERS

Thundershowers are an almost daily occurrence in rain forests near the equator.
During the midmorning hours, the sun, rising high in the sky, heats the ground.
This heat is conducted to the air at low levels, and the warm, moist air rises. By
early afternoon, large cumulus clouds have formed. These clouds continue to
grow, and rain begins to fall. The rain can become heavy. Gusty winds and light-
ning may accompany the shower.

Daily thundershowers are not unique to rain forests. Such cumulonimbus for-
mation is common in the subtropics during the summer months. Florida and the
Gulf Coast region of the United States provide good examples.

In a tropical or summertime subtropical thundershower, the clouds show lit-
tle movement. The effect is local; it might be raining hard in one place, while the
sun shines a few kilometers away. Such showers are relatively short lived. Once
their rains have cooled the earth beneath, the source of heat energy is spent, and
the showers dissipate. By early evening, the sky clears. The following day, the
cycle is repeated.

Sometimes an advancing mass of cool or cold air pushes into the sub-
tropics, intensifying the daily thermal showers. This situation occurs fre-
quently in the spring, resulting in fast-moving, strong thunderstorms. High
winds are characteristic; gusts can exceed 70 kt (80 mi/h). Small tornadoes are
also common. Such storms are similar to squall lines that rake the Midwest in
the summer. Although severe storms of this variety are most likely to take
place during the afternoon hours, they sometimes occur in the late morning or
early evening.
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Fig. 4-1. A northern-hemisphere temperate low-pressure system over land,
showing fronts, air flow, and the system track.

FRONTAL SYSTEMS

In the northern hemisphere, warm air flows from south to north along the lead-
ing sides of low-pressure systems, and cool or cold air streams from the north
and west on the trailing sides. This results in a pattern similar to that shown by
Fig. 4-1. In the southern hemisphere, warm air moves from north to south along
the leading side of a clockwise-rotating low-pressure system; cold air blows
from the southwest or west along the trailing side. Poleward-moving warm air
produces clouds and showers near and ahead of its forward boundary, which is
called a warm front. The forward boundary of the mass of cool or cold air,
known as a cold front, is characterized by a well-defined band of clouds ahead
of the frontal boundary and little or no cloudiness behind, producing a charac-
teristic comma shape in satellite images.

In a temperate low, the cold front typically advances faster than the warm
front. Because of this, part of the cold front eventually catches up with the
warm front. The result is an occluded front. The occlusion is the region where
the cold front catches and undercuts the warm front.

Sometimes a cold front trailing a low-pressure system, or a warm front ahead
of one, loses its forward momentum and stalls over one area, producing pro-
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longed rain. In this situation, foul weather can plague a region for days. This is
a stationary front.

All types of frontal systems—warm, cold, occluded, and stationary—can
cause severe weather. Cold fronts, however, are responsible for most heavy
thunderstorms and squall lines, and produce the most violent wind storms.

AIR MASSES AT WAR

In stable air, the temperature decreases at a fairly uniform rate as altitude
increases. This holds true for several kilometers upward. Frontal systems upset
the uniformity, and this is partly responsible for the formation of rain clouds.

In the vicinity of a frontal system, the temperature drops at first with increasing
altitude, but when the boundary between air masses is reached, the temperature
abruptly increases. As the altitude increases further, the normal pattern resumes.

Fig. 4-2 is a vertical-slice diagram of a warm front. The thermal boundary is
shown by the heavy curve. The warm air, because it is lighter than the cold air,
tends to rise. As the front advances, the warm air flows over the top of the cold
air mass, resulting in a thermal inversion at an altitude that depends on the hor-
izontal distance from the front itself (the point at which the boundary between
the air masses meets the surface).
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Fig. 4-2. Vertical-slice diagram of a warm front associated with temperate-zone low-pressure
systems of spring and summer. The vertical scale is exaggerated.
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Fig. 4-3. Vertical-slice diagram of a cold front associated with temperate-zone low-pressure
systems of spring and summer. The vertical scale is exaggerated.

The inversion in advance of a warm front can sometimes extend for hundreds
of kilometers. Because a warm front usually moves at a sluggish pace—a few
kilometers per hour—the cloudiness and rain can last for two or three days in
some places. Warm fronts in the spring and summer sometimes produce severe
weather, but usually they cause only moderate showers and thundershowers.

A cold front is more likely to give rise to severe thunderstorms. Figure 4-3 is
a vertical-slice diagram of a cold front. Because cold air is more dense than
warm air, the cold air mass pushes underneath the warm air mass. The leading
edge of the front is well defined, and it advances rapidly along the surface. The
temperature difference can be more than 10° C (18° F) at ground level at points
separated by only a few kilometers.

If a cold front encounters irregular terrain, or if the front is moving fast, the
leading edge of the cold air mass may “tumble over itself.” This is because the
air moves a little faster at an altitude of a few thousand meters than it does at the
surface. If this happens, warm air pockets are trapped under the leading part of
the cold air mass, creating powerful updrafts and turbulence as the warm air
rises. Such conditions can produce large hail.

If an occluded front (Fig. 4-4) develops in a low-pressure system, severe
weather can occur in the vicinity of the occlusion. The advancing cold air mass
behind the front has a lower temperature than the air ahead of it, but the differ-
ence is not as large as it is when a cold front pushes rapidly into a mass of warm,
moist air.
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Fig. 4-4. Vertical-slice diagram of an occluded front associated with temperate-zone
low-pressure systems of spring and summer. The vertical scale is exaggerated.

PROBLEM 4-1
What happens to a low-pressure system after an occlusion has
occurred?

SOLUTION 4-1

A new warm front and cold front can form, as the winds around the
center continue to pull warm air from the tropics and cold air from
the poleward side of the system.

PROBLEM 4-2
What happens to the fronts in a low-pressure system as it moves away
from land and over the ocean?

SOLUTION 4-2

Warm, cold, and occluded fronts can still form, and can still exist, in
low-pressure systems over the ocean. The temperature difference
between the warm and cold air masses in an oceanic low-pressure sys-
tem is usually smaller than the temperature difference between the
warm and cold air masses in a low-pressure system over land.
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A Hypothetical Severe Thunderstorm

Tropical air, streaming up from the Gulf of Mexico and the southeastern states
in the spring and summer, presents the ideal scenario for severe thunderstorm
development, in conjunction with a fast-moving, intense cold front.

THE WATCH

When a severe thunderstorm watch is issued, it means that conditions are favor-
able for the development of such storms. Severe thunderstorm watches and tor-
nado watches are often given together, because severe thunderstorms are more
likely than less intense showers or thundershowers to spawn tornadoes.

Geographically, severe weather watch areas are nearly always shaped like
rectangles or parallelograms. Heavy thunderstorms tend to develop along the
most intense parts of a cold front. It is common for two or more widely sepa-
rated regions to receive severe thunderstorm watches at about the same time,
especially if there are two or more low-pressure systems over a continent, or if
a system contains an unusually long cold front.

Here is a hypothetical severe thunderstorm watch announcement: “Severe
thunderstorms, possibly containing large hail and damaging winds, are likely
until 9:00 p.M. Central Daylight Time (CDT). The greatest risk of severe
thunderstorms and tornadoes is along, and 80 km (50 mi) to either side of, a
line from 40 km (25 mi) north of Sioux Falls, South Dakota, to 80 km (50 mi)
southwest of Hayward, Wisconsin.” This defines the boundaries of the watch
parallelogram.

Most people living within the watch area will not experience a severe thun-
derstorm. Some will have a mostly sunny day and a pleasant evening. It’s even
possible that no severe storms will occur at all. The following day will be cooler
throughout the region, after the passage of the cold front.

THE WARNING

Suppose, in the above described scenario, that we live in Minneapolis. We there-
fore are within the watch area. The first reports of severe weather come from the
western and southern portions of the watch zone at 4:00 p.m. CDT. Worthington,
Minnesota, gets 5 cm (2 in) of rain in 30 minutes, along with marble-sized hail
and wind gusts to 55 kt (63 mi/h). The storm quickly passes.
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In Minneapolis, there is no immediate cause for concern. The storm at
Worthington, although heavy, is far from life threatening for those who stay
indoors, away from windows (which can be broken by high winds or wind-
driven hail) and electrical appliances, bathtubs, shower stalls, swimming pools,
and antenna installations (which are hazardous because of lightning).

At 5:00 p.M., we hear the announcement that Minneapolis and its suburbs are
under a severe thunderstorm warning. “A line of heavy thunderstorms has been
sighted. Movement is toward the east—northeast at 26 kt (30 mi/h).” A group of
thunderstorms, called a multicell storm, is approaching. The warning is effective
until 6:30 p.M. for Hennepin County. A similar warning for Ramsey County will
soon follow. Severe thunderstorm warnings are typically issued for much
smaller areas than that of the associated watch. It is possible that severe thun-
derstorm warnings may have to be issued for localities not within the original
watch rectangle.

SEVERE OR NOT?

Thunderstorms frequently develop as isolated cells, in which case they are called
single-cell storms. Groups of two or three thunderstorms compose multicell
storms; this is the type of system now bearing down on us. The heaviest thun-
derstorms develop internal vortices. Deep within the main cloud, a clockwise, or
anticyclonic, vortex can form in the lefthand portion of the storm, and a coun-
terclockwise, or cyclonic, vortex can form in the righthand half (as the cell is
viewed from the rear). In the center of the thunderstorm, updrafts occur. These
updrafts can reach speeds of 150 kt (170 mi/h). The double-vortex structure
is illustrated in Fig. 4-5. This type of thunderstorm is called a supercell. The
cyclonic vortex is called a mesocyclone.

The internal circulation of a severe thunderstorm is revealed by means of
dual-Doppler radar. This instrument shows the locations of rain masses within
showers and thunderstorms, and also indicates the velocities (speeds and direc-
tions) of water droplets, thereby showing the internal wind circulation. With the
aid of computer graphics and animation programs, severe thunderstorms, moni-
tored by dual-Doppler radar, can be vividly portrayed in three dimensions. When
a thunderstorm has developed as a supercell structure, severe weather is likely,
and tornadoes are a particular danger.

Sometimes a supercell will split into two separate thunderstorms after it has
traveled some distance. The clockwise spinning vortex tends to turn toward the
left as the thunderstorm moves forward, and the counterclockwise vortex veers
toward the right. After the two vortices have separated sufficiently, the supercell
divides. If the process is repeated several times over a period of hours, a single
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Fig. 4-5. The internal air flow of a typical supercell. Two vortices can form, one anticyclonic
and the other cyclonic. Updrafts sometimes blow at 150 kt (170 mi/hr).

storm can become a multicell complex, and a group of thunderstorms can
become a squall line.

A typical thundershower lasts for a few hours. Supercells last longer, up to half
a day. The multicell and squall-line types of severe thunderstorms can persist for
even longer, and are more likely than the single-cell storm to become severe.

Showers and thunderstorms form more often during the afternoon and
evening hours than at other times of day. This can be explained by the fact that
the most thermal energy (heat) is present during the afternoon and evening. The
sun heats up the ground, and the warm earth imparts heat to the lower atmos-
phere, intensifying the contrast between the air temperatures on either side of a
moving cold front.
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In our hypothetical Minneapolis scenario, all of the factors for the formation
of a severe storm are present, including a hot, sunny afternoon with plenty of
ground heating. By 5:30 p.M., the sun is obscured by the tops of the cumulonim-
bus cloud bank, which has topped out at more than 14 km (46,000 ft). Reports of
hail and high winds begin to arrive at the office of the National Weather Service
from residents of the outlying southwestern and western suburbs.

PROBLEM 4-3
% In which part of a severe thunderstorm is a tornado most likely
to form?

SOLUTION 4-3

Tornadoes are most likely to develop in the cyclonic portion of a super-
cell. This tends to be the right-rear part of the storm. This is why tor-
nadoes so often appear to follow along to one side of a supercell thun-
derstorm, and can strike when it is not raining and the weather seems
to have calmed.

Effects of a Thunderstorm

The specific events in an intense thunderstorm—heavy rain, hail, damaging
winds, and tornadoes—take place in different parts of a single cell. In multicell
storms or squall lines, the chance of any particular place getting hit by multiple
effects are greater than is the case with a single storm.

HEAVY RAIN

The heaviest rains tend to occur beneath the anticyclonic vortex in a heavy thun-
derstorm. The vortex develops a downdraft, which blows the rain down toward
the ground. The result can be a blinding torrent, reducing visibility to near zero
and producing spectacular amounts of rain in short periods of time.

HAIL

In a mesocyclone, powerful updrafts carry water droplets to great altitude. The
cold high-level air causes the raindrops to freeze. The ice pellets fall back as they
are scattered out of the updraft zone by high-altitude winds. Some of the ice
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pellets melt in the warmer, low-level air and fall to the ground as rain. Others are
pulled back into the central updraft before they get a chance to melt. Water
droplets condense on these pellets, and then freeze to enlarge the pellets’ size as
they are tossed upward again to high altitudes. A single pellet can be carried up
and down repeatedly until it grows to such a size that, once it finally does defeat
the updrafts and get to the ground, it arrives still frozen, as a hail stone.

Most of the hail in a severe thunderstorm falls near the center of the cell. The
size of the hail stones depends on the strength of the updrafts in the storm;
the more powerful the air currents, the more times a hail stone can be carried
upward to acquire a new coating of ice. Hail stones are usually the size of peas
or small cherries. Occasionally, golf ball-sized hail forms. In rare instances, hail
stones become as large as baseballs or even grapefruit. Such large chunks of ice,
falling from an altitude of several kilometers, can ruin farm crops, injure or kill
livestock, and cause serious damage to property, particularly shingled roofs.

The amount of hail that falls, and the size of the stones, varies greatly within
a single storm. Baseball-sized hail might fall in one part of a town, while little
or no hail is reported in other places. Hail can sometimes accumulate to a depth
of several centimeters, and if high winds are present, drifting can occur.

Hail storms in the northern hemisphere are most frequently observed during
the months of April through September, with a peak around June and July. When
hail falls in the late fall or winter, the stones are usually so small that it is diffi-
cult to say whether the precipitation is hail or sleet.

WIND

Damaging straight-line (nontornadic) winds in a severe thunderstorm can
occur for various reasons. A powerful straight-line thunderstorm wind is called
a derecho (pronounced da-ray-cho).

The heavy rain in the lefthand part of a storm and the accompanying down-
draft from the anticyclone produce a rush of cool air ahead of the storm. Anyone
who lives in the Great Plains of the United States has observed this; it occurs
even in ordinary showers. This is known as a gust front, and the wind can rise
from near calm to 50 kt (58 mi/h) or more within seconds. As the rain begins,
the wind speed usually decreases.

Within a severe storm, high winds can result from the two vortices. These
winds have been known to gust to more than 100 kt (115 mi/h) at the surface in
massive supercells. Near the lefthand periphery of a supercell, the clockwise
twisting of the air acts in conjunction with the downdraft and the forward move-
ment of the cell to produce strong, straight-line surface winds.
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Another cause of high straight-line winds, the least understood but potentially
the most destructive, is known as a microburst. It results from a small column of
air forced violently down toward the surface, and can produce straight-line winds
of such force that cars are flipped over, whole groves of trees blown down, and
roofs removed from buildings. In July 1977, a storm in and around Sawyer
county, Wisconsin, caused microbursts with localized gusts of well over 100 kt
(115 mi/h).

As we watch our hypothetical thunderstorm approach Minneapolis, the calm,
sultry air is suddenly disturbed by a cool, westerly breeze. The breeze rapidly
increases to a gale, and loose papers and other light objects are picked up and
carried along. Dust, blown aloft, gives the sky a menacing hue.

LIGHTNING

The most dangerous aspect of a thunderstorm, from the standpoint of risk to
human life, is lightning. It can occur anywhere within a thunderstorm, but is
most common around the periphery of the cloud base. The amount of lightning
in a thunderstorm is correlated with the severity. We will examine lightning in
detail later in this chapter.

TORNADOES

Tornadoes rank just behind lightning in terms of deadly effects. They almost
always occur in the cyclonic part of a supercell. Rarely, they form in the anti-
cyclonic portion. In Chapter 5, we will see how and why tornadoes form, what
they can do, and what we can do to protect ourselves and our property from them.

A SUPERCELL STRIKES

As we reach shelter, the rising wind slams the door back against the siding. It is
not easy to pull a door—even a light screen door—shut against this gale. But
finally it is latched, and we push the solid inner door closed behind it. It’s a good
thing we’re inside. A large tree limb comes tumbling down into the yard. Foliage
begins to litter the streets. The rain comes: a sprinkle at first, then sideways-
moving sheets. It pounds with fury against the north and west windows of the
house. As we hurry down the steps to the cellar, the electricity fails. For 30
minutes the winds rage. A portable radio tells us of widespread wind damage.
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In the extreme southern suburbs, a tornado has been sighted, but it has not
touched down. Close to downtown, tennis-ball-sized hail has been reported by
unofficial observers.

The sounds of the wind and rain subside, and we return from the cellar to sur-
vey the damage. Many trees have been uprooted or snapped at the trunk. The tar
paper from our garage roof is lying in the middle of the street.

The meteorologist at the airport is on the radio. He says that they have
clocked winds of 75 kt (about 86 mi/h). The areas nearer downtown, including
our neighborhood, have received a more severe blow. In some neighborhoods,
hail stones have completely covered the grass, streets, and sidewalks. The tor-
nado stayed above the surface, and no damage is reported from it. Power out-
ages are widespread. Live wires dangle in puddles and hang, sparking, from
utility poles.

STAYING SAFE

When a severe thunderstorm watch is issued for your area, tune the radio to a
station that you like, and keep it playing in the background, continuously if pos-
sible. If you cannot listen continuously, then monitor the news broadcasts, usu-
ally given on the hour and sometimes also on the half hour. If time permits, get
your car or other motor vehicle to a sheltered place to protect it against damage
from hail or flying debris. Pick up loose yard tools, garbage cans, and other
objects that could be thrown by high winds. If you have a boat on a trailer, put
it in a sheltered place if possible. Otherwise tie it down with aircraft cable.
(This is a good routine practice, anyway.) Stay at home unless you absolutely
must travel.

The “little old ladies” who run around unplugging appliances before a storm
are not stupid! Lightning can ruin electrical appliances and electronic devices if
it strikes the power lines nearby. If you have any kind of radio or television appa-
ratus that is connected to an outdoor antenna, disconnect the antenna feed line at
the equipment before lightning starts to occur in your area. (If the storm has
already begun, it’s too late. In that case, stay away from the appliances!)

A severe thunderstorm can strike with amazing rapidity. The wind can rise
from calm to gale force within seconds. If you have a basement, go there (unless
it is prone to fill with water). Stay in the corner away from the wind, or in the
center, or in a room without windows. Glass can break from the force of the
wind or because of flying debris. Also stay away from electrical appliances, and
avoid any kind of radio, television, or hard-wired telephone equipment. Stay out
of elevators!
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In some areas, heavy rains can produce flash flooding. If such an event is
imminent, you will be informed by local authorities. If they recommend that you
evacuate, do so immediately.

If the electricity goes out, switch off as many lamps and appliances as possi-
ble, especially those that draw large amounts of current or that might be dam-
aged by a voltage surge when power is restored. Air conditioners, radios, and
television sets should be shut off or unplugged.

