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Preface

This book was written to serve as an introduction to science and the scientific
philosophy. I endeavored to keep things as conceptual as possible, using mathematics
as an illustrative tool rather than explicative. The purpose is to introduce the power
and scope of physics to the real life experiences of a younger generation. I believe this
text could serve well as reading and discussion material in an upper school course
regarding the topics of waves, hearing, geology, sound, Fourier, and more.

Many of the stories provided are drawn from personal experience growing up
north of San Francisco in ‘earthquake country.’ I have experienced dozens of
earthquakes and several other natural disasters. I ultimately chose the field of
physics because it promised to answer all of my many questions. I found that it
raised more questions than it answered. Science is not an end-game but a game in
progress. In popular culture, we often think of science as searching for answers. In
order for our scientific discoveries and breakthroughs to continue, or resume, we
must also search for new questions and new possibilities.

During the journey through this short text, we will explore one particular area of
physics known as wave dynamics. While many physics books are dry and highly
theoretical, this book takes a more fundamental approach by applying this knowl-
edge to one of the scariest and most unpredictable natural events on Earth:
earthquakes. Though often treated as an exclusively geological event, we will see
the physics governing physical waves applies very well to all aspects of the behavior,
from inception to decay. Although we will discuss some of the mathematics behind
the science, a necessary evil, much of the discussion will emphasize the concepts
from a real-world, real-life perspective. The mathematical level does not extend
beyond basic trigonometry and series summations. Extensions and natural con-
nections of the material will be made to related events, such as synthesis, hearing,
reflection, refraction, shock waves, and more.

Physics may have one of the most intimidating and ominous reputations of any
field, often surpassing mathematics for difficulty and raw terror. However, it can
also be one of the most rewarding fields of study, if not careers, among any of the
broadest range of sciences, including medicine. If not for physics, our life as we know
it would not exist. Michael Faraday developed magnetism and capacitance, both
necessary for our electrical grids and electronic equipment, including cell phones,
smart phones, and computers. Isaac Newton founded not only the scientific
revolution, but also laid the foundations of interstellar travel, which gave us
satellites and various space programs. These massive endeavors have themselves
spawned thousands of products, including the microwave oven. Galileo, Newton,
Joule, and others all developed the fields of optics, which give us telescopes,
corrective lenses, microscopes, and other optical equipment. Niels Bohr and the
Rutherford family gave us atomic physics, which is now used for power plants, lasers
(including laser surgical equipment), MRI and NMR facilities for medical
and material diagnostics, and nuclear medicine for cancer treatment. I could go
on with this list, to include names like Stokes, Poiseuille, Ohm, Planck, Heisenberg,

ix



Oppenheimer, and so on, but I think my point has been made. Physics is the
foundation of all sciences, and the enabler of all progress. While necessity might be
the mother of invention, physics is the key. Without understanding physics,
the engineer, inventor, developer, or architect would be lost, the doctors would be
without important tools to diagnose and treat, communications would be by written
letters (snail mail). In short, the life we lead would be vastly different … and darker
(no lights).

I thank you for reading through the book, and I hope you enjoy the experience.
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Chapter 1

Introduction

One fine and sunny afternoon, you are standing in a room talking with several
acquaintances. You have your back to the window, and you are only a few inches
from the counter that runs along the wall. Mid-sentence, the counter suddenly hits
you from behind, and the light fixtures on the ceiling start swaying back and forth.
The floor under your feet starts moving in all directions, and you grab the counter in
order to keep your balance. People panic and run for the door, and several of them
stumble and fall as they lose their balance while attempting to navigate the surging
and shaking Earth. Ceiling tiles fall to the floor and small objects on shelves are
thrown halfway across the room. Just a minute or so later, it all ends as quickly as it
began. As your eyes survey the debris scattered about the floor, your legs feel
strange, as if they are still not convinced the ground has stopped moving. Your
acquaintances, talking and confident just moments ago, are either wandering about
in breathless terror or sitting on the debris covered floor completely in tears. You
and your colleagues have just experienced an earthquake.

