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Falling in Love with Waves

Hiroo Kanamori

I was born in 1936 as the sixth child of the Kanamori family. My father was fifty
and my mother was forty-one at the time, so by the time their sixth child was born,
they had become old hands at child rearing. They seemed to have believed that
parents should let children have their own way as long as they wouldn’t be a
bother to others, rather than directing every little detail. In fact, they let me have
my way in nearly everything, for which 1 am deeply grateful. Though they did not
think of meddling in my affairs, I'm sure that they always saw to it that [ wouldn’t
stray too far from the proper course in life. Unlike me, my parents were quite
sensible.

The biggest event that occurred in my childhood was the Second World War,
which broke out when I was in kindergarten and ended when I was a third grader
in elementary school. Between air raids day and night, and a shortage of food,
goods, and schoolteachers, my life as an elementary school pupil was quite chaotic.
Looking back, however, I don't remember it as such a painful experience. However,
I do still remember that | was always hungry. Even so, my mother somehow
managed to get through the difficulties with her selfless and almost superhuman
efforts. Thanks to her dedication, I was able to enjoy myself every day, even
though I had no regular classes to attend, no books, no notebooks, nothing to
write with, and no one to ask questions I had. After the end of the war, I vividly
remember playing every day with junk that I gathered from burnt-out areas,
figuring out ways to assemble small transformers and motors. Probably through
this experience, 1 gained the habit of thinking for myself first before asking
someone else or consulting books. I would come up with a solution myself, even
though it might take longer. I think that I retained this basic attitude throughout
my professional life in my later years. I don't think this is something I can
necessarily recommend to anyone, but I simply found it far more interesting to
work out solutions myself, rather than merely asking someone for an answer. One
drawback to this approach is that problems that you cannot possibly solve for
yoursclf often end up remaining unanswered forever. If 1 had listened more to

what others had to say, my achievements might have been a bit more elegant.
It was at that time that I had an experience, which I believe had a great

influence on my future. While [ was briefly in Nagano for safety during the war,
I happened to see a spectacular view of the snow-capped Japan Alps (Fig. 1). I
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was so impressed with the view that I began to develop a vague interest in how
such natural grandeur had been created.

My experiences during junior high were somewhat difficult. My parents put
me in a very prestigious junior high school affiliated with the Tokyo University
of Education (now University of Tsukuba). | suppose that they were concerned
that I was too untutored, although they did not explicitly say so. Having spent my
elementary school days as fancy took me, 1 did not make much progress in my
schoolwork. For instance, because English was the “language of the enemy” during
the war, 1 did not even know the alphabet. However, many of my schoolmates were
from very good families and knew some English. Unable to keep up with classes,
I was always hovering in the lower middle of class ranking. Nevertheless, with
excellent guidance from teachers and the friendship of my classmates, 1 somehow
managed to follow along at the tail end of my classes, and passed them both happily
and comfortably. I'm sure that my teachers and parents—my mother in
particular—worried very much about me. All of my other siblings were doing well
at school, and I was the only child whose academic performance worried her.

By the time I went on to high school. I was able to keep up with the class
like the other students. It was then becoming clear that [ had an aptitude for science,
or rather that I simply had no talent for the humanities.

The combination of my interest in science and in the grand forces of nature
eventually led me to geophysics at college. Learning a wave equation, among other
things, in a physics class there, I realized that although we cannot truly see the
inside of the earth, we can discover what is happening there, as if we could see it,
by using seismic waves properly. [ can still remember how excited I was to witness
some such examples when I was in graduate school. For instance, we are able to
make a theoretical estimation of seismic motions (Fig. 2), although I also learned
that actual seismic motions are far more complicated (Fig. 3). However, | learned
that such complex seismic motions could also be analyzed well if a slightly more
complicated equation is used.