In the aftermath of a severe thunderstorm, there may be damage to trees,
buildings, and utility lines. Fallen trees might block roads, and standing water
can accumulate to depths of several feet. Resist the temptation to get out and sur-
vey the damage. Downed power lines can cause electrocution by means of con-
duction through puddles of water. Fires can occur as a result of lightning,
because of sparking utility wires, or because of damage to fuel tanks. Report
fires immediately to your local fire department. If there are any injuries to peo-
ple, take appropriate first aid action and, if necessary, call an ambulance. Do not
make unnecessary telephone calls, even on cell phones.

PROBLEM 4-4
% Why is a flash flood so dangerous? After all, it’s only water. If you're
a good swimmer, why should you worry?

SOLUTION 4-4

The water can rise so suddenly that there is no time to get away from
it if you are caught in a low-lying area. Water can come downstream
(or down the street) in a series of large waves, attended by a current
that moves along at several meters per second. The current can carry
heavy or sharp objects along, injuring people who get caught in the
water, no matter how well they can swim. A person caught bodily in a
flash flood can be rammed into, or under, an obstruction after being
pulled underwater.

PROBLEM 4-5
% Isn’t it an overreaction to rush to the basement when a heavy thunder-
storm strikes?

SOLUTION 4-5

It’s better to overreact than to be injured by flying glass or caught un-
awares by an unseen tornado. However, if you live in a flash-flood area,
and especially if you know your basement can fill with water, it is bet-
ter to stay on the main level and go to a room on the leeward side of
the building (the side facing away from the wind, usually the east side).



CHAPTER 4 Rain and Lightning _\®’

The Anatomy of Lightning

Thundershowers and thunderstorms produce dangerous and frequent lightning.
So do hurricanes and, occasionally, snowstorms or ice storms. In the United
States, lightning kills and injures dozens of people every year.

THE ATMOSPHERIC CAPACITOR

The earth is a fairly good conductor of electricity. So is the upper part of the
atmosphere known as the ionosphere. The air between these two conducting
regions, in the troposphere (where most weather occurs) and in the stratosphere,
is a poor conductor of electric current. When a poor conductor is sandwiched in
between two layers having better conductivity, the result is a capacitor.

A capacitor has the ability to store an electrostatic charge. This produces a
potential difference (voltage) between the conductors of the capacitor. The amount
of charge that a capacitor can hold is proportional to the surface area of the two
conducting surfaces or regions. The earth-ionosphere capacitor is shaped like one
huge sphere inside the other. It is nearly 13,000 km (8000 mi) in diameter (just a
little larger than the diameter of the earth), resulting in a huge surface area between
two spherical “plates” whose spacing is small compared with their diameters.
There is a high voltage between the surface and the ionosphere (Fig. 4-6), and this
gives rise to a constant electric field in the troposphere and stratosphere.

lonized
layers of
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atmosphere

High voltage
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Fig. 4-6. A large electrostatic potential difference (voltage) exists between
the earth and the ionized layers of the upper atmosphere.
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The troposphere and stratosphere of the earth compose a good electrical insu-
lator, but it is not perfect. Vertical air currents, and regions of high moisture con-
tent, produce channels of higher conductivity than that of the surrounding air.
Cumulonimbus clouds, which sometimes reach to the top of the troposphere,
present paths of better ground-to-ionosphere conductivity than stable, dry air.
The average effective resistance between the ground and the ionosphere is about
200 ohms, roughly the same resistance as a 75-watt bulb in a household electri-
cal circuit. In and near thunderstorms, the resistance is considerably less than
this. Cumulonimbus clouds thus present an attractive environment for electrical
discharges to occur. Some discharge occurs slowly and constantly as “bleedoff”
throughout the world, but a fast discharge—an electrical arc—happens frequently.
These arcs are lightning strokes. Numerous thunderstorms are in progress on our
planet at any given moment, helping to limit the charge between the ground and
the upper atmosphere.

The atmospheric capacitor maintains a constant charge of about 300,000
volts, which is typical of high-tension utility lines. The average current that
flows across the atmospheric capacitor is about 1500 amperes. Hence our atmos-
phere is constantly dissipating about 450 megawatts of power—the equivalent
electrical usage of a medium-sized city.

Most of the current flow between the upper and lower atmosphere takes place
within cumulonimbus clouds. They concentrate the charge, increasing the local
voltage. They also tend to reduce the space between opposite electric poles in
the atmospheric capacitor, creating a particularly attractive place for discharge.
A typical thundershower discharges about 2 amperes of current, averaged over
time. At any given moment, there are 700 or 800 thundershowers in progress on
our planet. A current of 2 amperes per thunderstorm may seem small, but this
current does not flow continuously. It occurs in brief, intense surges. A single
lightning discharge lasts only a few thousandths of a second. Therefore, the peak
current is extremely large.

FREQUENCY OF LIGHTNING

Numerous factors affect the likelihood that a lightning stroke will directly hit
any particular point on the surface within a given span of time. Lightning almost
always occurs in or near large clouds, but it is possible for a “bolt from the blue,”
which seems to strike from out of nowhere, to occur. The size of a cumulonim-
bus cloud base, the height of the cloud base above the ground, the intensity of
the precipitation, the presence of tall objects, and the conductivity of the soil all
affect the chances that lightning will strike a specific point at a particular time.
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In the United States, thunderstorms occur most frequently in central Florida.
Many thunderstorms also take place in the Rocky Mountain states and in the
Midwest. Somewhat fewer lightning strikes are observed in the Northeast. Very
few strikes occur in the northwestern states, in spite of the fact that much of this
part of the country receives abundant rainfall.

Warmth and moisture are both very important to the formation of thunder-
showers. Strong vertical updrafts and downdrafts also contribute. Most of the
charge concentration in the atmosphere takes place in the lower latitudes, par-
ticularly in the tropics. The least charge concentration is seen near the poles.

THE CHARGE IN A CLOUD

In a storm cloud, the temperature decreases rapidly with increasing altitude.
There are strong updrafts and downdrafts present in the system, and this can gen-
erate a large separation of electric charge as well as severe weather. Positive
charge accumulates near the top of a cumulonimbus cloud, and negative charge
accumulates near the base of the cloud, as shown at A in Fig. 4-7. The resulting
pair of charge centers is called a cell. It actually is an electric cell, with a poten-
tial difference that can reach millions of volts.

In some cases, a negative charge accumulates at the top of a tall cumulonim-
bus cloud, above the positive layer. This forms a second electrical cell, at a
higher altitude than the first. There may also be differences in charge in a hori-
zontal direction. One part of a cloud, at a given altitude, may have a different
voltage than another part of the same cloud at the same altitude. A single thun-
dershower can have several cells within itself, and thus several possibilities for
lightning discharges.

Lightning within a single shower, or between nearby clouds, is the most fre-
quent type of lightning. It never hits the ground, although we see the flash and
hear the thunder. At night, it is possible to see cloud-to-cloud lightning from
more than 100 km (about 60 mi) away. If the flashes occur below the visible
horizon and are dispersed by high-altitude clouds such as cirrus, the result is
known as sheet lightning.

CLOUD TO GROUND

A common type of lightning discharge between a cloud and the earth occurs as
a flow of electrons from the base of a thundershower to the surface. The base of
the cloud carries a negative charge, inducing a localized positive voltage on the
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Fig. 4-7. Four types of lightning stroke: intracloud (A), cloud-to-ground (B),
intercloud (C), and ground-to-cloud (D).

surface beneath (at B in Fig. 4-7). The charge concentration on the ground can
get so great in some locations that people’s hair stands on end.

When the voltage builds up sufficiently and the air can no longer maintain
effective insulation, a streamer of electrons, carrying negative charge, begins to
probe outward and downward from the base of the cloud. This is called a stepped
leader. The electrons seek the path of lowest resistance to the ground, in the
same way that a river finds the easiest route from a mountain to the sea. There
are many dead-end paths that have good conductivity for a short distance, but
then terminate. As the stepped leader approaches the area of positive charge
at the surface, the air dielectric breaks down completely.
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When the stepped leader is about 100 to 200 m (330 to 660 ft) from the
ground or the object about to be stricken, a flashover of positive charge takes
place. The flashover meets the downward moving leader a short distance above
the ground. This point is called the point of strike. The electrical circuit is com-
plete; the stepped leader has generated an ionized, highly conductive path from
the cloud base to the ground. A massive discharge immediately follows, begin-
ning at the ground and progressing upward to the cloud. (Although the individ-
ual electrons travel downward, the discharge as a whole takes place in an upward
direction.) This is the return stroke, and it is responsible for the visible flash. The
diameter of a typical return stroke is only a few centimeters, but it is as hot as
the surface of the sun. Fires can be started within the few milliseconds (ms) dur-
ing which the current flows.

After the return stroke, another leader may move downward from the cloud
base. Because an ionized, conducting path has already been established by the
first stroke, this leader moves much faster than the original leader, and is called
adart leader. As the dart leader reaches the point of strike, there is another return
stroke. A third leader may follow, causing a third return stroke. The whole pro-
cess can be repeated several times.

A complete lightning stroke lasts about 20 ms if there is only one return
stroke. The flash can last as long as 500 ms if 10 or 15 return strokes occur. The
greater the number of return strokes, the brighter is the flash and the louder is
the resulting thunder. A multiple stroke presents a much greater fire hazard than
a single stroke, and is also more deadly.

OTHER TYPES OF DISCHARGE

Intracloud lightning (shown at A in Fig. 4-7) and intercloud lightning (shown at
C) discharges occur often in and near thunderstorms. In a multicell storm or a
squall line, zones of maximum positive and negative charge can arise at various
altitudes, creating a multiplicity of possible discharge paths. When lightning
occurs inside a distant cloud at night, the whole towering storm is illuminated in
an eerie and spectacular way. The lightning does not damage objects on the
ground, except perhaps indirectly as a result of the strong electromagnetic (EM)
field that all lightning bolts generate.

Although the base of a cloud usually develops a negative charge, and the
ground beneath a cloud accumulates localized positive charge, the situation
is sometimes reversed. This causes ground-to-cloud lightning (shown at D in
Fig. 4-7). The electrons flow upward rather than downward. Ground-to-cloud
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lightning takes place in exactly the same way as a cloud-to-ground discharge,
but upside down. The stepped leader starts from the surface or the object to be
stricken and advances upward until it nears the center of positive charge in the
cloud. The positive flashover meets the stepped leader at a distance of about 300
to 400 m (1000 to 1300 ft) from the center of positive charge; this is the point of
strike. The return stroke transfers the positive charge downward (although the
electrons actually flow upward). Ground-to-cloud lightning is usually less
destructive to a stricken object than cloud-to-ground lightning.

In some situations, there exists a large potential difference between two
points, but it is not enough to produce a full discharge. The stepped leader fails
to complete the circuit, and so it simply dies out. This is called an air discharge.
The air discharge causes little or no thunder, and there is rarely any damage to
objects on the ground.

The most intense form of lightning discharge takes place when the positive
voltage at the top of a cloud builds up to such magnitude that a flashover occurs
all the way from the surface. This is known as a superbolt, because it carries
more current than an ordinary lightning stroke. A superbolt can strike the ground
at a considerable distance from a cumulonimbus cloud. It causes a great clap of
thunder, and can cause extensive damage because of the large amount of electric
current that flows.

Some odd forms of lightning are sometimes seen. Ball lightning is one such
strange phenomenon. People have reported seeing spheres of fire that persist for
several seconds. The spheres range in diameter from a centimeter or two to more
than a meter. A “ball of fire” may be seen to roll down the hall from the living
room to the kitchen, and then disappear in a puff of smoke. Ball lightning can
enter buildings through electric utility or telephone wires.

Saint Elmo’s fire is a slow discharge that can be eerie but is rarely destructive.
When a thundershower is nearby or overhead, metal objects such as radio anten-
nas, lightning rods, and sailboat masts sometimes acquire a phosphorescent halo.
Saint Elmo’s fire is often observed on airplane wingtips. Some airplanes have
pointed rods on the wingtips and tail structure to encourage this slow discharge.
The idea is that slowly bleeding off an accumulation of electrical charge reduces
the risk that the aircraft will be hit by a major stroke.

THUNDER

When a return stroke occurs in a lightning bolt, the air is heated almost instan-
taneously to a temperature of several thousand degrees Celsius. The heating
causes the air to expand with great force, generating a shock wave that we hear
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as thunder. The sound can be heard for varying distances, depending on the wind
direction and speed, the presence or absence of favorable sound propagation
conditions, and the amount of background noise. Usually, thunder is audible up
to about 8 km (5 mi) from the point of strike.

If the lightning flash can be seen, the thunder is heard somewhat later. Sound
travels through air at a speed of approximately 335 m/s, which is roughly 1 km
per 3 sor 1 mi per 5 s. You can determine the distance to a lightning flash by
counting the number of seconds it takes for the thunder to arrive. Divide the
number of seconds by 3 to get the distance in kilometers, or by 5 to get the dis-
tance in miles.

The rumbling, or booming, noise of thunder puzzles some people. A lightning
flash has short duration, but thunder seems to last for several seconds. This
occurs for two reasons: echoes and propagation delays. In hilly or mountainous
terrain, or in cities with many tall buildings, the acoustic noise from a lightning
stroke gets a chance to bounce around. We hear not only the original thunder, but
its echoes. This creates a prolonged rumble. In flat, open country, or on a lake or
at sea, there are no objects to cause the echoes, and the rumbling is less pro-
nounced. Propagation delays also contribute to the rumbling effect. Suppose you
stand 1 km from a stricken object, and the lightning flash occurs vertically from
a cloud base 1 km high. You are about 400 m closer to the bottom of the light-
ning bolt than you are to the top, and the sound is therefore spread out over a
time interval of slightly more than 1 second.

THE ELECTROMAGNETIC PULSE

In a lightning stroke, electrons are rapidly accelerated as they jump the gap
between poles of opposite charge. Whenever electrons are accelerated, EM fields
are produced. A radio broadcast transmitter works according to this principle; elec-
trons are made to accelerate back and forth in the antenna at a precise and constant
frequency. In a bolt of lightning, electrons are accelerated in a haphazard way, and
this produces radio noise over a wide range of frequencies. The radio “signals”
from thunderstorms are known as sferics. Sometimes the sound they produce in a
radio receiver is called “static,” although technically this is a misnomer.

Sferics travel for long distances at low radio frequencies, and for progres-
sively shorter distances as the frequency becomes higher. A fairly distant group
of thundershowers can cause interference to low-frequency radio communica-
tions. Low-frequency radio direction-finding (RDF) apparatus can actually be
used to locate regions of intense thunderstorm activity. As thundershowers
approach, the sferics become more frequent and intense, and they are observed
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at increasingly higher radio frequencies. A general coverage shortwave radio
receiver can be used to demonstrate this effect. At first, sferics are heard only on
vacant channels near the bottom of the standard AM (amplitude modulation)
broadcast band at 535 to 1605 kilohertz (kHz). Then the noise becomes dis-
cernible on occupied channels. Finally, the sferics can be heard at frequencies up
to several megahertz (MHz), and an occasional burst of noise punctuates the air-
waves even in the standard FM (frequency modulation) broadcast band at 88 to
108 MHz.

A thundershower can generate EM fields of much greater intensity than any
human-made radio transmitter. Such a burst of energy, called an electromagnetic
pulse (EMP), can induce large currents in utility wires, telephone lines, radio
antennas, fences, and other metallic objects. These currents can damage electri-
cal appliances and electronic devices, and can give rise to high voltage “spikes”
that are dangerous to people and animals. This is why you should never use elec-
trical appliances, telephones, or radio equipment during a thunderstorm.

PROBLEM 4-6
% Can the EMP from an intercloud or intracloud lightning stroke cause
damage to electronic equipment located on the ground?

SOLUTION 4-6
Yes. It is not necessary for lightning to strike the surface, or to directly
- hit anything at all, in order for the EMP to produce destructive currents
in utility wires, radio antennas, or telephone lines.

Protection from Lightning

There are certain precautions you can take to minimize the hazard, both to your-
self and to your property. The following measures have been recommended by
engineers. However, there is no such thing as absolute protection from lightning.

LIGHTNING RODS

If you have ever taken a drive on a back road in the Great Plains, you have seen
lightning rods. A lightning rod is a metal conductor, usually steel, erected verti-
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cally on top of a building or house. The lightning rod is electrically connected to
an earth ground by a heavy wire.

When a lightning rod is installed, the conductor running to the ground should
be as heavy as possible, preferably American Wire Gauge (AWG) No. 4 or
larger. Copper tubing is also good. The conductor should follow the most direct
possible path to ground along the outside of the building or house. The ground-
ing conductor for a lightning rod should never be run inside a building or near
flammable materials. The ground connection should be made to a ground rod,
preferably at least 2.5 m (about 8 ft) long, driven into the earth a couple of
meters away from the foundation of the house. An enhanced ground connection
can be obtained by using several ground rods connected together.

In theory, a lightning rod provides a “cone of protection” that has an apex
angle of 45°. You can calculate the approximate minimum height that a lightning
rod must have, in order to provide protection for your house or building.
Measure the distance (call it d) between opposite corners of the gables, divide
by 2, and then add 20%. This will give you the minimum height (call it /) for
the tip of the lightning rod, as measured with respect to the plane in which the
corners of the roof lie (Fig. 4-8). Thus:

h=1.2(dl2)
=0.6d

The risk of a direct hit within a lightning rod “cone of protection” is reduced,
as compared with the risk of a direct hit outside the cone, or the risk of a direct
hit in a similar situation without a lightning rod. This reduces the chance that a
thunderstorm will set a house or building on fire. However, even the best light-
ning rod cannot completely eliminate the possibility of a direct hit within its
“cone of protection.” Lightning rods should not be regarded as a way to elimi-
nate all danger. If a lightning rod has been installed, all the other standard pre-
cautions should still be taken. Warning: If you are interested in installing a
lightning rod to protect your house, consult a professional engineer and con-
tractor. Don't try to put it up yourself.

PROTECTING APPLIANCES

If you have had one or more lightning rods installed, do not become overconfi-
dent. If lightning strikes the rod, or even if it strikes in the neighborhood, the
resulting EMP can damage electrical appliances and electronic equipment in
your house. The chances of damage can be reduced by unplugging computers,
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Fig. 4-8. A lightning rod can provide a “cone of protection” within
which the probability of a direct hit is low.

amateur and shortwave radios, and other electronic devices that contain solid-
state components. All radios and television sets should be disconnected from
outdoor antennas. If your computer has a telephone modem, it should be dis-
connected by physically unplugging its cord.

PERSONAL SAFETY

Stay away from windows during a thunderstorm. Thunder can produce shock-
waves strong enough to break large panes of glass. High winds and hail can
break windows. Lightning can actually enter a house or building through a win-
dow. If lightning strikes near a window, tree branches or other debris can be
thrown through the glass.

If you are caught outdoors in an electrical storm with no way of getting to
shelter, you should move to a low place away from tall structures, and crouch
down with your feet close together and your face toward the ground. A car
or truck can provide protection from lightning, if you can get into one. Do
not, however, stand near isolated tall objects such as flagpoles or trees! These
objects “attract” lightning (meaning that lightning is most likely to hit them
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because they present a low-resistance discharge path). If you are near such
an object when lightning strikes it, some of the discharge may also pass
through you.

If you are caught in a boat during a heavy electrical storm, your situation is
particularly dangerous, especially if your boat has a radio antenna or a tall mast.
You should crouch in a position facing away from the antenna or mast, with your
face down and your feet close together. (You might also want to cover your
ears.) If the boat has an enclosed space, you should get inside it and stay away
from metal objects and the boat’s radio equipment.

All of the precautions mentioned here are intended to minimize personal
risk. However, lightning has a capricious nature, and can be dangerous or
deadly even when people think they are entirely safe from it. There are no guar-
antees. The Native Americans of the Great Plains knew this, and had a healthy
fear of lightning.