There can truly be few events in life that compare with the experience of having
the very foundations of the Earth beneath your feet start spontaneously moving in
seemingly random directions. The Earth is the very foundation upon which we live,
build, work, and play. It is not supposed to move, for it is supposed to be solid,
eternal, and unchanging. Having the Earth beneath our feet thrash about shatters all
sense of stability at the very core of our being, and we are left utterly powerless and
mortally aware of our insignificance before the immense forces of nature. In our
attempt to understand the behavior of earthquakes, we must likewise begin our
journey at the very core of the Earth.

1.1 A living planet
As we look about the world, we see growing grass and trees, birds and beasts, the
wind and the sky. All we perceive seems to be alive, growing, and evolving. We
seldom realize, or even think, that beneath our feet, the Earth is also pulsating and
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moving. Albert Einstein once described the ground upon which we stand as the skin
of an orange, as illustrated in figure 1.1. Indeed, the rocks and dirt upon which we live
and build is only the hard shell surrounding a pulsating and flowing ball of liquid
called the Earth’s mantle. This liquid occasionally makes its way to the surface
through holes in that shell that we call volcanoes. We call this liquid magma, which
derives originally from the Greek word meaning a semi-liquid residue. Like cuts in her
skin, the life blood of the Earth flows out upon the shell of her body in vast rivers and
streams, as shown in figure 1.2. These outpourings eventually cool, forming islands,
caves, mountains, and canyons, like so many scars and blemishes upon her face.

The shell of the Earth is very much like the sugar frosting on a donut or chocolate
coating on a scoop of ice cream. Cosmologists believe the outer layers of the molten
Earth cooled and solidified forming this shell that geologists refer to as the Earth’s
crust. Like any hard shell, it not only forms holes from time to time, it also cracks
when disturbed. The liquid underneath the hard shell is constantly moving, surging,
and heaving. This motion creates stresses on the hard shell, and at some point in her
long history, the hard shell broke into several pieces, shown in figure 1.3, which
geologists call tectonic plates.

There are seven primary plates, ten minor plates, and an ever changing list
of several dozen smaller plates. Of the primary plates, the North American
plate holds much of the United States, Canada, Mexico, Greenland, and part
of the North Atlantic ocean. The Pacific plate holds most of the northern Pacific
ocean. The Eurasian plate holds the balance of the North Atlantic and much
of Europe and Great Britain. The remaining major plates include the African,
Antarctic, Australian, Indian, and South American plates. While all of these plates
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Figure 1.1. Schematic diagram of the Earth. The Earth is constructed much like an onion, with layers upon
layers of rock. The outer shell, called the crust, is the only part that is truly solid. The crust is an average of
500 miles thick, but this number varies considerably over time and depending on location. The mantle varies
from highly fluid molten rock to semi-liquid molten rock. The core is composed mainly of iron and is largely
responsible for the Earth’s magnetic field.
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Figure 1.2. Kilauea Volcano, Iki Crater. Cracks in the Earth’s crust can allow the molten rock beneath it to seep
out onto the land above. In some places, this seepage is continuous, leading to rivers of molten rock. As these
rivers cool, they form mountains and islands, such as Hawaii or Iwo Jima. These holes can crust over for a
considerable period of time leading to violent eruptions, such as Mount Saint Helens in 1980 or Mount Pinatubo
in 1991. Image source: public domain (www.sciencebase.gov/catalog/item/51dc7973e4b097e4d3838902), US
Geological Survey.

Figure 1.3. Map of the Earth’s tectonic plates. The Earth’s crust is fractured into a score of small pieces
called plates. There are seven major plates, ten minor plates, and several dozen smaller plates. The largest of
these are the North American and Pacific plates, which hold much of North America and the North Pacific.
Image source: www.geog.ucsb.edu/~dylan/mtpe/geosphere/topics/pt/plate_tectonics.html#emp. Reproduced by
permission of Dylan Parenti, UCSB Department of Geography.
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seem absolutely huge to mere humans, ranging from one million square kilometers
for the largest to over a hundred square kilometers for the smallest, they are little
more than postage stamps compared to the surface area of the Earth. With all these
tiny floating pieces that make up the apparently hard shell surrounding a pulsating
and surging liquid mass, it is little wonder that these pieces, these tectonic plates,
would move from time to time.