In 1965, I had the opportunity to visit California, where I was able o see the
San Andreas Fault for the first time (Fig. 4). After several major earthquakes, the
lower stream of a river had moved sideways from the upper stream by several tens
of meters. Once again, I was deeply moved to witness the great workings of nature.
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What | learmed in class: Wave equation and experimental results

Lamb's Problem  Horace Lamb (1804)
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The Japan Alps seen from Azumino
(similar to the view 1 had from Ueda,
Nagano prefecture, in 1944)
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The 1923 Kanto earthquake as recorded
in Tokyo
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Fig. 2 Stk iich e 5 2 oMotk 2
Foo BRI LR T o R
Waves generated when force is applied to
the surface of an elastic body
Top: Theoretically calculated wave
Battom: Experimental result

Fig. 4 AV 740=TH 7Y FLT7AKETE
DELEEXZ-MBICZL>TTELNOKTR
Sideslipped  river resulting from
repeated  earthguakes along the
San Andreas Fault, California
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Tha 1868 Parkfisld sarthquaka (M = 6], Highway 46

(coumeny o ¥int Casence Aber)

Conrw of O Claorga Pak

Fig. 5 1966FOH ) 74 L=F =T —LF
Wz L - THELAANOHT R
Sideslipped road resulting from the
1966 Parkfield earthquake, California

Fig.6 7324 3 FrFrROWEER. Al
ORYELTTELLD
Marine terraces, Middleton Island,
Alaska, formed by repeated major
earthquakes

Record of a long-petiod seisimometor
A onu-day recond from the 1980 Chile sarthquake (M, = 8.5) as recordedin Pasadsna

1080 Chile, PAS LaR e 135

Broadband seismometer (late 16703)

Force-Balwnce istumurts
Bmadband
Wide gynamic range

Sheckesan STS-1

The 1876 Guaternala earthquake (M, = 7.5, L = 230km)

Casinpran a0s
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Fig. 7 k! RRMMEITIC LT 7 TR S
N7Z19604EF ) WO —H 4 o i
T 1 19705 OFE D Gl & b v fo L
Hhigat
Top: A one-day record from the 1960
Chilean earthquake as recorded in
Pasadena
Bottom: Broadband seismometer that
came into use around the end of 1970

Fig. 8 anyn—¥ TR shisiErs=s
WO R, 8OOV A BIHE BT R L
ZEHT S
The 1976 Guatemala earthquake as
recorded in Copenhagen (The presence
of a large number of pulses indicates
complicated fault movement)
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While I was living in California, the 1966 Parkfield earthquake occurred, and I was
able to see the Highway 46 moved sideways (Fig. 5). It was also during this time
that a friend of mine told me about the marine terraces created as a result of the
1964 Alaska earthquake and showed me photos (Fig. 6), though I did not see it in
person. These experiences made me clearly realize that the forces of nature actually
deform the earth with relative ease. And so, it was quite natural that 1 decided to
analyze the waves that earthquakes and volcanic activities produce by using the
wave equation that I had learned. In reality, such an attempt was nothing new to
the field of seismology. Nevertheless, in order to make the most of the new type
of data that became available then, a better analytical approach had to be developed.
I thus set about working on the wave equation somewhat seriously, devised a new
technique, and found that using it helped me to see things more clearly. Whenever
I discovered a new phenomenon, I would become greatly excited and write a paper
on it. I would say that ever since then | have been addicted to my studies.

Let me give vou some examples.

Before 1960, there were few seismometers capable of measuring seismic
waves with a period longer than 30 seconds. In reality, seismic waves contain long
period motion lasting about one hour that humans cannot feel. A seismometer that
was developed around 1960 made it possible to observe such waves. Shown in
Figure 7 (top) is a one-day record of the 1960 Chilean earthquake taken at the
California Institute of Technology, or Caltech. The waves towards the bottom of
the paper have a period of about ten minutes. You can see that the earth was still
trembling at the close of the day of the earthquake. Having seen these waves, I was
thrilled to know what a great earthquake is all about. I then began analyzing them,
hoping to use such waves to determine the magnitude of an earthquake precisely.
As a result, I learned that the Chilean earthquake was the largest that had ever
been observed. The seismic energy released by this earthquake was as much as 250
times more than that of the 1923 Kanto earthquake and 8,000 times more than
that of the 1995 Great Hanshin-Awaji Earthquake. Once again, I was awed at the
fact that the forces of nature can release such a large amount of energy within a
span of only a few minutes.