BENEFICIAL EFFECTS

Lightning is not all bad. It generates nitrogen compounds that aid in the fertil-
ization of the soil. Lightning limits the charge that builds up in the atmospheric
capacitor. The lightning strokes that take place in thunderstorms are mere
sparks compared to the discharge that would ultimately take place if the
earth—ionosphere voltage were to rise to a high enough level.

Some scientists think that lightning was a key event in the development of life
on our planet. It has been suggested that the first organic substances, the amino
acids, were formed from inorganic compounds as a result of chemical reactions
requiring electrical discharge of the sort that occurs in a lightning stroke.

PROBLEM 4-7

% Suppose your house measures 16 m diagonally, between corners the
roof. How high above the plane containing the corners of the roof should
a lightning rod extend, in order to provide reasonable protection?

SOLUTION 4-7

Use the formula given above. Let d = 16 m. Then 2= 0.6 d = 9.6 m.
Remember that this is the minimum height for the tip of the lightning
rod, as measured above the plane containing the corners of the roof.
If that plane is, say, 3 m above the surface of the earth, then the height
of the rod relative to the surface must be (9.6 + 3) m, or 12.6 m.
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Quiz

This is an “open book” quiz. You may refer to the text in this chapter. A good
score is 8 correct. Answers are in the back of the book.

1. How does a severe thunderstorm watch differ from a severe thunder-
storm warning?

(a) In a warning, storms are likely to occur over a wide region, but in a
watch, storms already exist and are under observation.

(b) In a warning, a storm has been detected and is expected to strike, but
the issuance of a watch means only that conditions are favorable for
severe thunderstorm development.

(c¢) In a warning, the conditions are favorable for severe thunderstorm
development, but the issuance of a watch means only that a cold
front exists.

(d) In a warning, an occluded front has actually formed, but in a watch,
an occluded front is only a possibility.

2. A microburst can be responsible for
(a) strong gusts of wind in a thunderstorm.
(b) large hail in a tropical shower.
(c) numerous tornadoes in otherwise tranquil weather.
(d) lightning from a cloudless sky.

3. Statistically, the most lethal characteristic of a thunderstorm is
(a) the derecho.
(b) the lightning.
(c) the hail.
(d) the tornadoes.

4. An occluded front occurs in a low-pressure system when
(a) a cold front overtakes a warm front.
(b) acold front stops moving.
(c) acold front reverses direction.
(d) the system becomes anticyclonic.

5. The “static” you hear on a radio receiver when a thunderstorm approaches
is caused by
(a) downed or falling power lines.
(b) tornadoes in the early stages of formation.
(c) hail stones striking each other at high altitudes.
(d) electromagnetic fields.
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6. Which of the following statements about lightning is false?

(a) A lightning stroke can induce a strong current surge in nearby utility
wires and telephone lines.

(b) A lightning stroke is accompanied by acceleration of electrons
through the atmosphere.

(c) A lightning stroke can never make a direct hit within the “cone of
protection” provided by a properly installed lightning rod.

(d) A lightning stroke can damage electronic equipment even if a direct
hit does not occur.

7. Severe weather can accompany any type of front, but the most likely type
to produce squall lines is the
(a) warm front.
(b) stationary front.
(¢) occluded front.
(d) cold front.

8. The top of a typical thunderstorm cloud exists at an altitude of approxi-
mately
(a) 1200 m above sea level.
(b) 12,000 m above sea level.
(¢) 120,000 m above sea level.
(d) 1,200,000 m above sea level.

9. Mesocyclones are characteristic of
(a) large low-pressure systems.
(b) tropical rain showers.

(c) all low-pressure systems.
(d) supercell thunderstorms.

10. Thundershowers in tropical rain forests occur
(a) only in high-pressure systems.
(b) only in conjunction with strong cold fronts.
(c) almost every day.
(d) mainly in the winter.
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CHAPTER

Met of spring brings gentler weather to North America, Europe, and Asia
than the months of December, January, and February. The massive cyclones of
winter. give way to smaller, less intense systems. But ironically, springtime also
brings most tornadoes to the land masses, and particularly to the continental
United States. The latitude, the geography of the coastlines, and the topography
of the surface all conspire to make the central part of the “lower 48”—the Great
Plains—the site of the most violent windstorms on earth.

Tornadoes

Formation and Prediction

Large thunderstorms can, as we have seen, acquire a complex circulation. In a
northern-hemisphere thunderstorm of this type, descending air rotates clockwise
in the left-hand (usually northern or northwestern) part of the system, and rising
air spins counterclockwise in the right-hand (usually southern or southwestern)
part. Supercells develop a generally counterclockwise rotational circulation or
mesocyclone. Mesocyclones are often associated with tornadoes.

A mesocyclone can grow stronger and tighter if the air pressure drops at its
center. As the pressure continues to fall within the cyclonic vortex, the air spins.
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This leads to a further drop in pressure, which causes the air to speed up still
more. The effects become visible to observers on the ground because the clouds
rotate. Air near the surface is drawn upward to feed the vortex. A vertical funnel
cloud, shaped like a cone, rope, or cylinder, appears at the base of the “mother
cloud” (technically called mammatocumulus). The twisting vortex works its way
downward toward the surface. If the funnel cloud extends to the surface, it
becomes a fornado (Fig. 5-1).

Once a funnel cloud has touched down, it kicks up clouds of dirt and debris.
This often gives a tornado a dark hue. The cloud moves along the ground, some-
times hopping back up into the mother cloud for a few moments and then touch-
ing the earth again. Some tornadoes become low and wide; others become so
thin as to appear thread-like. The diameter of a tornado can be as small as a few
meters or as large as 1.5 to 2 km (about 1 to 1.25 mi).

Mesocyclone
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Surface

Track of
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Fig. 5-1. The cyclonic vortex in a severe thunderstorm can become a funnel cloud or tornado.
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As the tornado moves across the countryside, its general path coincides with
that of the mother cloud, but the point of contact with the surface can be diffi-
cult or impossible to predict with absolute accuracy. Some tornadoes loop
around after striking a particular point on the surface, and then hit that same
point again. The funnel cloud may swing back and forth like the trunk of an ele-
phant, or drill along in a straight line. After a period of a few minutes, most tor-
nadoes begin to dissipate, although some last an hour or more. Depending on the
population density of the stricken area, the damage can range from inconse-
quential to catastrophic.

TORNADO WATCH

Tornadoes are most common in the spring. A warm, muggy day in October is far
less likely to bring a tornado in the northern hemisphere than a warm, muggy
day in May. In the extreme southern United States, most tornadoes take place in
March and April. In the middle of the country, April and May are the most com-
mon months. In the northern plains, May and June bring most of the tornadoes.

Tornadoes are rare west of the Rocky Mountains. They are also unusual in
New England. The Plains states are most subject to tornadoes, but tornadoes can
strike anywhere in the 48 continental states. They have even been seen in Alaska
and Hawaii.

Assuming that you live in a tornado-susceptible region, and it is a spring or
early summer day, you should be familiar with the type of weather that is asso-
ciated with tornadoes. Some signs are a falling barometer, a southerly or south-
easterly wind, and humid air, all occurring together. Tornadoes always take place
in conjunction with thunderstorms, especially large or severe ones.

If you suspect that conditions are right for tornadoes, listen to the weather
forecasts on local radio stations, or check a weather information Web site such
as The Weather Channel (www.weather.com). Officials will issue a tornado
watch for a specific geographic region if it appears that tornadoes are likely to
form in that region. Tornado watches are often issued in conjunction with severe
thunderstorm watches. A typical tornado watch reads or sounds like this: “The
possibility of tornadoes exists until 6:00 p.M. along, and 100 km (60 mi) either
side of, a line from 50 km (30 mi) southwest of Omaha, Nebraska, to 16 km
(10 mi) north of Sioux Falls, South Dakota.” Specific counties and towns are
usually mentioned, because not everyone has a map and pencil handy. When the
watch period expires, a new watch might be issued for a different area, the watch
period might be extended, or the watch might be cancelled altogether.

The announcement of a tornado watch does not mean that a tornado has
been sighted. Many, if not most, of the locations in a tornado watch area will not


www.weather.com

@’_ CHAPTER 5 Tornadoes

experience severe weather of any kind. It is possible that no tornadoes will occur
anywhere within a watch area. But more tornadoes form per square kilometer
in watch areas as compared with nonwatch areas. Once in awhile, a tornado
occurs when no watch has been issued.

TORNADO WARNING

A tornado warning means that there is an immediate threat to a particular area.
A tornado warning is usually issued for a much smaller region than a tornado
watch. Tornado warnings are given whenever a funnel cloud is actually seen by
official observers, or whenever radar indicates the presence of a mesocyclone in
a thunderstorm.

A funnel cloud or tornado does not show up directly on a radar display, but
the cyclonic vortex, deep within a heavy thunderstorm, produces a characteris-
tic signature called a hook-shaped echo. Raindrops, spiraling upward with the
whirling air, create the echo. The development of a strong mesocyclone, visible
as a hook-shaped echo, often precedes a tornado. Radar can provide up to sev-
eral minutes of warning prior to the formation of a funnel cloud.

In cities equipped with civil defense sirens, a tornado warning is announced
by a continuous tone. The sirens are activated for 3 to 5 minutes, but the sirens
are not within earshot of everyone. If there is heavy rain, a high wind, or hail in
progress, some people will not hear the sirens blowing. If the tornado warning
is issued in the middle of the night, some people will sleep through the faint
wailing of distant sirens. Some municipalities have overcome these problems by
installing numerous sirens.

For people who live outside of cities, weather monitoring radio receivers pro-
vide the best means by which tornado warnings can be made known. This type
of radio, which is battery powered, stays silent until a tornado warning is issued.
If a warning is put out, an actuating signal, transmitted by the weather officials
in the vicinity, causes the unit to emit a loud tone or series of beeps. Anyone who
lives in a tornado-prone region without adequate civil defense sirens should have
one of these units. They are available from electronics stores.

As soon as a tornado warning is issued, a secure shelter should be found until
the all-clear is broadcast over local radio and television stations.

RECOGNIZING A TORNADO

Not every ominous-looking cloud presents the danger of a tornado. People often
mistake unusual, but benign, clouds for funnel clouds. High winds or moderate
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turbulence near a cloud base can make the base of a cloud irregular, and
sometimes the ragged edges look like funnel clouds. There are certain easy-
to-recognize signs, however, that indicate the presence of a tornado.

The first thing to look for is rotation at the base of a cloud. One part of a cloud
may be moving toward the northeast, while another part drifts toward the south-
west. The rotation is not necessarily rapid. In the northern hemisphere, the rota-
tion is usually counterclockwise (as viewed from above) or clockwise (as
viewed from beneath).

Another sign of a developing tornado is the appearance of obvious violent
updrafts or downdrafts near the base of a cloud. Pieces of the cloud may be “torn
off” and descend. Cloud fragments may mysteriously appear and shoot upward
from the ground into the main body of the cumulonimbus. If a funnel cloud
forms, it often appears smooth and well defined. There may be more than one of
them, and as a group they usually revolve around each other. If a funnel cloud
touches down, a cloud of dust (or water spray, if the funnel is over a lake or the
ocean) usually appears at its base.

Not all tornadoes present themselves with fanfare. Some tornadoes are hid-
den within masses of low cloud. This type of tornado appears as a wide, boiling
mass of darkness with no apparent shape. As it moves along, it seems to swal-
low everything in its path. These tornadoes are particularly dangerous because
they can be mistaken for clouds of blowing dirt. Direct visual observation of tor-
nadoes is not always possible. A funnel cloud can’t be seen in rural areas at
night. There might be a strong wind with heavy rain, which can reduce visibil-
ity to near zero.

Once a funnel cloud touches the ground, it produces a rumble or roar, the
sound of which has been described as similar to that of a long freight train pass-
ing, a jet aircraft circling, or a huge stampede of cattle. In the open country, the
sound of a tornado can sometimes be heard from several kilometers away.

RADIO AND TELEVISION TESTS

The interior of a funnel cloud contains almost continuous lightning. Lightning
produces a familiar crackling sound on radio receivers. Lightning also causes a
darkened television (TV) screen to light up momentarily, if that television set is
connected to a set of “rabbit ears” or an old-fashioned outdoor antenna. Thus a
radio receiver or television set can be used in some instances to detect a nearby
funnel cloud.

Suppose a portable radio is tuned to a frequency in the standard amplitude-
modulation (AM) broadcast band on which no station is heard. Normally, a mod-
erate hiss or roar comes from the speaker or headset when the volume is turned
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up. In the vicinity of a thunderstorm, the hiss is accompanied by frequent pop-
ping and crackling noises because of numerous lightning strokes. But a funnel
cloud, with its continuous discharges, creates an uninterrupted noise on the
radio. The normal background hiss becomes much louder and may acquire a
buzzing or whining aspect.

The so-called TV tornado detection test requires that a TV receiver be con-
nected to a simple antenna, not to a cable or satellite dish. The antenna can be
either indoors or outdoors, but it is best to use an indoor antenna because of the
lightning hazard in and near a severe thunderstorm. For the test to work, chan-
nel 2 must be free of broadcasting stations. The TV test is conducted as follows,
in this order:

e Switch the channel selector to the highest empty VHF channel
e Set the brightness control so the screen is almost completely dark
e Move the channel selector to channel 2

Under normal conditions, the screen will stay near-dark, except for momentary
bright flashes caused by lightning strokes nearby. If the screen brightens uniformly
and more or less constantly, a funnel cloud exists within a few kilometers. This
brightening of the screen, almost as if a distant TV station is fading in and out, is
the result of the numerous intracloud lightning strokes that occur in tornadoes.

Although it is possible to detect a tornado by listening for its characteristic
rumble or by using a radio or TV set as just described, tornadoes can strike even
when neither of these classic warning signs is observed. Do not assume that the
lack of a loud rumble, or normal behavior of a television set, means there is no
threat! The best way to keep informed about tornadoes, when conditions favor
them, is to listen to weather announcements on local radio or television stations.
The meteorologist has the radar with which hook-shaped echoes can be detected.
The police, highway troopers, and other officials will report funnel cloud sight-
ings. Tornado warnings will be disseminated through the commercial broadcast
stations. If you hear such a warning, take it seriously! Even a moderate tornado
has winds as strong as those in a major hurricane.

MOVEMENT

After a funnel cloud touches down, it is impossible to precisely predict its track
on the surface. The average forward speed is roughly the same as that of the
storm that contains it, normally 20 to 30 kt (23 to 35 mi/h). As the funnel snakes
along, however, it may briefly speed up to 40 kt (46 mi/h) or more, come to a
stop for a moment, or even backtrack for a short distance.
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Single tornadoes usually describe straight (Fig. 5-2A) or looping (Fig. 5-2B)
tracks along the surface. The looping tornado is especially dangerous, because it
passes over certain points twice. Some storms generate multiple funnel clouds
that move in curved paths and then dissipate. Vortices form near the trailing part
of the mesocyclone and move around to the front of the circulation before dying
out. This produces a broken track (Fig. 5-2C). The average speed of this type
of tornado is a little greater than the speed of the mother cloud. The multiple-
funnel tornado is, like the looping type, particularly dangerous, because some
places may be hit by two or more different vortices in rapid succession.

The average movement of a tornado is in the same direction as the movement
of the mother cloud, and most thunderstorms move generally west-to-east or
southwest-to-northeast. But a looping-path or multiple-vortex tornado can strike
a specific point on the surface from any direction. If a looping-path tornado
(Fig. 5-2B) is contained in a storm moving from the southwest toward the north-
east, for example, the funnel will on average travel southwest-to-northeast.
However, the tornado will hit some places from the south, from the east, or even
from the north. Besides this, there are instances in which tornado-containing
thunderstorms themselves travel in an unusual directions, such as north-to-south.
In hurricanes, tornado-spawning thunderstorms can travel in any direction.

If a tornado or funnel cloud can be seen, its movement is might seem obvi-
ous, but it can be deceiving. A straight-path funnel cloud, several miles away and
retreating, presents little danger. But in many cases, the forward progress of a
tornado is impossible to ascertain because the motion is complex. If you see a
funnel cloud, the best thing to do is take shelter until you are certain that the
threat has passed.
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Fig. 5-2. A tornado can take a generally straight (A), looping (B), or broken (C)
track along the ground.
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PROBLEM 5-1
Is it possible for a straight-path tornado to acquire a looping or multiple-
vortex path?

|

SOLUTION 5-1

Yes. A tornado can change its character or behavior abruptly. This is, in
part, why it is a dangerous business to attempt to predict exact points
where a tornado will strike.

AN

PROBLEM 5-2
Is it necessary for a large, severe thunderstorm to exist before a tornado
can develop?

>

SOLUTION 5-2

No. Occasionally, tornadoes appear in ordinary showers and thunder-
storms. However, such tornadoes are rarely as intense or as large as the
ones associated with severe thunderstorms.

AN

Tornado Behavior

Most tornadoes get their work done in a hurry. A typical funnel cloud lasts for
less than an hour, and if it becomes a tornado, it stays on the ground for only a
few minutes. The average tornado path is only a few kilometers long, but if that
path cuts through a heavily populated area, the resulting damage can be great.

FROM BIRTH TO DEMISE

As a funnel cloud first begins to reach toward the earth, it is usually thin.
Multiple narrow vortices may appear. Occasionally, however, a wide vortex
descends abruptly from a mesocyclone. Many funnel clouds dissipate before
they ever touch down to become tornadoes. Of the funnel clouds that do reach
the earth, most never attain diameters of more than a few hundred meters.

Once in awhile, a tornado acquires a large diameter, develops winds in excess
of 200 kt (230 mi/h), and lasts for an hour or more. Some such “maxi-tornadoes”
travel hundreds of kilometers in uninterrupted paths. One tornado that still
receives historical attention was the so-called tri-state twister of 1925. It killed
over 600 people in a rampage lasting for the better part of a day and traveled in
a straight-line path at a speed of about 50 kt (58 mi/h).
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Once a tornado has reached the surface, the vortex, with its associated
updraft, launches all sorts of objects into the air. Dirt, grass, and leaves color the
clouds, giving them a bizarre aspect. Plumes of dust may rise up and surround
the funnel, making it look bigger than it actually is. As the vortex begins to dis-
sipate, it rises partially back into the mesocyclone, its path of destruction nar-
rowing and the damage becoming less severe. Small tornadoes sometimes
vanish abruptly, as if dissolving into the surrounding atmosphere. The base of
the mesocyclone swirls more slowly, until finally it is no longer evident. The
ragged cloud base, darkened by dirt pulled aloft during the life of the tornado,
still presents a threatening spectacle, but the danger has passed.

Once a thunderstorm has stopped producing funnel clouds, it normally
weakens and dissipates over an hour or two. Some thunderstorms generate tor-
nadoes for a while, weaken temporarily, and then strengthen again and spawn
more funnel clouds. This is most likely to happen in a multiple-cell system or
in a squall line.

STRANGE EFFECTS

Tornadoes are known for their awesome, and sometimes unearthly, methods of
destruction. Pine needles are driven into wooden planks, timbers hurled
through concrete walls, and trailers wrapped around trees. People have become
airborne in tornadoes—some inside vehicles or houses, and others all by them-
selves. Whole houses have been lifted off their foundations and moved several
meters without other structural damage. A tornado might reduce a house to a
pile of rubble, while the shade trees in the yard don’t lose a single branch. A
tornado once pulled a curtain through a sealed window around the edge (that is,
right through the seal!) without breaking the glass. In another instance, a
wooden beam passed through a piece of glass, punching a hole in the glass but
not shattering it.