In fact, all of the tectonic plates are constantly moving, or at least trying to move.
Plates tend to drift along the surface of the mantle at speeds up to about two inches
per year. Like people in a crowded room, the tectonic plates that make up the hard
outer shell of our Earth are constantly bumping into each other, rubbing against
each other, and even sliding over the top of each other. These points of contention,
where two plates meet or ride upon one another, are called fault lines. One of the
most well known fault lines is the San Andreas Fault Zone, where the Pacific oceanic
plate and the North American continental plate meet and work against each other.
This fault line runs from approximately Baja California to Cape Mendocino,
passing East of Los Angeles and almost directly under San Francisco, as shown
in figure 1.4. The intersection of the two plates continues as far as the Aleutian
Islands, but these boundaries are no longer part of the San Andreas Fault Zone. This

Figure 1.4. Map of the San Andreas Fault Zone, one of the most active geological regions on the planet. The
intersection between the Pacific Plate and North American Plate runs from approximately Baja California to
the Aleutian Islands. The San Andreas Fault Zone runs from Los Angeles to Cape Medocino and spawns
several significant earthquakes each decade (>4.0), and a score of tiny earthquakes (<4.0) annually. Image
source: public domain (pubs.usgs.gov/gip/earthq3/map2b.gif), US Geological Survey.
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region along the California coast is one of the most geologically active regions on the
entire planet, spawning thousands of earthquakes, dozens of disaster movies, and
even a series of video games.

With all of this bumping and grinding of tectonic plates against one another, it is
no wonder we mere humans have a bumpy ride. Fortunately, the tiny speeds of the
plates often keep the vibrations of the rubbing to at most a minor annoyance.
However, the surfaces between these two plates are far from smooth, and they
sometimes get stuck. The sudden motion when they finally break free can cause
massive earthquakes, depending upon just how long they have been stuck. It is
believed that some plates have remained stuck for over a hundred years. During this
time, the plates push harder and harder against one another, building up a massive
amount of energy in the obstruction. When they finally break free, all of this energy
is released in an instant, resulting in huge earthquakes and massive devastation for
up to a thousand miles in every direction.

Major California earthquakes have been known to throw cars several feet into the
air and toss items on shelves a dozen feet across a room. Buildings have been thrown
off their foundations, and bridges have been ripped apart. The Gorda Basin event in
1980 was said to be the strongest event occurring in Northern California in almost
three decades, and the 1989 Loma Prieta event collapsed buildings, shown in figure 1.5,
and collapsed the Oakland Bay Bridge and Cyprus Street Viaduct, shown in figure 1.6.

When the two plates break apart, the ground is subjected to extreme stresses
along a segment of the fault line. Generally speaking, the longer this segment, the
stronger the earthquake. These stresses are passed along through the ground as stress

Figure 1.5. The major 1989 Loma Prieta event in San Francisco collapsed numerous buildings in the Marina
District and caused many fires, which destroyed even more homes and businesses. The earthquake measured
6.9 on the Richter Scale and caused more than 60 deaths and over 3000 injuries. Image source: public domain
(geomaps.wr.usgs.gov/parks/deform/grichter.html), US Geological Survey/photo by CE Meyer.
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waves which cause the Earth’s surface to move just as regions of high pressure raise
the surface of the ocean forming the familiar wave crests. Ocean waves are created
by pressure waves traveling beneath the surface, whereas earthquakes are caused by
stress waves traveling tens, or even hundreds, of kilometers beneath the surface of
the ground. Consequently, to study the behavior of earthquakes, we must study the
behavior of waves.