Then, towards the end of 1970, a completely new type of seismometer was

developed, which made it possible to measure seismic waves accuralely over a

149



@i ils

150

Complexity of earthquake fault slips

Denali, Alaska,
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Slip distribution along the fault
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Differences in how the energy of a major earthquake is
released in time
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wider range of periods (Fig. 7, bottom). Analysis of seismic waves measured by
such a seismometer revealed that fault movements during an earthquake are highly
complicated. Older seismometers had detected this complexity to a degree, but
observations with the new instrument made it crystal clear. Figure 8, for instance,
is a record of the 1976 Guatemala earthquake taken in Copenhagen. A sequence
of pulses recorded indicates that the fault rupture of this earthquake was
extremely complicated. Back then, not many details were recovered from these
records, but much progress has since been made in this area of research, and we
now have a very good idea of how a fault rupture occurs. As shown in Figure 9,
the slip motion is not uniform on the fault. Furthermore, it has become known
that the speed of slips differs greatly at different locations, although this figure
alone doesn’t reveal this. Such complexities of earthquakes provide a highly
important clue to understanding the physics of earthquake occurrences. The nature
of seismic motions, which can damage buildings, is determined by the complexity
of the fault movements. Thus, such research findings are playing an increasingly
important role in relation to the design of earthquake-proof buildings.

Another finding was that a great earthquake’s rupture process could be very
fast or very slow. An example is shown in Figure 10. Shown here is how energy
was released from an earthquake over time. Numbers 1 and 2 indicate earthquakes
that recently occurred in the Kuril Islands. Number 1 represents an earthquake
that occurred on the boundary between the oceanic and continental plates, similar
to the 1923 Kanto earthquake and the 1946 Nankai earthquake. Number 2
occurred within the oceanic plate along the trench, which is comparable to the
1933 Sanriku earthquake in Japan. Number 3 occurred in Java in 2006, comparable
to the 1896 Sanriku earthquake in Japan. A comparison between Number 1 and
Number 2 shows that the latter released a large amount of energy over a short
period of time. In other words, it was a very severe earthquake accompanied by
strong seismic motions. Because most earthquakes are similar to Number 1, and
those resembling Number 2 are relatively rare, not much has been done to deal
with the latter type of earthquake. Since this type of earthquake did occur off
Sanriku in 1933, however, this kind of earthquake needs to be taken into account
for planning disaster reduction measures for future earthquakes. Earthquakes such
as Number 3 release their energy very slowly, and so do not generate strong
seismic motions. However, because of the large crustal movements that accompany
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Site Response to Shock Wave
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Volcanic eruption and accompanying
atmospheric oscillation

On the right is an infrared image as
captured by satellite of the atmospheric
temperature  change, with Mount
Pinatubo at the center

Fig. 12
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Seismic waves generated by the passage
of a space shuttle

Top: Only shock waves occur when
flying over level land

Middle & bottom: Waves generated as a
result of shock waves hitting buildings
and mountains are also observed when
flying over skyscrapers or mountains

Theory

(left) and observation (right): Comparison
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Ring-shaped patterns created when
Comet SL9 collided with Jupiter's
atmosphere (1994)
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to bhe gravitational waves traveling
through Jupiter's atmosphere

Left: Calculated waves

Right: Observed waves
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How a minor / major earthquake occurs