If a tornado passes over unusually colored soil, the funnel and the whole
cloud base acquire the tint of that soil. This is responsible for the eerie light that
often precedes or accompanies a tornado. Ordinary soil produces a greenish or
yellowish hue. Some types of soil or sand can make the sky look pink, brown,
red, or even purple. If a tornado passes over a lake, stream, or swamp, the vor-
tex picks up fish and frogs. The creatures are carried by the updrafts within the
mother cloud, and later fall back to the earth along with rain or hail. If such a
storm passes over a populated area, the streets will be littered with fish and
frogs. Tornadoes have been known to strip chickens and other birds of their
feathers. Most of the birds are killed as they are flung about by the storm winds,
but some survive.
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WINDS

In cases where tornadoes directly strike weather stations, the anemometers are
invariably wrecked before the speed of the winds can be determined. Indirect
methods must be used to ascertain how hard the winds blow in a tornado.

It was once believed that intense tornadoes packed winds of 500 kt (580 mi/h)
or more, perhaps exceeding the speed of sound. It was theorized that the char-
acteristic roar of a tornado was caused by air breaking the sound barrier as it
whirled around. Analysis of the structural damage caused by tornadoes, how-
ever, indicates that the wind speeds are less than was previously thought. It is
doubtful that the winds ever exceed 300 kt (about 350 mi/h), but that is fast
enough to cause almost complete destruction.

Most people have witnessed winds of minimal hurricane force, and know
how much damage can be done by air moving at this speed. A 250-kt wind
causes damage that is dozens of times more spectacular and costly than the dam-
age caused by a wind of 60 or 70 kt. In large measure, this is the result of flying
debris smashing things to pieces, in turn generating still more flying debris,
which in turn tears things up still more—a vicious circle of devastation that can
turn a handsome neighborhood into a pile of timbers and cinder blocks within a
couple of minutes.

THE FUJITA SCALE

A well-known meteorologist and tornado research scientist, Dr. T. Fujita of the
University of Chicago, has formulated a scale of tornado intensity based on
observation of the effects of hundreds of the storms. The wind speeds range from
less than hurricane force to more than 260 kt (300 mi/h). There are six cate-
gories, designated FO through F5, in order of increasing violence. The Fujita tor-
nado intensity scale, as it is called, is outlined in Table 5-1.

In a tornado with winds that rotate counterclockwise, the winds blow fastest
in the right-hand part of the vortex, where the forward movement of the tornado
adds to the rotational motion of the air. If the winds whirl at 120 kt, for exam-
ple, and the funnel cloud travels at 20 kt, then the right-hand side will pack 140-
kt winds while the left-hand side will contain winds of 100 kt (Fig. 5-3A). This
might not sound like much of a difference, but it represents a large factor in
terms of destructive power.

The additive wind-speed effect is more pronounced in multiple-vortex torna-
does. The vortices all rotate around a common center. Suppose the center of the
tornado moves across the surface at 20 kt, the circulation of the main vortex
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Table 5-1. Fujita intensity scale for tornadoes.

Fujita Wind speed Wind speed
category in knots in miles per hour
FO Less than 63 Less than 72

F1 63-97 72-112

F2 98-136 113-157

F3 137-179 158-206

F4 180-226 207-260

F5 More than 226 More than 260

occurs at 120 kt, and the secondary vortices revolve at speeds of up to 60 kt rel-
ative to the circulation of the main vortex. In that case, the maximum wind speed
is 120 kt + 20 kt + 60 kt, or 200 kt, as shown in Fig. 5-3B.

Within any tornado funnel, small eddies form. These eddies are known as
suction vortices, and they can revolve clockwise or counterclockwise. The com-
bined effects of forward motion, main circulation, and secondary-vortex circu-
lation, along with the winds in suction vortices, can be extreme. For example,
suction vortices revolving at 50 kt, combined with the winds in the system
shown at B, can produce gusts of up to 120 kt + 20 kt + 60 kt + 50 kt, or 250 kt
(Fig. 5-3C). Such gusts, in addition to their sheer violence, cause rapid, multiple
shifts in the wind direction. This has a wrenching effect on structures that the
tornado encounters. The small-scale gusting and wrenching explains the signa-
ture bizarre damage that intense tornadoes sometimes leave behind.

PRESSURE

In some ways, a tornado is like a miniature low-pressure system. The baromet-
ric pressure inside the funnel cloud is lower than the normal atmospheric pres-
sure. The intensity of a tornado is correlated with the internal pressure.

It is difficult to measure the exact barometric pressure inside a tornado. When
a twister bears down, people do not rush to barometers to make observations.
The inside of a tornado funnel is far from a perfect vacuum, because people have
been at the centers of tornadoes and survived without serious injury. One man
who had been through several tornadoes noted that the rapid drop in pressure
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Fig. 5-3. At A, the forward motion of a tornado adds to the wind

speed in the main vortex. At B and C, secondary and suction
vortices produce extreme gusting and wrenching effects.

caused his ears to pop, as they would when driving up a steep mountain. Some
people who have been through tornadoes have noted that they had no difficulty
in breathing, even while they were in the center of the funnel.

Barometric pressure does not have to drop very much (in terms of the per-
centage of normal atmospheric pressure) in order to produce large physical
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forces. Consider the example of a closed house in the center of a tornado in
which the barometric pressure suddenly drops to 90% of normal. This will pro-
duce a pressure change sufficient to knock down the walls or lift the roof.

For many years, it was believed that the primary destructive power of a tor-
nado comes from the pressure change as the funnel passes by. It was theorized
that buildings explode because of expanding air inside. Today, most mete-
orologists believe that the winds, and particularly the secondary and suction
vortices, are responsible for most of the damage that a tornado inflicts on build-
ings. Once a building has been broken apart, the debris is scattered by winds in
and around the funnel cloud. This debris strikes other buildings and compounds
the damage.

The theory that damage is caused by wind, and not the diminished air pres-
sure inside a tornado, is supported by analysis of damage patterns. If the drop in
the pressure caused buildings to explode, most of the debris would be carried
along with the storm and would fall in the leeward (usually northeast) corner of
the building foundation. But this is not what happens. In most situations, the
windward side of the foundation is where most of the wreckage lands. This is
consistent with what would be expected when a building is simply bulldozed
down by the lateral force of the wind.

LOOKING INSIDE

Tornadoes seldom pass over meteorological installations, and this makes it dif-
ficult to probe inside the whirling storms. Little is known about conditions
within a funnel cloud. There are a few eyewitness accounts by people who have
been through a tornado and seen the chamber within the opaque wall of cloud.
Those who have had the experience tell of relative silence, a rotating cylinder or
“pipe” of clouds, frequent or continuous lightning, and sometimes the smell of
ozone gas. Ozone is produced by electrical discharges through the air, such as
nearby lightning strokes. To some people, it smells like “natural gas.” To other
people, it smells like bleach.

In the latter part of the 20th century, the National Oceanic and Atmospheric
Administration (NOAA) developed a portable device for measuring extreme
wind speeds and atmospheric pressures. It is known as the totable tornado
observatory, or TOTO. The TOTO instrument contains a wind vane for deter-
mining wind direction, a pressure-sensitive wind speed detector, an electric
charge sensor, a barometer, and a thermometer. The instruments are designed to
withstand the winds in all tornadoes. The device is shaped like a barrel, and is
weighted to minimize the risk that it will be blown away. Instrument readings
are plotted against time, so they can be evaluated when TOTO is recovered.
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Putting TOTO in place is a dangerous business. When a tornado is sighted,
two scientists drive toward its path in a truck, along with TOTO. An educated
guess must be made as to the exact path the tornado will take. The closer the sci-
entists can get to the tornado as it approaches, the better the chance of its pass-
ing over TOTO. Once the position has been chosen, the scientists stop the truck,
wheel TOTO out and set it down, get back in the truck, and speed away. If the
scientists are lucky, TOTO will be struck (and they will not).

PROBLEM 5-3
% Suppose a tornado approaches from the west, traveling along a
straight-line path. From which direction will the strongest winds blow?

SOLUTION 5-3
The strongest winds will blow from the west—from the same direction
- as the tornado travels. This is true regardless of the complexity of the
internal vortex structure. Multiple westerly wind components will, in
certain parts of the system, all add up together.

PROBLEM 5-4

As a tornado approaches, is it possible to predict with certainty which
part of the funnel will cross a specific point on the surface, thereby
obtaining a forecast of the severity of the storm at that point?

|

SOLUTION 5-4
In general, this is not possible. Tornadoes can change in intensity, and
their paths can change, from moment to moment. In addition, it is
difficult to determine the wind speed within the system without the use
of Doppler radar.

AN

Variations on a Violent Theme

Does the mention of the word “tornado” bring to mind a dark, funnel-shaped,
roaring cloud mass that scours the floor of a prairie, illuminated by eerie light,
destroying everything in its path? Some tornadoes fit that description, but torna-
does vary in character. Some occur over water; some are snowy-white or gray in
color; some are so thin as to be almost invisible; some resemble an indistinct
cloud mass that boils and rolls along.
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TROPICAL AND SUBTROPICAL TORNADOES

Large, violent tornadoes do not take place in the tropics and subtropics as often
as they occur at temperate latitudes. This is mainly because the battles between
warm and cold air masses are less common, and generally less intense, in the
tropics and subtropics as compared with the temperate zones, especially over
North America. The atmosphere is comparatively free of frontal cyclones at low
latitudes, particularly in the summer.

Small and moderate tornadoes are common in the tropics and subtropics. In
the extreme southern United States, especially in Florida, there are occasional tor-
nadoes in conjunction with heavy thundershowers. In the winter, cold fronts from
the continent move down the state, triggering thundershowers and squall lines,
and some of these can spawn tornadoes. In the summer, cumulonimbus clouds
build up almost every day as the sun shines practically straight down on the land
and heats the moisture-laden air. In the center of the state, the resulting thunder-
showers generate so much lightning that the region is sometimes called the light-
ning belt. Torrential rains, gale-force winds, and small hail are common in these
thundershowers. Small tornadoes are sometimes observed. Australia lies almost
entirely in the tropics and subtropics. Tornadoes are observed fairly often there,
and they arise from the same causes as tornadoes in Florida. Much of Asia lies in
the subtropics, and the wetter parts of that continent sometimes get tornadoes.

Tornadoes have been observed in the outer rain bands of tropical storms and
hurricanes. In tropical hurricanes, the tornadoes are usually small, and do less
damage than they do in the big Midwestern storms (although this fact is aca-
demic in the eyewall of an intense hurricane where the sustained wind blows at
tornadic speed anyway). Near a hurricane, and particularly as it moves ashore or
encounters cooler air at temperate latitudes, tornadoes present a greater hazard.
They can strike virtually without warning and do considerable damage. Funnel
clouds are most likely to develop in the forward semicircle of a tropical cyclone,
especially the right front quadrant in the northern hemisphere or the left front
quadrant in the southern hemisphere. If you are in a hurricane warning region,
you should listen to local broadcast stations for tornado warnings.

WATERSPOUTS

Not all tornadoes form or travel over land; sometimes they occur over bodies of
water. A twister may pass over lakes and rivers during its trek across the coun-
tryside. Then, for a short time, it becomes a waterspout. The cloud changes color
as the material that is sucked-up becomes liquid instead of solid.
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Marine waterspouts form over the warm waters of tropical and subtropical
oceans. They are also observed during the warmest months in the temperate
zones. Waterspouts are common over the Gulf Stream off the east coast of the
United States, especially in the summer. These waterspouts are often white or
bluish white, contrasting with the gray cloud bases. There may be two or more
separate funnel clouds.

Ocean waterspouts, and the thundershowers that breed them, are rarely as
violent as their land-born counterparts, but a small craft can be damaged or cap-
sized by a large waterspout. For this reason, all pleasure-boat owners should be
aware of the potential for danger when waterspouts threaten. Large vessels are
not usually affected much by waterspouts, but they can present an inconvenience
to the captain of an ocean liner or destroyer.

Wind speeds in waterspouts do not often exceed minimal hurricane force.
According to one report, a U.S. Navy ship was struck directly by a waterspout
and received nothing more than a tropical-storm-force buffeting. Personnel at
the front of the ship noted gale winds at starboard (from the right), while per-
sonnel aft reported gale winds at port (from the left). Sailors amidships reported
sharply shifting gale-force winds. There was no damage to the ship or injury to
personnel. Nevertheless, waterspouts should be taken seriously. A person caught
unaware can be swept overboard. In addition, loose objects can be picked up
and tossed around, creating the potential for injury. Once in awhile, a waterspout
can grow to considerable size and acquire wind speeds comparable to F2 or F3
tornadoes.

DUST DEVILS

If you live in an arid region, you have seen little vortices form and dissipate on
hot, windy days. The dust begins to stir, and within a few seconds the rotating
nature of the “mini storm” is apparent. Leaves, loose papers, and other light
objects are picked up and carried along. If the whirlwind strikes you directly,
you get dust in your eyes. Wind speeds may reach 50 to 60 kt for a moment.
These are dust devils.

In the desert, large dust devils can form. This type of vortex is most likely to
occur on blistering hot afternoons. The weather is usually clear or partly cloudy.
The development of the storm is fueled by rising, heated air. Sand and dust are
picked up and carried aloft. This makes it look like a small tornado without a
mother cloud. The diameter is a few meters. It is wise to seek cover from an
approaching dust devil of this type, because blowing sand and debris can cause
personal injury to people who are unprotected and who are directly struck.
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Dust devils rarely have winds stronger than gale force, and they almost never
do major damage to property. But they can occasionally produce winds strong
enough to uproot small trees and shrubs. The maximum life of a dust devil is on
the order of a minute or two. Multiple dust devils can appear and disappear spon-
taneously, each one lasting only a few seconds.

FIRE-GENERATED TORNADOES

Whirlwinds similar to dust devils sometimes result from the intense heat gener-
ated by massive fires. During the Allied bombings of German cities in the
Second World War, firestorms occurred in which the intense heat caused the air
to expand and rise. A nuclear burst of several megatons, or the impact of a small
asteroid on a land mass, could be expected to generate tornadoes. Forest fires
have been known to produce tornado-like whirlwinds with destructive effects.
Artificial fires have been used by scientists to generate mini-tornadoes for
research purposes.

HILLS AND CITIES

Small tornadoes can be produced by orographic lifting. As the wind blows
against a hill or mountain, the air is forced upward because it has no place else
to go. The rising air can begin to twist, especially if the hill or mountain has
irregularities that produce wind shear. The vortex tightens until it resembles a
dust devil. A similar effect can occur when air is forced down a slope.

Most of us are familiar with the effects of buildings in a city. It might be a
bright, clear day with balmy breezes, and you walk out of a tall building and
are buffeted by gusts of gale force. If it is a windy day, the funneling effect of
adjacent tall buildings can produce whirlwinds strong enough to blow people
off balance. During a thunderstorm or tropical cyclone already packing high
winds, the effects of buildings can produce gusts and updrafts characteristic of
small tornadoes.

REVERSED SPIN

Although the Coriolis effect suggests that a tornado should rotate counterclock-
wise in the northern hemisphere and clockwise in the southern hemisphere, there
are exceptions. As one man in Kansas watched a tornado pass directly overhead,
he noticed that some of the peripheral suction vortices appeared to be spinning
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clockwise, although the main funnel twisted counterclockwise. Waterspouts
have been known to spin in either direction. In some cases, an examination
of tornado damage has indicated that the winds must have been spinning
clockwise.

Although scientists are not certain why some tornadoes “spin the wrong
way,” one theory holds that tornadoes sometimes occur in conjunction with
downdrafts instead of updrafts. Such whirlwinds would have internal pressure
higher than that of the surrounding air, and they would therefore rotate in an
anticyclonic sense. The winds would blow outward and downward. Such vor-
tices might develop in the anticyclonic part of a large thunderstorm in connec-
tion with a microburst (Fig. 5-4). A tornado of this type would be especially
dangerous, because the anticyclonic part of a thunderstorm usually contains
heavy rains, which would conceal the funnel cloud (if there was a cloud forma-
tion associated with the whirlwind).

THE OMAHA TWISTER OF 1975

As a classic example of a deadly urban tornado, let us consider the Omaha
twister of 1975. A cold front moved eastward across Nebraska on May 6 of that
year, and it steadily intensified. By the time the clear, cool mass of air behind the
front neared Omaha, the line of clouds was sharply defined, and the clouds
unleashed a deluge of rain and hail. Funnel clouds formed and touched down in
northeastern Nebraska near the South Dakota border. Damage was reported in
several small towns. The rain and hail continued to batter Omaha, driven by
winds of gale force. At about 4:00 p.M. Central Daylight Time, the storm began
to let up, and conditions became strangely quiet. The sky acquired a yellow-
green hue. A massive funnel cloud formed and reached the surface.

Civil defense sirens were activated. Amateur and Citizens Band radio opera-
tors observed and reported the storm’s progress as a second funnel descended,
reached the ground with a trundling noise, and proceeded to follow a southwest-
to-northeast track into the suburbs of Omaha. People took shelter wherever they
could. The storm passed near a hospital and then blew a restaurant to pieces,
killing an employee who took refuge in one of the bathrooms. (Although she had
chosen one of the safest places in the building, the whole structure was demol-
ished. Only a detached, subterranean storm cellar can provide complete safety
from the winds of an intense twister.) The storm moved on, wrecking businesses
and homes. Automobiles and trucks flew through the air along with pieces of
wood, brick, and turf. The tornado grew until its diameter was in excess of 1 km.
The storm skipped over a freeway and turned northward along West 72nd street.
Two more people died in the tornado as it roared northward through the western
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Fig. 5-4. In a severe thunderstorm, an anticyclonic vortex may reach the surface,
causing tornadic winds that spin in a direction opposite that of the
more common cyclonic tornado.

suburbs of Omaha. One woman was sitting in her living room as her house col-
lapsed. A man was killed outdoors on a street corner. Finally, the funnel nar-
rowed and retreated back into the mesocyclone.

The path of the storm was approximately 14 km (9 mi) long, began on a golf
course, ended on another golf course, and destroyed hundreds of buildings in
between. The whole ordeal lasted for approximately 15 min. The duration of tor-
nadic winds was less than 1 min at any single point on the surface.

The death toll from the 1975 Omaha twister (estimated at F4 on the Fujita
scale) was only three people, in spite of the fact that the storm passed through a
densely populated area. Effective tornado warnings saved dozens, or perhaps
hundreds, of lives. As the dazed residents of Omaha surveyed the damage of
their property, they gave thanks that their lives and health were still intact, but
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property damage was incalculable. Hundreds of cars and trucks had been
wrecked. Metal structures had been bent by the sheer force of the wind. National
Guardsmen were called out to keep order and to prevent looting. In the hardest-
hit areas, the rubble was piled so deep that people could not walk through it.

Protecting Property and Life

In recent years, meteorologists have determined that the winds of tornadoes do
not blow with sonic or supersonic speeds as was once thought. The worst storms
generate winds of perhaps 300 kt (330 mi/h). This has given rise to speculation
about the possibility that tornado-proof, above-ground structures can be built, at
least for storms of F3 force or less.

TORNADO-PROOFING A BUILDING

It is doubtful that large buildings, gymnasiums, arenas, or shopping malls can be
constructed with the reinforcement necessary to resist tornadic winds. The mas-
sive roofs would be torn off by airfoil effects. Small homes might be designed
to withstand F3 or perhaps even F4 winds, but special construction methods and
precautions would be necessary.