Figure 1.6. In addition to destroying homes and businesses, the 1989 Loma Prieta event also collapsed the
Oakland Bay Bridge (left) resulting in several deaths. Nearly 80 other bridges in the area also suffered damage,
ten of which required temporary supports. The most devastating collapse was the Cyprus Street Viaduct
(right), part of Interstate 880, which collapsed like a stack of pancakes killing over 40 drivers and accounting
for more than two-thirds of the total deaths caused by the earthquake. Image source: public domain (pubs.
usgs.gov/dds/dds-29/web_pages/oakland.html), US Geological Survey.
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Chapter 2

On the subject of waves

2.1 Wave behavior
Water waves on an ocean or lake are probably the most well recognized form of
wave behavior, from stories of ancient mariners to modern day disaster films. Winds
blowing over the open water press down on a portion of the ocean; however, like
pressing on the skin of a balloon, pushing down in one place causes the water nearby
to rise. The initial press of the wind depresses the water due to an increase in pressure
above the surface, and this is countered by an increase in the pressure nearby,
resulting in the increased elevation observed in the water surface. The increase
in local pressure, and thereby local water level, moves directly away from the initial
disturbance as the ocean tries to redistribute the displaced water, as shown in
figure 2.1. These pressure waves are much larger in magnitude than the waves created
by the wind blowing across the surface. The wind drags across the surface of the
ocean, pulling the surface layer of the water along with it. However, water does not
adhere to itself very well, as compared to wood or steel, and these pulls on the ‘skin’
of the water quickly break down, resulting in a large number of short waves called
wind chop by seafaring people.

Sound, such as those sounds emanating from the vibrating strings of a guitar or
violin, are also well recognized examples of pressure waves; however, the vibration
of the string creating the sound is of a different kind. As mentioned above, the
regions of high pressure in a pressure wave travel away from the disturbance, the
same direction the wave is moving, as shown in figure 2.2. Such waves are called
longitudinal waves. On the other hand, the wave traveling along a string travels left
and right along the string, whereas the disturbance that constitutes the wave moves
up and down, at right angles to the string. Such waves are called transverse waves.
Pulling at a right angle to a material, such as a string or piece of paper, is called a
shear force. Consequently, scissors are also known as ‘shears’, and transverse waves
such as the vibrating guitar string shown in figure 2.3 are called shear waves.

doi:10.1088/978-1-6817-4329-5ch2 2-1 ª Morgan & Claypool Publishers 2016

http://dx.doi.org/10.1088/978-1-6817-4329-5ch2


Earthquakes comprise numerous stress waves, and these stresses come in trans-
verse and longitudinal varieties. Normal stresses occur at right angles to a surface
and result in increased local pressure, such as our ocean wave example, above.
Consequently, stress waves resulting from normal stresses at right angles to the fault
line are pressure waves. Shear stresses occur parallel to a surface, such as the wind
chop example, or perpendicular to the material, such as the guitar string or scissors.
Consequently, shear stress along the length or height of the fault line results in shear
waves. Earthquakes are called stress waves, since earthquake disturbances possess
both normal and shear stresses. The individual components of the earthquake are
labeled P for the pressure waves and S for the two shear waves.

Stress waves are characterized by a disturbance in some type of medium caused
by either stress being applied to some physical material. Normal stresses cause
the material to be compressed or stretched. Shear stresses cause the material to twist,
tear, or deform irregularly. As the wave passes, the material attempts to return
to its original configuration; however, depending on the intensity and duration of

Figure 2.2. Longitudinal waves are characterized by the displacement of the medium along the same line as the
direction the wave is traveling. Sound waves, for example, compress and relax the air along the same line the
sound wave travels, radially outward from the source.

Figure 2.1. Wind generated waves. The wind pushes down on the ocean causing water nearby to rise. In an
attempt to re-distribute the displaced water, the wave moves radially outward. The water wave moves away
from the initial disturbance in all directions at a speed proportional to the depth of the ocean.
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