Minor earthquake

Fig. 16 Wik BEs. M3 VEANET 2 L AMEIZ 2D, HEL
WEOERI VO EEPEIEHICFNT A LB LY

Complex fault rupture: A minor earthquake grows to become
a major one. It is difficult to accurately predict when a minor
earthquake will stop growing

them, large tsunamis occur. These earthquakes are called “tsunami earthquakes,”
and are very difficult to deal with. Because their seismic motions are not so large,
they tend to be underestimated. The massive tsunami that follows, however, can
claim many victims. Because of this false appearance, the 1896 Sanriku earthquake
turned out to be a major disaster, claiming aver 20,000 lives. Precautions against
such earthquakes had been unsatisfactory, but new analytical methods have been
developed recently, and scismology will be used more effectively for solving this
issue.

The basic form of wave equations is itself quite simple. However, if you modify
it to suit your purposes it can be used for investigating a great variety of natural
processes. Initially I used it only for scismic studies; however, I eventually found
that the equation could be applied to waves that travel in the atmosphere or the
oceans, waves generated during volcanic eruptions (Fig. 11), shock waves generated
by space shuttles (Fig. 12), and waves generated when a comet collides with
Jupiter's atmosphere (Figs. 13 & 14). And so, 1 studied one interesting process
after another. Needless to say, such research attempts had been widely practiced
in the fields of oceanography and meteorology, but it takes some ingenuity to use
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these waves in a seismological context. It has been a truly wonderful experience
to see that many natural processes that I had been curious about since my

childhood were elucidated one after another by application of the wave equation.

Doing research in this way is very exciting, and it more than satisfied my
scientific curiosity. Unfortunately, however, natural processes can also trigger major
natural disasters (Fig. 15). One of the reasons why I chose the field of seismology
was my genuine wish to make use of scientific research findings for the mitigation
of seismic hazards. I believe that every seismologist shares this same motive.
When it came down to specific courses of action to be taken, however, I had
only vague ideas. At any rate, I began to give serious thought to this issue from the
late 1980s onward. The first thing that came to my mind was earthquake prediction.
However, this is extremely difficult. Understanding the physical processes that lead
to the occurrence of earthquakes offers a highly interesting academic subject, and
a good progress has been made, but it wouldn't be so easy to put these findings
to practical use in the prediction of earthquakes.

Predicting earthquakes is like predicting traffic accidents on highways. The
more congested a highway is, the greater the chance of an accident. This can be
compared to earthquake probability becoming higher as more strain accumulates
in the crust. However, the specific timing of a major accident is determined by
many other conditions. If one driver is careless and bumps into a car ahead of
him, it could trigger a major accident. However, if other drivers are careful, such
an accident could be avoided, resulting only in the occurrence of a mere rear-end
collision. In order to predict a major accident, you need to know about the skills
of each driver and the performance of each car, and this is, of course, quite
difficult. Similarly, if you want to know whether a minor earthquake can trigger
other earthquakes and thus form a major earthquake, you need to have every
piece of data, including detailed information on the properties of the crust and how
strain has accumulated, which is also very difficult (Fig. 16). We now have a
reasonably good knowledge of “the physics of a car crash” and “the physics of
an individual earthquake.” However, it is difficult to accurately predict an earthquake
since an extremely large number of factors govern how each triggering event
interacts with others to collectively develop into a larger phenomenon. It is often
said that we can predict an earthquake if we identify a precursory phenomenon, but
even if such an event occurs, it will not necessarily lead to a major earthquake. To
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Fig. 18 19993 E 7)) 74 =T Ao ¥ —v 4 BB KEIZO{ b
ShakeMap (3#Hh o 544 [2)
ShakeMap (seismic shaking distribution map) created
immediately after the 1999 Hector Mine earthquake, California

use the analogy of a freeway once more, a single driver’'s mistake can disrupt the
flow of vehicles. This is a kind of precursory phenomenon. But whether or not this
disruption will eventually result in a major accident is dependent on the skills of
other drivers, and so the final outcome cannot be accurately predicted.