Experience has shown that the windows are usually the first part of a house
to be damaged by high winds. They are either blown out by the force of the wind
itself, or else taken out by flying debris. The roof quickly follows. As air flows
across a surface, the pressure is reduced. Flat roofs, or roofs with shallow peaks,
are the most vulnerable (Fig. 5-5). Steep roofs impede the flow of air and are
therefore more resistant to damage. All roofs should be secured with hurricane
clamps during the construction process. Attic vents help to equalize the pressure
above and below the roof during strong winds.

The orientation of a house affects its susceptibility to damage by winds and
debris. A rectangular house will receive the least damage if a short wall faces an
oncoming tornado (Fig. 5-6A). In that case, the exposed surface area is small, and
the overall force is minimized. The worst situation occurs when the tornado
approaches toward a long wall (Fig. 5-6B). Tornadoes in any given place can
approach from any direction; but statistically, there is a single direction, usually
west or southwest, that represents the mean, or average. Before homes are built
in tornado-susceptible regions of the country, construction engineers may wish
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Fig. 5-5. High winds create a drop in pressure above a roof, and can also produce increased
pressure within a building. These forces combine to tear the roof loose.

to determine the mean azimuth (compass bearing or direction) from which tor-
nadoes approach, and orient new homes accordingly. A single-story house gener-
ally has less wall area, and better immunity to wind damage, than a multiple-story
house. Geodesic dome structures are the most wind-resistant of all.

B

Fig. 5-6. A high wind blowing against a short wall (A) exerts less destructive lateral
force on a house than the same wind blowing against a long wall (B).
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Most experts believe that it is a waste of time to attempt to build a conven-
tional home that will endure a direct hit by an F5 tornado. Such severe twisters
rarely strike any single place, even in the heart of “tornado alley.” The chances
of any given house getting hit by an F5 tornado are vanishingly small. For
absolute full protection against a direct hit by the most intense possible tornado,
the entire house—roof, garage, and all—must be located underground.

PERSONAL SAFETY

Tornadoes are dangerous, but they cause fewer injuries and deaths, on the aver-
age, than lightning. One reason for this is the fact that tornadoes batter only a
tiny percentage of the land area of the world, while lightning can occur almost
anywhere. In addition, people are likely to run for shelter as a tornado bears
down, but are rarely fearful when there is “nothing but a little bit of thunder.”
Tornadoes command more respect than lightning because of their spectacular
appearance, the terrible sounds they can make, and the fact that they can inflict
unbelievable damage.

In the United States, the largest number of tornadoes strike in the Midwest
and South. The Great Plains states are particularly hard hit, but interestingly, the
greatest number of people are killed in the South, especially in Louisiana,
Mississippi, and Georgia. There are two factors that are believed to be responsi-
ble for the greater number of tornado-related deaths in the South as compared
with the Midwest, in spite of the fact that the Midwest gets more tornadoes.
First, in the South, many houses lack basements, either because of low-lying
ground and a high water table, or because basements are not traditional in that
region. Because a basement offers superior protection in a tornado, a house with-
out a basement poses much more danger than a house with a basement. Flying
debris tends to be propelled horizontally in straight paths. For this reason, a
depression, such as a basement, offers protection. Also, a house with no base-
ment can be swept completely away by the winds of a tornado. The second
reason that tornado deaths occur disproportionately in the South is a compar-
ative lack of warning systems and storm awareness. The tornado warning sys-
tem in the Midwest is sophisticated because of the more frequent F4 and F5
storms that occur there. In the rural South, warning systems are less prevalent.

The principal life-threatening aspect of a tornado is the flying and falling
debris. The temporary drop in air pressure is not likely to injure a person. The
chances of getting hurt or killed in a tornado can be minimized by avoiding
places where objects are likely to fall or be hurled through the air.
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TAKING COVER

The safest place to be, should a tornado directly strike in your vicinity, is several
meters underground in an old-fashioned storm cellar. This type of shelter is
completely separate from the main living structure and has an entrance like a
trap door, made from heavy steel or reinforced hardwood. Another excellent
refuge is a fallout shelter. These heavy structures are practically immune to dem-
olition from anything less than a direct hit by a nuclear bomb. Because the storm
cellar is completely autonomous, people inside are totally safe from flying
debris. Unfortunately, most homes built today, even if they have basements,
have neither storm cellars nor fallout shelters.

From studying the damage done by tornadoes, scientists have found that the
windward side of a structure is the least safe, and the leeward side is the most
safe. This is contrary to the earlier, and still widely believed, idea that the south-
west comer of the basement is the best place to take cover. The windward side
is considered to be the wall or corner that faces in the direction from which the
tornado is approaching, usually the west or southwest. The leeward sides of a
structure usually face toward the east or northeast. These windward and leeward
directions are, however, by no means absolute. A June 1971 storm that struck
near Rochester, Minnesota, moved from north to south. In that storm, the south-
ern parts of basements would have been the safest had the funnel clouds touched
down in the city. It is important that you know the general direction from which
a tornado is approaching.

The windward part of a building is the most dangerous, because the greatest
wind speeds are found in the part of the tornado in which the forward movement
adds to the whirling effect. In a tornado approaching from the southwest, there-
fore, the highest winds blow from the southwest. Thus, most of the debris
approaches from that direction, and is hurled at the highest speeds from the
southwest toward the northeast. The windward walls of a building, if not pushed
down outright, are the most susceptible to penetration by flying objects. Even in
the basement of a house, the windward corner can be dangerous. The whole
house may be picked up and moved a few meters, with the windward side or cor-
ner dropping into the basement.

If you can get to a basement, you are better off than you are if you must stay
on a floor that is above ground level. If there is no basement, you should go to the
first floor on the leeward side or in the center of the building, and crawl under
something heavy such as a bed, desk, or table. If you are in a large building, you
should go to the basement if possible, and get inside a closed room. If there is no
basement, you should go to a room with no windows, such as a closet, storage
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area, or lavatory. Never take shelter in a subway or hallway. They can become
wind tunnels, and projectiles can be propelled through them with deadly speed.

PROBLEM 5-5
% Suppose you are caught outdoors and a tornado approaches. You can’t
get to shelter. What should you do?

SOLUTION 5-5

Lie face down in the nearest ditch, ravine, or depression (no matter
how shallow), and wait until you are absolutely certain that the threat
has passed. “Hug the earth” with your feet facing in the direction from
which the storm is coming. Because of friction between moving air and
the surface, high winds are usually much less intense within approxi-
mately 0.3 m (1 ft) of the surface than at higher levels.

PROBLEM 5-6

If you live in a mobile-home community in a tornado-prone part of the
country and there is no community storm cellar available, what should
you do?

SOLUTION 5-6
Make every possible effort to motivate the members of the community
" to underwrite the cost of building a subterranean shelter immediately!
In addition, contact your local civil defense authorities to help you
implement a plan of action to be carried out whenever a tornado warn-
ing is issued.

Quiz

This is an “open book” quiz. You may refer to the text in this chapter. A good
score is 8 correct. Answers are in the back of the book.

1. A looping-path tornado is especially dangerous because
(a) it contains higher winds than other types of tornadoes.
(b) itis larger in diameter than other types of tornadoes.
(c) it contains multiple mesocyclones.

(d) it can strike a specific point more than once.
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2. The winds in tornadoes can blow at speeds of up to about
(a) 75 kt.
(b) 150 kt.
(c) 300 kt.
(d) 600 kt.

3. Suction vortices in a tornado system
(a) produce strong straight-line winds.
(b) are accompanied by powerful downdrafts.
(c) always rotate in an anticyclonic sense.
(d) can cause strange and extreme damage.

4. Suppose you are building a new home. The home is to be rectangular in
shape, with floors measuring 10 m by 20 m. After consulting the histor-
ical records, you determine that the mean azimuth (compass bearing)
from which tornadoes have approached in the past 100 years is due west.
In order to make the home as tornado-resistant as possible, the 20-m-
wide outside walls should face toward the
(a) east and west.

(b) north and south.
(c) northwest and southeast.
(d) northeast and southwest.

5. If a tornado approaches from the south, the most dangerous (that is, the
least safe) side of the building in which to take cover is the
(a) south side.
(b) east side.
(c) north side.
(d) west side.

6. If the main vortex of a tornado rotates at 120 kt, there are secondary vor-
tices rotating at 40 kt, there are suction vortices rotating at 50 kt, and the
whole system is moving at 20 kt with respect to the surface from the
southwest towards the northeast, the highest winds blow from
(a) the southwest.

(b) the northwest.
(c) the northeast.
(d) all directions equally.
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7. If the main vortex of a tornado rotates at 120 kt, there are secondary vor-
tices rotating at 40 kt, there are suction vortices rotating at 50 kt, and the
whole system is moving at 20 kt, with respect to the surface from
the southwest towards the northeast, the highest winds blow at
(a) 120 kt.

(b) 160 kt.
(c) 210 kt.
(d) 230 kt.

8. An approaching tornado can often, but not always, be detected by
(a) the image of a mesocyclone on a radar set.
(b) the brightening of a television screen tuned to a vacant channel.
(c) anoise that sounds like a passing freight train.
(d) Any of the above

9. On a spring or summer day in an American Midwestern location,
you should be aware of a greater-than-normal chance for tornadoes to
occur if
(a) the barometer is falling and the wind is blowing from the south or

southeast.
(b) severe thunderstorms appear to be developing.
(c) a severe thunderstorm watch has been issued.
(d) Any of the above

10. A tornado warning will be issued when
(a) conditions are favorable for tornado development.
(b) a funnel cloud has been sighted.
(c) a severe thunderstorm is approaching.
(d) the barometer is falling.
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CHAPTER

Mnes are the most widely publicized of all storms. They occur every year
in both the northern and southern hemispheres. These storms form over the
warm waters of oceans in the tropics and subtropics, but they often end up in the
temperate regions. In this chapter, we will see how tropical cyclones form,
where they occur, what they do, and how people can minimize the dangers posed
by tropical cyclones.

Tropical Cyclones

A Hypothetical Storm

The date: September 10. The time: 6:20 p.M. Eastern Standard. The weather fore-
cast contains a statement that a tropical depression is under scrutiny. It is located
in the far eastern Atlantic and shows signs of strengthening. By 11:00 p.M. that
day, the depression has become a tropical storm with maximum sustained winds
(based on a 1-min average) of 34 kt (39 mi/h). It is the fourth tropical storm of
the year in the North Atlantic, and is given the name Debby. The following
morning, Debby is rapidly gaining strength. The center of circulation is speci-
fied as 11.5°N and 40.4°W, far out in the open sea. Debby is, at the moment, a
threat only to shipping interests.

—&
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In the North Atlantic, the eastern North Pacific, and the central North Pacific
oceans, intense tropical cyclones are known as hurricanes. In the western North
Pacific, they are called typhoons. Severe typhoons are called supertyphoons. In
the Indian Ocean, tropical storms and hurricanes are called cyclones. In Australia,
hurricanes are sometimes called gales.

STRENGTHENING

By the evening of September 11, Debby packs maximum sustained winds of
64 kt (74 mi/h), and has thus become a minimal hurricane. Conditions favor
further strengthening. The storm is moving almost directly westward at 18 kt
(21 mi/h). The television newscasters show a satellite photograph of Debby. The
storm appears as a pinwheel of clouds with a small black dot near the center:
a defined eye. We will now keep ourselves informed of the progress of Debby,
as will millions of residents of the eastern and Gulf coasts of the United States.

Atlantic hurricanes pose a perennial threat to the United States, as well as
Mexico and much of Central America. The eye of Debby, at its present low
latitude, moves in an almost westward direction, but it is almost certain that
the storm will eventually recurve toward the northwest. By the morning of
September 12, Debby has the full attention of the National Hurricane Center.
She has strengthened with phenomenal rapidity, reminiscent of Hurricane Allen
in 1980. The maximum sustained winds are estimated at 150 kt (about 175 mi/h)
with gusts to 175 kt (about 200 mi/h). On a scale of intensity from 1 to 5, Debby
is a strong 5.

By the evening of September 12, the eye of Debby is located near 12.0°N and
52.9°W. The islands of Grenada, St. Vincent, St. Lucia, and Barbados await the
arrival of Debby’s fury as seas reach 20 m (66 ft) and breakers pound with unre-
lenting violence on the windward beaches. The normally gentle trade winds shift
to the north, and acquire an ominous gustiness. Then, one after the other, the
islands are cut off from civilization.

HORROR STORIES

The first reports from Barbados and nearby islands trickle out from emergency-
powered amateur (“ham”) radio stations, a mode of communication that always
continues to function when conventional modes fail. Almost every building on
these islands has been flattened or gutted. There are reports of human casualties.
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The hurricane track begins to recurve. The eyewall, or most destructive part
of the hurricane, is about 160 km (100 mi) in diameter. St. Lucia gets a brief rush
of high winds and heavy rain, but escapes the brunt of the storm. The hurricane
has slowed its forward motion to 13 kt (15 mi/h) as she lumbers into the
Caribbean, heading in the general direction of Haiti and the Dominican
Republic. Further reports come from Barbados, which received a direct hit.
Trees have been stripped of their bark and leaves; the landscape is barren and
desolate; it looks as if there has been a nuclear war. Homeless people wander
through the debris.

The fate of the Gulf coast and eastern seaboard of the United States now
depends on a number of factors. Atmospheric steering currents, which direct
hurricane paths, are difficult to predict. Computers at the National Hurricane
Center in Miami, Florida, work around the clock, continually updating the
status and position of Debby. Sustained winds are near 150 kt (about 175 mi/h).
The eye is about 24 km (15 mi) across. Hurricane-force winds cover a roughly
circular area with a diameter of 240 km (150 mi).

The hurricane slams into the island of Hispaniola with sustained winds so
violent that all the measuring apparatus is destroyed. Residents of Florida pre-
pare for a potential onslaught. Everyone on the Gulf coast also watches the
progress of the storm. The high hills of Hispaniola weaken Debby. As she
emerges into the northern Caribbean, her intensity has diminished. Weather fore-
casters know this is typical.

FLUID FORCE

The strongest winds in a hurricane are difficult to measure because instruments
rarely survive. The device generally used to measure wind speed is the
anemometer (Fig. 6-1). This device spins as the wind is caught in the concave
parts of the cups. The greater the wind speed, the faster the device rotates. The
rotating shaft is connected to an electric generator or tachometer that measures
the angular speed and translates this into knots. If the wind is too strong, the
assembly can be damaged or destroyed. The highest sustained winds in the most
intense hurricanes are thought to be around 175 kt (200 mi/h), with gusts
approximately 25 to 30 kt (30 to 35 mi/h) higher than that.

The force produced by the wind in an intense hurricane such as Allen (1980),
Gilbert (1988), or Andrew (1992) is difficult to imagine for people who have not
been through the experience. In a typical severe thunderstorm in the midwestern
or eastern United States, sustained winds of minimal hurricane force (64 kt or
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Fig. 6-1. An anemometer cup assembly rotates as the wind blows past. The rate of
rotation (angular speed) of the device is proportional to the wind speed.

74 mi/h) sometimes occur. In such storms, trees are uprooted, windows are
blown out, some roofs are damaged, utility wires are blown down, small aircraft
are overturned, and a few automobiles are wrecked. Wind speeds in the most
intense hurricanes are a little more than twice this, but the resulting damage is
many times greater. The damaging effects of high winds increase much more
rapidly than the numerical wind speed.

The most intense part of a hurricane occurs over a rather small area, usually
less than 300 km (185 mi) in diameter. The forward progress of a typical hurri-
cane is only about 10 to 15 kt (12 to 17 mi/h). Therefore, even a fast-moving
hurricane will subject some places to high winds for several hours. A large hur-
ricane, if it is slow-moving, can pound a single surface location with high winds
for more than 24 h.

WHERE WILL DEBBY GO?

Common sense suggests that there ought to be some way to foretell, at least
approximately, where our hypothetical storm called Debby will go, whether it
will make landfall on the continent, and if so, where. The art of hurricane-path
forecasting is improving continually, but there is still plenty of uncertainty.
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Hurricanes that originate in the far eastern Atlantic can eventually strike the
coast of the Western world anywhere from Honduras to Newfoundland; many
miss North America altogether and dissipate in the chilly waters of the far
North Atlantic.

The path that a hurricane takes depends on many factors. One significant
influence on tropical storm tracks can be inferred from the climate-control func-
tion they serve. The tropics receive more heat from the sun than they radiate into
space. The polar regions radiate more heat than they get from the sun. The dif-
ference must be made up somehow, in order to prevent a runaway thermal
imbalance in which the equatorial regions of our planet would become like
Venus and the poles would become like Mars! Hurricanes are a major vehicle for
the transfer of thermal energy from the tropics toward the poles. This is why
many hurricanes tend to recurve northward in the northern hemisphere, and
southward in the southern hemisphere.

Meteorologists are constantly working to improve their methods of tracking
hurricanes and predicting their paths. The same basic principles apply to all hur-
ricane regions in the world. The arrangement of continental weather systems, the
presence of land masses, and the temperature of the ocean each play a crucial
role in the ultimate track that a hurricane will follow. These variables also deter-
mine where a storm will form, how it will evolve, how long it will last, and how
it will ultimately dissipate.

PROBLEM 6-1
% Can North Atlantic hurricanes ever miss the Americas, recurve into the
far North Atlantic, and then strike Europe or England?

SOLUTION 6-1
This is rare, but it has happened. Autumn gales that occur in the rural
western part of England can sometimes be traced back to tropical origins.

The Azores-Bermuda High

At all times of the year, but especially during the summer in the northern hemi-
sphere, the prevailing winds over the North Atlantic revolve clockwise around a
persistent region of high pressure. Because this system is usually centered near
the Azores or the island of Bermuda, it is often called the Azores-Bermuda high,
or simply the Bermuda high. This system is responsible for much of the weather
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that occurs along the east coast of the United States in the summer. In other parts
of the world, similar tropical or subtropical high-pressure systems exist over the
oceans. In the northern hemisphere, the circulation around these systems is in a
clockwise direction; in the southern hemisphere it is counterclockwise.

CONVERGENCE OF THE EASTERLIES

Near the equator, the belts of tropical easterly winds meet. This is the intertrop-
ical convergence zone (ITCZ), which was introduced in Chapter 2. It is a region
of low pressure and light winds. Thundershowers often form in this zone. In
ancient times, this region was called the doldrums, because sailing ships passing
through it on their way from the northern hemisphere to the southern, or from
the southern hemisphere to the northern, were often becalmed for lack of wind.
In the Atlantic, the ITCZ almost always lies north of the equator. In August and
September, the ITCZ reaches its northernmost position.

Hurricanes can develop when the ITCZ gets far enough from the equator to
allow significant Coriolis rotation. In the northern hemisphere, this rotational
force takes place in a counterclockwise direction. In the southern hemisphere, it
occurs in a clockwise direction. Because the ITCZ is almost always north of the
equator in the Atlantic, hurricanes are rarely observed in the South Atlantic. (In
March of 2004, the first South Atlantic tropical cyclone on record occurred. It
struck Brazil and caused considerable damage. Some scientists suggest that global
warming may result in more frequent South Atlantic cyclones in the future.)

WAVES, DEPRESSIONS, AND STORMS

All hurricanes begin as tropical waves. These are first observed as irregularities,
or “bumps,” in the tropical isobars (Fig. 6-2). Showers and thunderstorms
develop on the eastern, or trailing, side of the disturbance. Tropical waves, also
called easterly waves, are common during the summer months, and they usually
move from east to west without intensifying. But when conditions are favorable
for intensification, an easterly wave can develop a cyclonic circulation. When
some of the isobars become closed curves, indicating that a cyclonic circulation
has developed, the wave becomes a tropical depression.

A tropical depression is an area of low pressure, similar to a temperate low
but without cold fronts or warm fronts. Such a disturbance can continue to
strengthen. When this occurs, the central pressure keeps falling, and the wind
speed increases. Warm air near the center tends to rise, and the surface winds
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Fig. 6-2. A tropical wave appears as a “bump” in the isobars on the equatorial side
of an oceanic high-pressure system.

spiral inward. When the maximum sustained wind reaches 34 kt (39 mi/h), the
disturbance becomes a tropical storm, and meteorologists give it a name. If
intensification continues until the sustained wind reaches 64 kt (74 mi/h), the
storm officially becomes a hurricane.

HURRICANE “BREEDING ZONES"”

Hurricanes form just north or south of the equator in many parts of the world
(Fig. 6-3). At the equator, there is no Coriolis force, and the big whirlwinds can-
not develop; the latitude must normally be greater than 5° either north or south.
Hurricanes almost always mature in the tropics, but a few mature in the temper-
ate zones. The key is ocean temperature, which must be above approximately
27°C (80°F) in order for a storm to reach hurricane strength. Hurricanes that
threaten the eastern United States mature in the Atlantic Ocean, the Caribbean
Sea, or the Gulf of Mexico.

In the northern hemisphere, the hurricane season begins on June 1 and ends
on November 30. In the southern hemisphere, the season is reversed. In some
parts of the world, hurricane seasons occur at other times; a good example is the
Bay of Bengal, where storms occur frequently in April and again in October. The
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Fig. 6-3. Hurricane “breeding zones” and common tracks throughout the world.

greatest frequency of hurricanes in most of the northern hemisphere is in the
months of August and September. This is also the time when a severe storm,
such as our hypothetical Hurricane Debby, is most likely to develop.

At the beginning of the Atlantic hurricane season, storms usually mature in
the southwestern part of the Caribbean Sea and in the Gulf of Mexico. By late
July, the temperature of tropical Atlantic waters has warmed up sufficiently to
allow storms to intensify in that region. By mid-October, the main area of devel-
opment returns to the southwestern Caribbean and the Gulf of Mexico.

In some years, several hurricanes form in the Atlantic, the Caribbean, and the
Gulf of Mexico. In other years, there may be few or no storms that reach hurri-
cane intensity in that region. Meteorologists have found some correlation
between unusual warming of the equatorial Pacific off the coast of South
America (the El Nifio phenomenon) and a lack of hurricane development in the
Atlantic and Caribbean. However, El Nifio events seem to cause an increase in
the frequency and severity of hurricanes in the western Pacific.

Once a hurricane has formed, it has a natural tendency to move away from
the equator, although this does not always happen. The precise path of a partic-
ular storm depends on weather conditions over the continents and the locations
of the high and low pressure systems at the higher latitudes. Sometimes severe
storms actually turn toward the equator before dissipating.

PROBLEM 6-2
% Give an example of a major hurricane that turned toward the equator
before doing most of its damage.
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SOLUTION 6-2

Hurricane Mitch of 1998 intensified over the Caribbean and then turned
south, spending most of his energy over Honduras. After weakening,
he moved north and northeast causing some wind and rain in South
Florida, and finally dissipated over the North Atlantic.

Anatomy of a Hurricane

Although hurricanes are low-pressure systems, they differ from the lows of the
temperate latitudes. The hurricane is more symmetrical than the cyclonic storms
familiar to inhabitants of Europe, the interior United States, and other temperate
regions. The hurricane, in its tropical stage, does not contain frontal systems.
The isobars are almost perfect circles, especially in a well-developed storm
(Fig. 6-4). The central pressure is usually lower (and sometimes much lower)
than that of a cyclone in the temperate regions. When a hurricane contains nearly
circular isobars near its center, it is said to have tropical characteristics. As
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Fig. 6-4. Isobars around a hypothetical hurricane near the Gulf Coast of Florida.
Barometric pressures are in inches of mercury (inHg), a unit commonly
used in weather broadcasts to the general public in the United States.
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a storm moves over land or over cold water, fronts develop and the isobars
are no longer circular near the center. Such a hurricane is then said to have
become extratropical.

CLOUDS, WINDS, AND RAIN

At the periphery of a hurricane, cloud circulation becomes noticeable. This is
evident in satellite imagery. The winds in this region are moderate. Rain show-
ers and thunderstorms occur, but they are rarely severe. Three cloud decks can
be identified in the outer circulation of a hurricane. The lowest layer, consist-
ing of nimbostratus clouds, produces rain. The middle layer consists of altocu-
mulus and altostratus clouds, and the upper cloud layer is composed of cirrus
and cirrocumulus.

Nearer the center, thick clouds form in spiral-like formations. Heavy rain is
produced in these regions, which are called rain bands. The rain brings high
winds to the surface, often attaining gale force. Within 50 to 150 km of the cen-
ter, the wind circulation picks up rapidly. The pressure gradient, or rate of
change of barometric pressure per unit radial distance, is steepest in the region
immediately surrounding the eye of the storm. This region is called the eyewall.

At the surface, the eyewall of the storm produces torrential, almost continu-
ous, rains and violent winds. By the time Debby has reached its peak of inten-
sity, the sustained winds are about 175 kt (200 mi/h). Hurricanes on earth almost
never get any more violent than this.

THE EYE

In the central core of the hurricane, the winds and rains abate. This region, which
has the general shape of the hole in a bagel, is called the eye of the storm. It can
be as small as about 8 km (5 mi) or as large as about 160 km (100 mi) in diam-
eter, although most hurricanes have eyes that are 16 to 48 km (10 to 30 mi)
across. In the eye, the cloud cover is light. The sky may be partly clear. During
the day, muted sunlight filters through, and at night, the stars or moon are some-
times seen. The barometric pressure is lowest within the eye. The level of this
pressure is one basis for determining the intensity of the hurricane. While nor-
mal air pressure is about 1000 mb, the pressure in a hurricane often drops below
950 mb, and can sometimes get below 900 mb.

The eye of a well-formed hurricane is spectacular, even in satellite images.
Pilots who fly “hurricane hunter” aircraft, and the scientists who travel with
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them, report that the cloud formations give the feeling of being inside a huge,
round stadium.

The surface winds of the hurricane spiral inward toward the eye. As the air
gets close to the edge of the eye, the angle of inflow gets small, so the winds
blow in an almost perfect circle. As Debby approaches from the southeast, the
first strong winds will come from the east-northeast (ENE) and then veer toward
the northeast (NE).

If you stand at any point and face the eye, the wind blows from left to right
in the northern hemisphere and from right to left in the southern hemisphere.
This principle of storm circulation is well known to mariners, but it often fools
people inexperienced with the storms. Some people think that a hurricane trav-
els in the same direction as the wind blows. If the eye passes over, they think the
storm has “blown itself out.” Then, when the winds return from nearly the oppo-
site direction, such people will say that the storm “came back.”

PROBLEM 6-3
% Can destructive winds in a hurricane occur in the direction opposite to
the movement of the storm?

SOLUTION 6-3

Yes. In certain locations during intense hurricanes, damaging winds
can come from a direction contrary to the forward progress of the sys-
tem. This occurred in 1992 in extreme South Florida during Andrew.
The movement of the storm was from east to west, but the extreme
intensity produced sustained westerly winds of 100 kt (115 mi/h) in
some locations.

Hurricane Life Cycles

Hurricanes in the North Atlantic and Caribbean usually begin on an east—to—west
or southeast—to—northwest track, following the general direction of the prevail-
ing winds. As a storm moves along, it may recurve toward the pole. A hurricane
will almost always recurve if it enters the westerlies in the temperate latitudes.
Recurving storms threaten primarily the eastern coast and the Gulf Coast of the
United States. Non-recurving Atlantic, Caribbean, and Gulf storms affect mainly
the shores of Texas, Mexico, and Central America. Some hurricanes recurve
harmlessly into the far northern Atlantic. There, the storms combine with tem-
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perate low-pressure systems. The forward speed increases, and can reach 40 kt
or more. Some hurricanes maintain strong winds well into the temperate zone,
particularly in the righthand semicircle where the rapid forward motion of the
storm adds to the speed of the revolving winds.

EFFECTS OF LAND AND COLD WATER

A hurricane must eventually face either demise by landfall or demise by cold
water. When a storm strikes land, it diminishes in intensity because the winds
encounter more friction at the surface than is the case at sea. This effect is most
pronounced over hilly or mountainous terrain. When a hurricane moves over cold
temperate waters, its supply of energy is cut off, and the storm loses intensity.

After a tropical hurricane crosses a large island and gives up some of its vio-
lence, it can be expected to intensify again when it gets back over water. Small
islands have little or no effect on hurricane intensity.

FACTORS THAT AFFECT HURRICANE TRACKS

Upon analysis of past hurricane paths and their relationship to the surrounding
weather systems, a correlation can be found between hurricane tracks and the
conditions in the temperate zone.

When a large area of low pressure exists to the west of a hurricane, the storm
will at first be drawn toward this low-pressure region. Then the hurricane will be
steered around the eastern edge of the low, where the winds come from the
south. The hurricane moves northward into the belt of prevailing westerlies and
finally turns to the northeast. The low-pressure area that causes this recurvature
may be a broad tropical wave, a cyclone originating in the temperate zone, or
another tropical cyclone.

Another scenario that often results in hurricane recurvature is the presence of
a low between two highs on or near the continent. A hurricane in the Gulf of
Mexico, for example, might turn northward and follow a break between two
highs. This brings the storm into the belt of prevailing westerlies. It turns north-
eastward as it weakens over the land mass.

Still another possible recurvature situation exists when a break occurs in the
Bermuda high. It is difficult to predict when such a break will occur, and if it does
happen, it might not be well-defined enough to affect the track of a hurricane. But
in some instances, storms follow such troughs. These conditions are often respon-
sible for steering hurricanes near Bermuda and the Azores. Under these conditions,
a hurricane can maintain much of its strength far into the northerly latitudes.
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When the Bermuda high is especially large or strong, or is located somewhat
to the west of its usual position, hurricanes normally do not recurve. The zone
of the easterlies, or trade winds, expands farther north than usual. When this hap-
pens, hurricanes tend to travel in almost straight westerly or west—northwesterly
paths. These nonrecurving storms can strike Central America or the Yucatan
Peninsula. Occasionally they move into the Gulf and threaten Texas or Mexico.

The prevailing westerlies, which constantly fan the North American conti-
nent, sometimes slacken as a result of a massive high over the Great Plains or
the southern United States. This kind of situation can prevent hurricanes from
recurving. In 1980, Hurricane Allen was a nonrecurving storm. He eventually hit
the Texas coast in a relatively unpopulated area. Allen was kept from recurving
by high pressure to the north.

Hurricanes are steered, to a large extent, by the winds in which they are
embedded. Forecasters can get a good idea of the future path of a tropical storm
by locating the isobars over the North Atlantic and the North American conti-
nent. A hurricane usually, but not always, moves parallel, or nearly parallel, to
the isobars in its vicinity. A fast-moving storm follows a more predictable path
than a stalled or sluggish one.

QUIRKY HURRICANES

Tropical cyclones sometimes defy all attempts at path prediction. They occasion-
ally travel against the surrounding winds or across the isobars. A storm may stop,
do a “loop-the-loop,” and turn in an unexpected direction. In 1935, a hurricane in
the Atlantic, apparently bearing down on New England, suddenly veered toward
the southwest and struck Miami, Florida. Residents called this storm, having
come from the northeast, the ““Yankee hurricane,” a name that lives to this day.
Another example of a hard-to-predict storm was Betsy of 1965. She appeared to
be heading for New England or the open sea, and then looped around before rav-
aging southern Florida, the Keys, and finally the central Gulf Coast.

Another odd quirk in hurricane paths is the occasional tendency for an
intense storm, such as Allen, to behave almost as though it has a loathing for
land. As Allen churned through the Atlantic and Caribbean, his central vortex
never made a direct hit on any of the major islands. Jamaica got the closest
shave, but Allen’s eyewall veered slightly away from the island, and Jamaica
was spared the worst of his fury. As Allen bore down on Texas, moving at a
steady clip of about 17 kt (20 mi/h), catastrophe appeared inevitable. The winds
along the coast rose to gale force, trees began to blow down, and electric utili-
ties failed. The residents expected an 8-m (25-ft) storm surge and deadly winds.
Then Allen stopped short of the coast and spent himself over the waters of the
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Gulf of Mexico. When Allen finally did move inland, he had weakened, and did
little damage.

THE ROLE OF THE COMPUTER

In recent years, hurricane forecasters have increasingly employed computers to
improve the accuracy of storm-path predictions. In the time since records were
first kept, many hurricanes have moved into the United States from the Atlantic
and the Gulf of Mexico. Their paths have been accurately recorded. A computer
can be programmed with all available past data. Then, when a hurricane
approaches, the coordinates are constantly fed into the computer. In most
instances, several previous hurricanes followed paths (up to the point of current
observation) nearly identical to that of the storm at hand. The computer “knows”
where these past storms went, and it “knows” all of the surrounding weather
conditions and how they are likely to affect the path of the hurricane this time.

When a storm threatens, the current conditions, along with past statistics, are
processed by the computer. It gives a mean (average) expected path prediction
for the next 12, 24, 48, and 72 hours. The computer also indicates the likelihood
that the storm will deviate, either to the left or to the right, from the mean
expected path by various amounts prior to landfall. Watches and warnings are
issued, according to this data, for a specific section of the coastline.

PROBLEM 6-4
% What is the difference between a hurricane watch and a hurricane
warning for a specific location or set of locations?

SOLUTION 6-4
A hurricane watch means that hurricane conditions (sustained winds of
) hurricane force, along with a significant storm surge) are possible
within 36 hours. A hurricane warning means that hurricane conditions
are expected within 24 hours.

Effects of a Hurricane

At the center of a hurricane, the atmospheric pressure can drop as much as 10%
below normal. The ocean surface, relieved of pressure in the center of the storm,
rises, creating a “dome of water.” The rise is greatest in and near the center of
the storm, where the barometric pressure is lowest (Fig. 6-5).
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Fig. 6-5. Simplified graph of atmospheric pressure vs. rise in sea level in
a hurricane over the open ocean. (This graph assumes the storm
is stationary. Forward motion distorts the curves somewhat.)

STORM SURGE

In the open sea, the low-pressure-induced rise in sea level is rarely more than
2 m (about 6 ft). As the center of the hurricane moves into shallow water and
approaches a land mass, however, the “dome of water” encounters friction,
which exaggerates the rise in the water. The larger the land mass, in general, the
more pronounced the effect. The geography of the coastline, the slope of the sea
floor near the coastline, and the angle with respect to the coastline at which the
hurricane approaches also play a role. The increased friction of the water against
the ocean floor causes the water to “pile up,” just as it does when incoming
swells form breakers on the beach, except more slowly. The power of the hurri-
cane winds, the forward motion of the storm, and the force of the water being
driven ashore combine to produce a tide that can rise several meters above
normal. The French have an expression for this phenomenon: raz de maree
(meaning “rise of the sea”). Americans call it the storm surge. It is the deadliest
phenomenon that occurs in association with hurricanes.
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The greater the intensity of a hurricane, the higher is the tide at the center. On-
shore winds create a tide by themselves, independent of the fall in the atmos-
pheric pressure. The water is literally pushed up onto the beach. Where the
winds blow offshore, the water level can drop, grounding ships in harbors and
stranding fish in pools hundreds of meters from the usual shoreline. The most
dramatic effect is in the eye itself, where both the wind and the partial vacuum
conspire to lift the water.

The storm surge associated with a hurricane may be gradual; the tide simply
gets higher and higher as the eye approaches. In some storms, however, the
major part of the surge takes place suddenly, in the form of one or more huge,
breaking waves, resembling a tsunami. This sudden raz de maree is the result
of resonance effects in the water, something like the oscillations you can set
up in a bathtub. Stories have been told about 10-m (33-ft) waves sweeping in
from bays, carrying debris with them, and causing massive destruction within
seconds. The worst horror tales come from the Bay of Bengal and the China
Sea, where vast populations have settled in low-lying areas adjacent to estuar-
ies and other inlets. A single storm surge in an 18th century hurricane killed
300,000 people in the Ganges River delta area. A similar disaster occurred
again in 1970.

The Gulf Coast of the United States, with its shoreline irregularities, is par-
ticularly vulnerable to large storm surges. A hurricane might move ashore at a
certain place and cause very little raz de maree, but if the storm turns and strikes
just a few kilometers down the coast, there will be a tremendous surge. The
importance of accurate landfall prediction is clear. The Tampa—St. Petersburg
bay area, on the western coast of Florida, provides a good example. A storm that
moves in from the west and strikes land just south of Tampa Bay will cause no
storm surge, and in fact will drive water out of the bay. If the hurricane makes
a direct hit, however, or if the eye comes ashore just to the north of the bay, a
storm surge of 6 to 8 m (about 20 to 25 ft) is possible. In addition to this, there
will be strong tidal currents and large, battering waves.

A storm surge can come with destructive force even outside of an enclosed
bay. The famous Miami hurricane of 1926 produced a significant storm surge in
the beach area outside of Biscayne Bay. A boat with a 2-m (7-ft) draft completely
crossed Key Biscayne during that hurricane. In 1992, Hurricane Andrew caused
a 5-m (16-ft) storm surge along the exposed shore near Cutler Ridge, Florida,
just south of Miami.

The raz de maree can sometimes remove vessels from the ocean altogether.
This occurred with Hurricane Camille, in August 1969 when it struck at Gulfport,
Mississippi. Three freighters were washed inland, where they ran aground.
When Camille departed, the ships were on dry land, standing upright as if they
had been moved there by the Army Corps of Engineers!
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DEBBY APPROACHES

In 1926, Miami was a small town compared to its present size. The storm of
September 18, 1926, would have caused much greater ruin if it had waited for a
few decades. It was roughly the size and intensity of Andrew that struck in 1992,
except that the 1926 storm came ashore in downtown Miami. Debby is not wait-
ing, and she is worse than either Andrew or the 1926 hurricane.

At 6:00 A.M. Eastern Daylight Time (EDT) on September 16, a hurricane watch
is posted for the coastline from Fort Myers to Fort Pierce, Florida. Debby is a def-
inite threat, and she might strike within 36 hours. Residents and vacationers in
Miami listen to the advisories concerning Debby. By 6:00 p.M., Debby is strength-
ening over open water, her eye just to the north of eastern Cuba. The coordinates
are given: 22.5° N, 76.4° W. Thousands of pencils each make dots on gridded maps
of the Atlantic, Gulf, and Caribbean. Such a map, created especially for following
the progress of hurricanes, is known as a hurricane tracking chart (Fig. 6-6).

HURRICANE rracxin chart

HEMEMBER, hunicanes are 14798 powertul 501ms 1hat can suddenly change diraction
Chreck truquently on the €tosn’s progress uati all Watches and Waraings for your erea
from the National Wenthor welod.

HURRICANE WATCH
B

“Debby”  11ll°

A Hypothetical :
Hurricane .. ..