The scientific study of earthquake “prediction” or “forecasting” is indeed
important, but pure research alone does not help to mitigate earthquake hazards.
Then, the idea of “real-time seismology” came about. This in itself is nothing
special, but the general idea is, when an earthquake occurs, to immediately estimate
its location and magnitude as well as the intensity of seismic motions, and then
provide various kinds of users with this data so as to mitigate earthquake hazards.
I had mulled over this idea for quite some time, but one particular experience
motivated me to move ahead. Early in the morning at around 7:40 on October 1,
1987, an earthquake with a magnitude of 5.9—now known as the Whittier Narrows
earthquake—hit the city of Los Angeles. At that time, [ was having a conversation
with Professor Clarence Allen in my office. Suddenly, a major quake occurred, with
ceiling panels falling, books dropping from the shelves, drawers opening, and items
being jolted out of them. Judging by the earthquake motions I fell, [ soon realized
that it was very close, but I wasn’t sure if it was in the mountains to the north
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or in urban areas of Los Angeles to the south. I wanted to know the answer
immediately, because the necessary action would be dependent on whether the
earthquake was in the mountains or city area. With the seismographic network
available at that time, however, it took two to three hours before we learned the
source location, magnitude, and mechanism, as well as other data on the
earthquake. [ felt that this was very unsatisfactory, and wanted to start a “real-time
seismology” system in Southern California. However, at a university, it is not as
easy as one might think to embark on such a large project that serves the public
interest. Fortunately, Dr. Thomas Heaton, then the head of the U.S. Geological
Survey Pasadena Office, had a similar idea. With help from Dr. Heaton and many
others, we set about a project known as CUBE, or Caltech-USGS Broadcast of
Earthquakes (Iig. 17). As its name suggests, this is a joint project between Caltech
and the USGS to distribute data concerning an earthquake that has just occurred
to a variety of users. What made this project so special was the users’ involvement
in the project. Such involvement facilitates closer communications between
universities, government agencies, and users, prompting a smooth execution of
earthquake damage mitigation measures. Fortunately, CUBE earned an excellent
reputation, and even more parties became involved. This resulted in the
establishment of CUBE as a comprehensive seismic information system for
Southern California. The success of this project eventually led to the “ShakeMap
Project,” a service for providing near-real-time maps of ground motion which, thanks
to dedicated efforts by the USGS, has spread throughout the United States
(Fig. 18). This series of developments never would have been possible without
close cooperation between academia and government agencies. This sort of
cooperative framework would seem to be the most productive way to make effective
use of seismology—both as a field of research and as a disaster reduction
science—for the mitigation of earthquake hazards.

Subsequent progress in computer performance, communication technology,
and scismic data analysis method has increased the speed of seismic data
communication, advancing the idea of an earthquake early warning system. Such
a system uses seismic data collected near the source of an earthquake to estimate
the magnitude and the intensity of seismic motions within a matter of seconds. It
then transmits the information by wired or wireless methods to locations some

distance from the seismic source in order to issue warnings before the seismic
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waves actually reach such areas. In Japan, this system has long heen used for bullet
trains and other applications. More recently, the National Research Institute for
Earth Science and Disaster Prevention (NIED) and the Japan Meteoralogical
Agency (JMA) have put this system into practical use. In the United States, various
kinds of basic research are conducted, but the stage of practical application has not
been reached yet. Nevertheless, steady efforts are being made in basic research
fields for the future and for the development of new methods.

The public at large might think that seismologists are useless if they are
unable to predict earthquakes, but we should not think of “prediction” and
“earthquakes” in a narrow sense. If you define an “earthquake” as an instant slip
of a faull and try to predict its occurrence accurately, as I explained earlier, you
will end up encountering a number of difficulties. If, however, you define
“earthquake” as a crustal process that occurs over a long period of time, in effect
an “earthquake has already begun." If you think in this way, predicting an
earthquake actually involves estimating how it will develop. Insofar as the seismic
process is a physical process, it should be possible to predict future seismic
activities to some extent based on observation data collected thus far. Needless to
say, because neither the theories nor the data are complete, a considerable degree
of uncertainty is unavoidable.

On the other hand, if you think of an earthquake as shaking of the ground,
you can predict future seismic motions with considerable accuracy, based on
observation data of seismic motions at a certain point in time. This is because the
physics of wave propagation is well understood. You might call this the “prediction
of seismic motions.” As | mentioned earlier, considering the rapid progress in
real-time seismology in recent years, we are approaching the stage of practical
application of this technique. I believe that close cooperation with engineers will be
essential for its effective use.

One of the biggest challenges I have [aced during my professional career has
been the English language. Having spent my childhood during and immediately
after the Second World War, I encountered English quite late in my life, and so 1
experienced great difficulty in learning to read, write, and speak the language.
Thirty-five years after [ moved to the United States, my difficulties still continue.
However, there is a positive side. Because I know my English is deficient, I spend

163



[V S

LIEFTL A ETH3CRIEZLNAVWOT, MihhlzZ EizonT, BT—4K
T HLUINIHERH ) FRATLRA, ThdZHfliiTiddh THA. L
L. LA T5E, BAEICER NG o o2 EAEAIZEDN R o TR T2
bLERA, Thid, B TOLOEEZLRRICEHDHTT. SHILHTIC HA
7o EHTRBASPFAT LA L THH 7D TT, T/ AABHTIR) F{HALBN
HLTH, HRAONWZREN 55 T L LBw, ) 7+ V=7 ITHKETOH
BTG ANTONEBFRIZL T -2k b T3 (Fig.19. ZHATERRIC
BRA B 12 ED DTN THEAD, FHILE > THEEIL L > THRERRD
DRWVEERC LTz,

ROMRETEEZIRY BE-THLE, ~FPN2VERSZ L2205 EXTE,
AMzpg oL BT, FTE TLROMRIZMENTEL L) LWTIEDH D
FHAN, BLYEZTEHLTIL [BREFEHLVEVIRBICANEZEET
W HROARIILIZWER) ZE2THERN] EnH L, BAOS LS
BFAMTAL] EWH LI LERCET,

164

Commemorative Lectures

many hours in preparation when I write papers or give speeches in English. Thanks
to this, it seems that these papers and speeches usually have a proper logical
structure, although they may not be elegantly written, and most people seem to
find them easy to follow. In Japanese, on the other hand, I may sometimes do a
rush and sloppy job in writing and speaking.

Another challenge has been teaching. It may not be so difficult to teach
something that you are familiar with. However, for better or worse, throughout my
life as a researcher I have had to deal with exceptionally bright students and
researchers. This means that in many cases, [ was asked for opinions on matters
about which I had not even the foggiest idea. When there was no way to answer
immediately, I had no choice but to desperately study afterwards the things I had
been asked to comment on. In retrospect, however, my inability to give satisfactory
answers in such cases was often beneficial for the students, in that it forced them
to think for themselves. As I said at the outset, this approach is something that I
have practiced myself. One time [ held a class for Caltech students outdoors with
the Sierra Nevada Mountains in the background (Fig. 19). I thought that, despite a
lack in teaching ability, the power of nature would make it possible for me to
perform better. 1 don't know whether that attempt worked or not, but it was
indeed a very pleasant experience for both the students and myself as a teacher.

Looking back on my career as a researcher, I consider myself very fortunate
that I have bheen able to do what I like doing best. I don’t consider myself qualified
to give any advice to the next generation, but if I had to, I would say that you
should “do what you like best and not let the desire for wealth and fame dictate
your life,” and that you should “not simply blindly accept someone else’s advice.”
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