Fig. 6-6. A hurricane tracking chart showing the path of a hypothetical hurricane. The numbers
represent dates in September; the time in each case is 6:00 p.M. Eastern Daylight Time
(EDT) or 2200 hours Coordinated Universal Time (UTC).
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It appears that southeastern Florida lies in Debby’s path. Late in the day on
September 16, a hurricane warning is issued for the Florida coast from Fort
Myers to Fort Pierce. Landfall is expected to occur within 24 hours. Beach
dwellers pay special attention to hurricane watches and warnings and evacuate,
if necessary, early enough to avoid being cut off from the mainland. Debby
threatens to inundate the beach areas with 3 to 5 m (10 to 16 ft) of water. An eld-
erly Miami woman who has seen a few bad storms says, as she packs her car
with food and other essentials, “There’s only one thing to do in a hurricane.
Leave!” The freeways are starting to get crowded on the morning of September
16. By evening, the traffic has become heavy as the warning is issued. Some
people are staying, but they are boarding up their windows. The noises of pound-
ing nails and whining electric saws fill the air.

RAINFALL

Hurricanes commonly produce large amounts of rainfall, which can compound
the flooding problem and extend it far inland. In times of drought, hurricane
rains are welcomed, but if they are extreme, they produce flash flooding because
the land cannot absorb so much water in such a short time.

Hurricanes vary in terms of total rainfall. Some storms are “dry,” while oth-
ers are “wet.” The most intense hurricanes are not always the wettest, and a weak
tropical storm is not necessarily a “dry” one. In 1981, tropical storm Dennis, not
a great threat in terms of the storm surge or wind, dropped 51 cm (20 in) of rain
in western Dade County, Florida. Although the area had been suffering from a
drought, severe flooding occurred. Two years earlier, Hurricane David, a far
more powerful storm, hardly wet the sidewalks in much of Miami, despite the
fact that his eyewall grazed Key Biscayne and Miami Beach.

When a hurricane strikes land, especially irregular terrain, the winds encounter
a sudden increase in friction against the surface. The result can be increased rain-
fall as the storm spends its energy. If a hurricane slows down or stalls over a cer-
tain place, there will be much more rain than if the storm sweeps through
quickly. If all of the factors—a “wet” storm, hilly or mountainous terrain, and a
slow forward storm speed—conspire together, the rainfall over a period of sev-
eral days may be fantastic. In July 1913, certain parts of Taiwan (then called
Formosa) received about 210 cm (7 ft) of rain from a single tropical cyclone.

In a typical hurricane, the total rain accumulation at any single place ranges
between about 10 cm (4 in) and 40 cm (16 in). The total rainfall can be difficult
to measure because the wind interferes with the functioning of the rain gauge.
During the periods of heaviest rainfall, the wind may blow the rain horizontally,
so that only a fraction of the water is caught by the apparatus.
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In the United States, the most severe flooding from hurricanes has historically
occurred in New England. A notable example is Diane of 1955, which caused
over $1,000,000,000 in damage (in 1955 dollars), mostly from flooding. This
storm was preceded by several days of heavy rain in Connecticut, Massachusetts,
Vermont, and New Hampshire. When Diane came along, the land was saturated
and could not handle the runoff. Record 24-hour rainfalls occurred in several
places; rivers rose far above flood stage. Another hurricane that caused great
flood damage was Hazel of 1954. Hazel moved inland over the Carolina coast
of the United States, causing winds of 130 kt (150 mi/h) and massive destruc-
tion from beach erosion. As Hazel continued northward, she combined with a
low-pressure system from the temperate latitudes, and dropped large amounts of
rain in the Great Lakes states. Hazel maintained considerable wind strength for
hundreds of kilometers inland. Hazel moved over Toronto, Ontario on October
15 and 16, 1954. Her rainfall, combined with the autumn rains typical of the
Great Lakes area, resulted in over $100,000,000 in damage from flooding in
metropolitan Toronto alone.

Flooding causes loss of property, as anyone who has been affected by a ram-
paging river will attest, but flooding can threaten lives, as well. This is more true
in the less developed countries of the world than in the United States. Flooding
can cause contamination of the drinking water and result in widespread sanita-
tion problems and disease, with which the medical community in an underde-
veloped nation cannot deal. Even in a major United States city, the water supply
may be made unsafe. Flood waters usually carry debris, such as uprooted trees,
automobiles, and fragments of washed-out structures, worsening the damage to
buildings and causing numerous injuries to people. Fallen utility lines dangling
in the water present an electrocution hazard.

WAVE ACTION

The storm surge and the potentially heavy rains are not the only water-related
destructive factors associated with hurricanes. Even if there were no rise of the
sea and no rainfall whatsoever, the wave action would still cause devastation
immediately along the unsheltered beachfront.

Waves form when wind moves over a water surface, creating friction between
the air and the water. We have all observed sizable waves, perhaps as high as
1.5 m (5 ft), on large lakes when the weather is especially windy. In the vast
ocean, under the turbulent conditions of a severe and large hurricane, the waves
can reach heights in excess of 20 m (66 ft).

When a hurricane is still far offshore, the swells from the storm cause large
breaking waves on the beachfront. At a distance from the center of the hurricane,
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the swells appear to emanate radially outward from the eye (Fig. 6-7). They are
actually generated, however, by the rotating winds in the eyewall. The height of
a swell depends on the intensity of the hurricane, the diameter of the eyewall,
and the distance of the storm from an observer. For beach dwellers, the earliest
sign of an approaching hurricane is often an increase in the size of the breakers,
and a corresponding decrease in their frequency. The change can be noticed, in
some instances, 48 hours prior to the arrival of stormy weather.

The period of a train of incoming swells is directly related to their height.
Under normal conditions on an ocean beach, the swell period is 5 s to 6 s; this
translates to a swell frequency of 10/min to 12/min. As a hurricane approaches,
this frequency drops to around 8/min. As the swell period increases, so does the
height. This can produce spectacular breakers. In some parts of the country,
surfers flock to the beach to take advantage of these breakers. Unfortunately, the
breakers are often accompanied by dangerous littoral currents (sideways move-
ment of the water), rip currents (large eddies that can carry a swimmer away
from the shore in certain places), and undertow (a current near the bottom that
runs away from shore beneath breakers). All of these phenomena can be dan-
gerous, as can the sheer size of the waves and their uncharacteristic violence.
Even well-seasoned swimmers and surfers in excellent physical condition can
get into trouble in prehurricane breakers. One of the most horrifying possibili-
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Fig. 6-7. The generation of swells around the eyewall of a hurricane. (This is a
simplified rendition that neglects the forward motion of the storm.)
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ties is being hurled high into the air after “wiping out” and then falling head-first
into shallow water. The result can be a broken neck and permanent paralysis,
assuming the surfer does not drown in the turbulent water.

As a severe hurricane nears, the swell frequency can drop to 6/min or less.
The thundering of the breakers can sometimes be heard for hundreds of meters
inland. There is also a shift in the wind. In the northern hemisphere, the wind
backs (shifts counterclockwise as viewed from above) about 90° as the storm
nears, so that as you stand directly facing the oncoming breakers, the wind blows
against the left side of your body. In the southern hemisphere, the wind turns
clockwise about 90°; as you look at the oncoming waves, the wind blows from
your right. As the waves break, the wind blows the spray laterally through the
air. When a hurricane moves on a track more or less directly toward you, the
waves become continually larger, and the direction from which they come does
not change significantly. If the storm is not moving directly toward you, the
direction from which the waves arrive slowly rotates clockwise or counter-
clockwise, depending on whether the eye is traveling toward your right or
toward your left as you face the sea.

Ocean swells do not always arrive perpendicular to the beachfront. They can
come in at a considerable angle. This is when littoral and rip currents are most
likely to arise. If the swells are large, beach erosion occurs. Such swells can
wash away much of the shoreline within a day or two. Houses are damaged,
roads undermined, and inlets filled in with sand.

TORNADOES AND MICROBURSTS

The wind damage from a hurricane results mainly from the prolonged, violent
“blow” in the eyewall. Few hurricanes retain deadly wind speeds farther than
about 160 km (100 mi) inland, although this depends to a large extent on the ter-
rain, and considerable damage can still result from sustained winds of 50 to 60 kt
(about 60 to 70 mi/h). Hurricanes can produce tornadoes, however, and these
have higher wind speeds than those in the general circulation of the eyewall.
Tornadoes are most frequently observed in the forward semicircle of a hurri-
cane, especially in the right front quadrant. But they can take place anywhere in
the rainbands or eyewall the storm. In a hurricane, a tornado may move much
faster than a typical “Texas twister,” and can strike with little or no warning. The
tornadoes associated with a tropical hurricane are, however, rarely as large or vio-
lent as their continental counterparts. Hurricane-spawned tornadoes can neverthe-
less tear the roofs off of buildings, shatter windows, overturn automobiles, strip
trees, and cause other serious damage to property. As the hurricane moves into the
temperate latitudes, the tornadoes may become more violent. Hurricane Camille,
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in August, 1969, caused significant tornado damage throughout the Gulf Coast and
southeastern United States as she moved northeastward past the 30th parallel.

Microbursts can also occur in hurricanes, especially in the eyewall where the
most intense thunderstorm activity is found. These are the same phenomena
sometimes seen in strong thunderstorms associated with frontal cyclones in the
temperate latitudes. As the air descends and strikes the surface, it “spills out” in
all directions like a water stream striking a hard floor, momentarily adding to the
wind speed in some directions, momentarily reducing it in other directions, and
momentarily shifting its direction in some places.

An exceptionally strong wind gust or lull in the eyewall of a hurricane, par-
ticularly if it is attended by a perceived change in the air pressure (felt on the
eardrums), can signify a passing tornado or microburst. The author noticed sev-
eral instances of this phenomenon during the passage of the forward portion of
the eyewall of Hurricane Andrew in Homestead, Florida. The wind would sud-
denly abate for a couple of seconds, and high pressure was felt on the eardrums.
After the storm, some trees were blown down at angles much different from
what would have been expected if the winds had blown in straight lines at all
times. This lends support to the hypothesis that the eyewall of Andrew contained
tornadoes or microbursts, or both.

LIGHTNING

The amount of electrical activity in a hurricane can vary from practically zero to
a dazzling, continuous display. Some severe hurricanes have little or no light-
ning. As Hurricane David passed by Miami, in 1979, little or no sferics (“static”)
was observed at shortwave and medium-wave radio frequencies. But tropical
storm Dennis of 1981, a much less intense storm, produced lightning so brilliant
and continuous that it was possible to read a book by its light during the night-
time. Dennis was less organized, but produced much more rainfall, than David.

Thunder is easier to hear in the less violent part of a hurricane than in the eye-
wall, and lightning is more readily seen at night than during the daytime. With a
high wind, people are not likely to notice (or care about) lightning and thunder.
Heavy rains and limited visibility can also make lightning hard to detect. When
lightning is seen in an intense hurricane, it often has strange colors such as yellow,
red, or green.

THE EXTRATROPICAL HURRICANE

The hurricane of the tropics is a symmetrical storm, having isobars that form
almost perfect circles. It is somewhat more intense, and covers a slightly wider
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area on the side in which the wind blows in the same direction as the storm
moves. In the northern hemisphere, this is the righthand half of the whirlwind;
in the southern hemisphere, it is the lefthand half. There are no frontal systems
associated with a tropical hurricane.

As a hurricane travels farther from the equator, it gets less symmetrical,
develops warm and cold fronts, and attains a higher forward speed. The latitude
at which a hurricane changes in character from tropical to extratropical, or the
exact moment the transition takes place, varies from storm to storm. It makes a
difference whether it is early in the hurricane season, at the height of the season,
or late in the season. Between approximately August 15 and October 15, hurri-
canes are most likely to retain their tropical characteristics some distance into
the temperate zone. Nonrecurving storms do not become extratropical. They
remain in the tropics, and either die off at sea or over land.

Most extratropical hurricanes usually have less violent winds than tropical
hurricanes, but there are exceptions, such as the famous 1938 hurricane that
struck Long Island and New England. The winds blow much harder on the side
of an extratropical storm in which the forward movement adds to the wind cir-
culation. Some extratropical hurricanes move forward at speeds as great as 40 to
50 kt (47 to 58 mi/h). This can make a big difference in surface wind speed on
the “strong” side of the storm as compared with the “weak” side.

Extratropical hurricanes have identifiable eyes less often than tropical hurri-
canes. The pressure gradient near the core is less pronounced. The eyewall
becomes irregular or elongated, and the eye fills with clouds. Warm fronts and
cold fronts form. Thunderstorms and squall lines occur, especially in association
with cold fronts over land. Heavy rain and high winds are often observed hun-
dreds of kilometers from the center. The eyewall eventually disappears alto-
gether. If a late-season hurricane wanders far enough from the tropics, the rain
changes to snow in some sections of the storm.

NAMING OF STORMS

As the hypothetical Hurricane Debby bears down on Miami, the residents might
wonder how this benign-sounding name can reasonably be used as the code
word for such a monstrous storm. Obviously, the name has little to do with the
character of the storm. Why do we name hurricanes at all?

During the Second World War, hurricanes—especially western Pacific
typhoons—caused trouble for the United States Navy. Often, more than one
storm was in progress at a given time, and all of them were constantly moving
in various directions. Confusion arose as to which storm was which. There were
no weather satellites back then, and it was more difficult to locate the center of
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a storm than is the case today. The military started to name hurricanes to keep
track of them and to tell them apart. At first, the standard military phonetics for
the alphabet were suggested as possible names for hurricanes. Thus, the first
storm of a season would be named Able, the second one Baker, the third one
Charlie, and so forth. (Military phonetics have changed since that time, so if this
scheme were adopted today, the first three storms would have been called Alpha,
Bravo, and Charlie.)

The main problem with the phonetic scheme soon became evident: Which
ocean was which? There might be three hurricanes called Baker: one in the
Caribbean Sea, one in the Pacific Ocean, and one in the Indian Ocean. While the
idea of getting one ocean confused with another seems silly at first thought, such
mix-ups can and do happen. It wouldn’t be very funny when a destroyer got
caught in a storm such as Debby because the captain thought it was in the east-
ern Pacific Ocean and not in the North Atlantic! In order to prevent this sort of
problem, separate name lists were composed for each oceanic region (North
Atlantic, Eastern North Pacific, Central North Pacific, Western North Pacific,
and so forth) in each hurricane season.

The naming of hurricanes was not formally considered until after the Second
World War. In 1953, the official phonetics were changed, and a two-year plan for
giving hurricanes phonetic names was dropped. It was decided that female
names would be used instead. Different lists of names would be used for differ-
ent oceans to eliminate the possibility of the sort of confusion just described. In
the next year, 1954, hurricanes Carol, Edna, and Hazel raked New England, the
middle Atlantic states, the Ohio Valley, and the Great Lakes region. In 1978, it
was decided that hurricanes should receive male names as well as female names.
David of 1979 became the first big “male hurricane.”

Developing tropical cyclones are not named until they attain tropical storm
intensity by having sustained winds of 34 kt (39 mi/h) or more. Before then, the
systems are sometimes given numbers identifying them in order of occurrence
for the season, for example, “Tropical Depression Five.” If a hurricane or tropi-
cal storm loses its intensity and returns to tropical depression or disturbance sta-
tus, it loses its name. If it regains strength and once again acquires gale-force or
hurricane-force winds, it gets its old name back.

Preparation and Survival

For people who live in hurricane-prone regions, it is wise to make some arrange-
ments for a possible storm at the beginning of each hurricane season. In North
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America, the season officially starts on June 1. Nonperishable foods, tape, flash-
light cells, and other storable items should be obtained at that time. When watches
and warnings are issued, there will likely be spot shortages of critical supplies.

WATER

It is especially important that an adequate water supply be maintained. After a
hurricane has passed through a region, municipal water can become contami-
nated and unsafe. Saltwater intrusion can occur as a result of the storm surge.
Sewage can sometimes become mixed with water. Flooding can cause trash, fer-
tilizer, and animal waste to work their way into the drinking water mains.

If a hurricane warning is issued, the best way to store water is to fill every
available container before the storm hits. The big plastic bottles in which milk is
sold are ideal for this purpose. Bottled water can be purchased, as well. All sinks
and bathtubs should be thoroughly cleaned, rinsed, sterilized with chlorine
bleach, and the drains made completely watertight using a non-water-soluble,
non-toxic sealant. Such vessels should be filled with water. A couple of drops of
chlorine bleach per liter (approximately 1 quart) of water can prevent harmful
bacteria from growing for several days.

FOOD AND COOKING

A substantial store of nonperishable food is important, as well. This can include
canned meats, vegetables, juices, fruits, nuts, and canned or evaporated milk.
Such foods should be purchased before the start of the hurricane season, and can
be used up slowly after the end of the season. Don’t forget to buy manual (non-
electric) can openers! After a hurricane, the electricity might be off for a long
time, and electric can openers won’t work. If it appears possible that a storm
might strike within several days, certain foods can be purchased that will keep
for a few weeks in a functioning refrigerator, or for a few days in a closed refrig-
erator without electricity. Examples of such foods include certain processed
cheeses, fresh fruits and vegetables, bread, and hard-boiled eggs.

It is best to get a good supply of foods that can be eaten without cooking. If
it is necessary to cook foods, and if you happen to have a gas stove or oven with
your own independent gas tank, be sure the tank is filled a long time before a
storm looms. (Don’t try to call the service people after a hurricane watch or
warning has been issued!) During the storm, the tank valve should be closed, and
no attempt should be made to cook anything. Wait until the hurricane has passed.
Charcoal should never be used indoors, because the combustion produces deadly
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carbon monoxide gas which is colorless and odorless. Portable burners, intended
for camp use, are usually alright to use indoors, but be careful with fire and be
sure to read all the instructions before you use them. Be sure you have plenty of
fire extinguishers around, and be sure they have been maintained so they will
work if you need them.

OTHER STEPS TO TAKE

Fill the gas tanks of all your vehicles. After the hurricane, station pumps may not
work because they use electric motors. If you have a boat, it should be moved
away from the ocean or bay. Don’t wait until the storm is almost upon you; get
it to safety a day or two in advance of the hurricane. Boats on trailers should be
kept indoors if possible. If that is not possible, the boat and the trailer should
be anchored down with heavy aircraft cable and clamps—although a severe hur-
ricane may have winds strong enough to snap aircraft cables or rip the anchors
out of the ground, and carry a boat hundreds or thousands of meters away.

If time is available, prune down trees and shrubbery to protect them against
destruction by the wind, and to reduce the danger of damage from flying limbs.
(Ideally, pruning should be done, and kept up to date, on a routine basis.) Even
a minimal hurricane can uproot large trees. Take the cut branches to the dump;
do not leave them lying around. If you have coconut trees, have someone take
or knock down the coconuts. A hurricane wind can dislodge them and propel
them through the air like cannon balls.

The winds of a hurricane can shatter windows as a result of air pressure.
Flying debris compounds this problem. Windows should be boarded up with the
thickest plywood available, using plenty of large nails. Alternatively, windows
can be protected by metal shutters. If this is not feasible, masking tape should be
placed in an X-pattern over the inside and outside of every window pane. Of
course, once the storm strikes, you should stay as far as possible from windows,
no matter how well secured they are.

Loose objects can become lethal missiles in a hurricane wind. Trash cans,
radio antennas, bicycles, tools, lawn mowers, and other objects can be hurled for
hundreds of meters at high speed. Such objects must either be stored indoors or
tied down with aircraft cable.

DURING THE STORM

False rumors will circulate during the days and hours before a hurricane strikes.
It is important to get the facts. The National Hurricane Center will disseminate
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the information over local radio and television stations. If you live near the
beach or bay shore, and you are advised to evacuate to higher ground, do it!

As the eyewall of the storm moves inland, electricity will be lost. A battery-
powered radio, with two or three sets of spare batteries (that have been checked
and found good), should be available for use during the blackout. A good flash-
light, with several sets of spare batteries and one or two spare bulbs, is a neces-
sity as well. The lantern-type light, with the large battery, is excellent. Candles
and matches can be used if nothing else is available, but they create a fire haz-
ard. Candles molded in low, wide glass jars are least likely to be tipped over.
When power is lost, switch off all lamps and appliances to protect them against
a voltage surge when power is restored. Shut off the main switch or switches at
the distribution box.

The hours immediately before the arrival of the eyewall may be deceptively
calm. The rain and wind may diminish to a drizzly breeze. But when the eyewall
arrives, there will be no doubt about it. The wind will kick up and things will
begin to fly through the air. Move to the leeward side of the building (the side
facing away from the wind). Children and elderly people will need reassurance,
because the sound of the wind can be traumatizing. Animals may have to be
placed in restraining boxes or crates.

THE SAFFIR-SIMPSON SCALE

Hurricanes vary greatly in size, forward speed, and circulating wind speed. The
circulating wind speed is inversely proportional to the barometric pressure in
the center. The storms with the lowest pressures in their eyes invariably have the
greatest circulating wind speeds. The potential storm surge increases with
the circulating wind speed, but is also affected by the forward speed of the storm,
the diameter of the eyewall, the angle with which the hurricane approaches the
coast, the contour of the sea floor near the coast, and the general shape of
the coastline in the path of the storm.

A numerical scale has been developed for categorizing hurricanes in terms of
their severity. This is known as the Saffir-Simpson scale, and it is outlined in
Table 6-1. Storms of category 3 or more are considered major hurricanes.
Category 5 hurricanes do not occur very often, but when one of them strikes a
populated area, the result is always a catastrophe.

PROBLEM 6-5
% If the eyewall of a strong hurricane passes over a certain place, does this
invariably mean that there is a massive storm surge at that location?
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Table 6-1. Saffir-Simpson intensity scale for hurricanes. Wind speeds are sustained (based on a
1-minute average.)

Saffir-Simpson | Wind speed
category in knots General observed effects

1 64-82 Minimal hurricane. Some trees blow down, mobile
homes overturn, unprotected windows break or blow out.
Storm surge of 2 m (6 ft) or less occurs.

2 83-95 Moderate hurricane. Roofs blow off houses. Major
damage is done to beachfront properties. Numerous trees
blow down. Storm surge of 2 to 3 m (6 to 10 ft) occurs.

3 96-113 Major hurricane. Many houses and buildings on the
beachfront are destroyed. There is considerable damage
to houses inland. Few trees are left standing. Storm
surge of 3 to 4 m (10 to 13 ft) occurs.

4 114-135 Severe hurricane. Substantial damage to property occurs
inland, and almost total destruction is observed on the
beachfront. Landscape defoliation is extensive. Storm
surge of 4 to 5.5 m (13 to 18 ft) occurs.

5 136 or more Extreme hurricane. Total destruction takes place along
the beachfront. Significant structural damage is done to
most buildings inland. Landscape is almost totally
defoliated. Storm surge of 5.5 m (18 ft) or more occurs.

SOLUTION 6-5

No. If the lefthand portion of the eyewall (in a northern-hemisphere
storm) or the righthand portion (in a southern-hemisphere storm) passes
over a point on the coast, the tide can drop below normal. This is because
the high winds blow offshore, pushing water away from the coast.
However, depending on the shape of the coastline in the region, there
may still be some storm surge before or after the eyewall passes over.

Debby Strikes

As the warning is issued, the broadcasts are the only visible evidence of what is
coming. The sky has a few high cirrus clouds, with scattered cumulus at lower
levels. The sun sets with the ruddy glow familiar to Floridians. The barometer



CHAPTER 6 Tropical Cyclones _\@’

has dropped slightly, but not yet to an unusual extent. The large ocean swells,
thrown out in advance of the storm, do not get to the beaches because of the
reefs offshore.

Later, cumulus clouds move more quickly than usual across the sky, and they
assume a dusky gray appearance. In terms of diameter, Debby is not a particu-
larly large hurricane, and she is still about 725 km (450 mi) away, approaching
at a little less than 18 kt (20 mi/h).

SEPTEMBER 16, 9:00 p.m. EDT

Debby appears to be headed straight for Miami, with maximum sustained winds
of 145 kt (167 mi/h). The director of the National Hurricane Center tries to
describe the fury of Debby to the residents. Some of them remember previous
hurricanes, and need no description.

A radar picture, obtained from a reconnaissance aircraft near the eyewall, is
shown on television. The eye of the storm shows up clearly, as do the eyewall
and the spiral rainbands. Preparations for the arrival of Debby continue through-
out the night. Most people are serious about this; they are busy boarding up win-
dows, securing loose objects, and taking other emergency measures. Hardware
and grocery stores remain open until all their supplies are gone. Gas stations,
too, remain open.

SEPTEMBER 17, 2:00 A.m. EDT

The full moon is suddenly obscured by the cumulonimbus clouds of the outer-
most rain band of the hurricane. The wind gusts fitfully from the northeast. The
shower is over within a few minutes, and the moon reappears dimly behind lay-
ers of fast-moving clouds. Every few moments a ragged fractocumulus or
“scud” cloud temporarily blocks the moon; then the silvery disk reappears.

The full moon means that the normal gravitational tides will be at their high-
est, and if the hurricane tide strikes along with the occurrence of normal high
tide, the storm surge will be extreme. This, say the forecasters, is the main rea-
son for coastal dwellers to evacuate inland. Most heed the warnings; a few do
not. The next rain squalls move into Miami at about 4:30 A.M. The smattering of
rain against boarded-up windows awakens the residents that have managed to
fall asleep despite the growing tension and apprehension. A glance out the door
reveals slanting rain, swaying trees, and a more rapidly moving rack of gray
clouds, illuminated by the lights of the city. The showers again pass, but the
weather grows worse by the hour.
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SEPTEMBER 17, AFTER SUNRISE

Rain showers and thunderstorms continue intermittently throughout the morning
hours, but none are violent, and some people are getting the idea that Debby
might be an overrated storm. The forecasters warn, however, that Debby is an
unusually fast mover. The destructive eyewall will strike with greater than usual
rapidity. It also means, fortunately, that the storm duration will be shorter than
that of the average hurricane, as long as Debby doesn’t stall or slow down. The
eyewall is small, having contracted to an outside diameter of about 95 km (60 mi).
If Debby makes a direct hit, she will get her work done in a hurry. People are
talking about this storm as Andrew (of 1992) reincarnated, and they fear Debby
will be worse because she appears to be on track to pass over downtown Miami
and Miami Beach.

SEPTEMBER 17, AFTERNOON

Just after noon, the sky lightens a little, and for a few minutes the animated trees
cast their shadows on the damp ground. The wind along the beaches is now a
solid northeasterly gale. Inland, conditions resemble any squally, windy day in
September. But the barometer is falling fast, and this unusual phenomenon is
noticed even by people who don’t know anything about hurricanes.

Coral Gables, a southwestern suburb of Miami, is graced with green, lush
foliage and beautiful homes. Although the residents don’t yet know it (nor can
the forecasters precisely predict it at this point), Coral Gables lies squarely in
the path of Debby’s core. Trees begin to fall at about 3:00 p.M. as the innermost
rainband passes through the area, accompanied by two tornadoes, driving rains,
lightning, thunder, and wind gusts to 80 kt (92 mi/h). The power goes out.
Broken utility lines flap and spark in the gale.

Just before 4:00 p.M., a milky green, sideways-moving wall of rain and debris
swallows up the landscape from the southeast.

THE SIEGE: PHASE 1

As the edge of the eyewall approaches, the sound is like that of a freight train
passing. The house in which you sit begins to shake, even though its exterior
walls are made of solid concrete. You can hear things smacking against those
outer walls and against the plywood covering the windows. The air becomes
filled with tree limbs and whole palm tree tops, unsecured bicycles, lawn mow-
ers, boats, Spanish tiles, broken glass, and big signs. Automobiles are over-
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turned, and some smaller cars are rolled until they come to an obstruction. The
rain lashes with the force of a firehose. Corrosive salt spray from Biscayne Bay,
blown for miles inland, mixes with the rain. Visibility is nil.

At the National Hurricane Center, the anemometer is destroyed shortly after
the official sustained wind speed exceeds 130 kt (150 mi/h). The true wind speed
will never be measured. Inside their homes, residents huddle in broom closets,
under kitchen and dining room tables, and even under mattresses. For a short
time, some radio stations, equipped with emergency generators, continue to
operate, giving the latest radar information and other data. One by one, the
broadcast stations go off the air as their towers collapse.

The blow continues unabated. Along the bayfront and beach, the onshore
winds push the water higher and higher. As the edge of the eyewall moves up the
coast, the few people who have remained on the waterfront discover why they
were advised to evacuate. The sea threatens to carry their homes away and then
drown them outright. Windows in highrise buildings blow out, followed by the
destruction of the inside walls. People lie flat on the floors. The wind tide
around the northern periphery of the eyewall reaches 6 m (20 ft) above normal
in some locations, washing sand and silt into the lower stories of the buildings.
Some houses and condominiums collapse as 3-m (10-ft) waves undermine their
foundations. Miami Beach and Key Biscayne become part of the ocean floor for
two long hours. When the water subsides, most of the causeways will be gone.
The only transportation to the mainland will be by boat. The beach will have
been rearranged. Sand will be knee deep on Collins Avenue.

THE EYE ARRIVES

Finally, at about 5:00 p.m, some of the coastal dwellers notice that the roar of
the wind is lessening. A break is coming. The visibility improves and the sky
lightens. The rain slackens, and then stops altogether. The edge of Debby’s eye
is moving ashore. The eye of this storm is small and well-defined. The small size
of the eye, combined with the fact that Debby is moving fast, means that the lull
in the center will not last long. Those who lie precisely in the path of the storm
will have less than half an hour of respite before the rear semicircle of the eye-
wall strikes. In most places where any lull is observed, it will last for a much
shorter time. Most of the residents will not experience the passage of the eye, but
will notice a rapid shift in wind direction, veering in the righthand half of the
storm and backing in the lefthand half.

Some people cautiously peer out of their battered homes at the destruction
around them, taking advantage of the momentary letup in the wind and rain. Others,
only a few kilometers away, are still experiencing the full fury of the hurricane.
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The clouds in the eye are thin and broken. The blue sky is visible in patches.
The slanting, late-afternoon sun illuminates the towering banks of cloud. The
shadow of the western eyewall falls on the eastern eyewall. The center of Debby
is a “hole in the sky” 13 km (8 mi) across and equally deep. All of the clouds are
continually in motion. The roar of the wind can be faintly heard, like distant air-
craft circling.

The air within the eye of a hurricane is usually warmer than the air surround-
ing the eye. A hurricane is a warm low-pressure system, and the humidity is
often observed to fall in the core of a storm. Such is the case with Debby. The
barometer on the wall in the living room shows 27.05 inHg. Normal atmospheric
pressure will support about 30 inHg. Thus, the pressure within the eye of Debby
is only 90% of normal.

THE SIEGE: PHASE 2

The sky begins to darken toward the south and east; the wind has shifted to the
southwest. Rain begins to fall again. Then the rear half of the storm moves in,
and chaos returns. After the period of light winds and absence of rain, the storm
seems even more violent than it was before the arrival of the eye. In some hur-
ricanes, the second half is actually more violent than the first. This is especially
common in storms that pass over islands. In the case of Debby, however, the sec-
ond half is slightly weaker in Miami, because the wind no longer comes directly
off the ocean.

A few people get caught outside as the storm returns, taken by surprise at the
suddenness with which the eyewall has moved back over them. One man strug-
gles and slides on the wet concrete of his driveway. His wife throws him a piece
of clothesline and pulls him in. During the next hour and a half, what little is left
of the foliage in Coral Gables is stripped of almost every leaf. Some of the
stronger pine trees remain standing; others lean as if they have been pushed
down by a great bulldozer. Houses and apartment buildings are unroofed, and
the rain comes rushing in.

By 7:00 p.M., the worst of the storm has passed. Nightfall arrives with a deep-
ening gray.

AFTERMATH

The full extent of the damage from Debby will not be realized for some time. All
telephone service has been wiped out. There is no electricity. Broadcast stations
with antennas that lay in the path of the eyewall are off the air. Along the beach-
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front, many buildings have been washed away. Only the foundations, some
obscured by sand, remain. Fish are strewn everywhere, some with their eyes
popped out. Streets and highways have been undermined in some spots, causing
the pavement to collapse.

Hurricane Debby has moved into the Florida peninsula, and her violence has
decreased. Orlando is buffeted by squalls and tornadoes. The storm drenches the
swamplands to the west of Jacksonville, and moves on into southern Georgia.
Heavy rains cause flooding throughout the southeastern United States. Then the
remains of Debby combine with a temperate low over Pennsylvania, producing
floods in the Northeast.

Certain precautions must be observed following a hurricane. Even if power is
out, some fallen wires may carry thousands of volts. If live wires are dangling
or lying in a puddle of water, people can be electrocuted even without coming
into direct contact with the wires. Stay away from standing water and downed
power lines.

The drinking water, if not shut off by the municipal authorities, cannot be
guaranteed safe for human consumption. As broadcast stations return to the air,
advisories will be given concerning the integrity of the water supply. Do not use
the water until you are told it is safe to do so by a reliable source.

If your telephone still works, don’t try to use it except in an emergency. The
switching networks, if they function at all, will be working at only part of their
normal capacity, and the volume of attempted calls would overwhelm them even
if they were functioning at their best.

Do not attempt to drive your car or truck (or even a Land Rover) until most
of the debris has been cleared. After a storm such as our hypothetical Debby, you
might run over debris and get a flat tire, get stuck in sand or mud, or get lost
because of the destruction of street signs and landmarks.

PROBLEM 6-6

% Suppose that Debby had been moving at only half the forward speed as
was the case in the scenario just described, but all other factors were
equal (same intensity, same diameter, same storm track). What differ-
ence would this have made?

SOLUTION 6-6

Hurricane conditions at all points would have existed for twice as long.
The maximum sustained winds would have been a few knots lower on
the strong (right-hand) side of the hurricane and a few knots higher
on the weak (left-hand) side. The amount of rainfall would have been
approximately twice as great at all locations.
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Quiz

This is an “open book” quiz. You may refer to the text in this chapter. A good
score is 8 correct. Answers are in the back of the book.

1. Well-defined cold fronts and warm fronts are most likely to be observed
in a hurricane if it
(a) acquires tropical characteristics.
(b) reaches category 3, 4, or 5 intensity.
(c) passes from the tropics into the temperate latitudes.
(d) fails to recurve.

2. The term recurve, with respect to a hurricane, means that a storm
(a) does a 360° “loop-the-loop.”
(b) follows a path that turns toward the pole.
(c) follows a path that turns toward the equator.
(d) follows a straight path in the tropics.

3. The rainfall in a hurricane can be difficult to measure because
(a) anemometers rarely survive the extreme winds in the eyewall.
(b) the wind can interfere with the ability of a rain gauge to catch the
rain.
(c) the amount of rain is often greater than any instrument is designed
to measure.
(d) the barometric pressure can get too low for a rain gauge to work

properly.

4. As a hurricane approaches and ocean swells or breakers become larger,
the frequency of the swells or breakers
(a) increases.
(b) stays the same.
(c) decreases.
(d) rotates counterclockwise.

5. Suppose you are standing on a beach on the Gulf Coast of southwest
Florida and there is a tropical storm offshore, directly west of you.
Imagine that you are well within the circulation of the storm, so you are
experiencing gale-force winds. These winds blow from the
(a) south.

(b) north.
(c) east.
(d) west.
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10.

The lowest pressure in a hurricane is observed in the
(a) eyewall in the forward semicircle.

(b) eyewall in the rear semicircle.

(c) rainbands.

(d) eye of the storm.

When hurricanes were first named after the Second World War, which of
the following schemes was initially used?

(a) American first names.

(b) Phonetic representations for A, B, C, etc.

(c) American surnames.

(d) Spanish nicknames.

A tropical depression is given a name, and considered to be a tropical

storm, as soon as

(a) its maximum sustained wind speed reaches 100 kt (115 mi/h) or
more.

(b) its maximum sustained wind speed reaches 64 kt (74 mi/h) or more.

(c) its maximum sustained wind speed reaches 34 kt (39 mi/h) or more.

(d) it has caused serious human casualties or property damage.

A storm surge can cause

(a) general flooding.

(b) buildings and roads to be undermined.
(c) saltwater intrusion into the water supply.
(d) All of the above

The most severe type of hurricane is
(a) atemperate frontal cyclone.

(b) a tropical depression.

(c) a gale force storm.

(d) a category 5 storm.
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Wsnow falls in abundance, winter is great for skiing; and where cold tem-
peratures freeze lakes deep enough, it is good for ice skating. But winter can also
be dangerous. A large winter storm over North America can expend as much
energy per unit time as a major tropical hurricane. The Omaha tornado of 1975
killed three people. But in 1984, a blizzard was blamed for more than 20 deaths
in.the midwestern and northeastern United States.

Winter Weather

The Stormiest Season

People who live in the middle latitudes in the southern hemisphere are battered
by continental winter storms less frequently than people who live in the middle
latitudes in the northern hemisphere. This is because, between the Tropic of
Capricorn and the Antarctic Circle, most of the earth’s surface is covered by
ocean. There just aren’t as many people down there! In the northern hemisphere,
the continents of Europe, Asia, and North America compose much of the world’s
total land mass. A sizable proportion of each continent is situated in the prime
winter storm track. Cyclonic winter weather systems, spun off by the semiper-
manent Aleutian and Icelandic low pressure systems, pass over populated regions
intermittently between September and May. The most intense of these occur from
late November through March, peaking in January or February.
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LENGTH AND SEVERITY

At any given place, the length and severity of the winter season depends on two
factors: the latitude and the distance from the ocean. As distance from the equa-
tor increases, in general, winters get colder and longer. However, a town in the
center of a large continent has a longer and more severe winter storm season than
a coastal town at the same latitude. (An especially interesting example is a com-
parison between the climates of southern Italy and the Great Plains of Nebraska,
which are on the same line of latitude.) Topography and altitude also have an
effect. Mountains influence temperature distributions and wind patterns.

RIDGES AND TROUGHS

The jet stream can change position and contour with amazing swiftness, moving
north or south at any given longitude by hundreds of kilometers in a single day.
But in some winter seasons, it seems to get “locked in” to a certain mode.

A persistent winter ridge (anticyclonic bend in the jet stream) over the center
of North America can produce a warm, dry season with little snow in the United
States, but the risk of a subsequent summer drought. A persistent winter trough
(cyclonic bend in the jet stream) over the central or south-central United States
can result in a cold season with above-average snowfall, high heating bills, and
spring flooding. A jet-stream trough along the West Coast can cause heavy rains
in southern California and snowy winters in the Sierra Nevada mountains, while
a ridge produces a warm, dry winter in the same locations. A persistent trough
along the East Coast brings repeated storms to New England and cold fronts to
Florida; a persistent ridge in that region brings less precipitation to New England
and warmer weather to the vacation havens of Florida.

Predicting jet-stream behavior is almost as difficult as predicting whether a
coin will show heads or tails on the next flip. The science of long-term weather
forecasting is improving, but is still inexact.

THE GALES OF AUTUMN

Sometime during the autumn, most regions in North America, Europe, and
North Asia get a brief warm spell. Most, or all, of the leaves have fallen from
deciduous trees, and the days rapidly grow shorter and crisper.