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Glossary

Active fault A fault (q.v.) that has moved in historic (e. g.,
past 10,000 years) or recent geological time (e. g., past
500,000 years).

Body waves Waves which propagate through the interior
of a body. For the Earth, there are two types of seis-
mic body waves: (1) compressional or longitudinal (P
wave), and (2) shear or transverse (S wave).

Coda waves Waves which are recorded on a seismogram
(q.v.) after the passage of body waves (q.v.) and sur-
face waves (q.v.). They are thought to be back-scattered
waves due to the Earth’s inhomogeneities.

Earthquake early warning system (EEWS) An earth-
quake monitoring system that is capable of issuing
warning message after an earthquake occurred and
before strong ground shaking begins.

Earthquake precursor Anomalous phenomenon preced-
ing an earthquake.

Earthquake prediction A statement, in advance of the
event, of the time, location, and magnitude (q.v.) of
a future earthquake.

Epicenter The point on the Earth’s surface vertically
above the hypocenter (q.v.).

Far-field Observations made at large distances from the
hypocenter (q.v.), compared to the wave-length and/or
the source dimension.

Fault A fracture or fracture zone in the Earth along which
the two sides have been displaced relative to one an-
other parallel to the fracture.

Fault slip The relative displacement of points on opposite
sides of a fault (q.v.), measured on the fault surface.

Focal mechanism A description of the orientation and
sense of slip on the causative fault plane derived from
analysis of seismic waves (q.v.).

Hypocenter Point in the Earth where the rupture of the
rocks originates during an earthquake and seismic
waves (q.v.) begin to radiate. Its position is usually
determined from arrival times of seismic waves (q.v.)
recorded by seismographs (q.v.).

Intensity, earthquake Rating of the effects of earthquake
vibrations at a specific place. Intensity can be estimated

from instrumental measurements, however, it is for-
mally a rating assigned by an observer of these effects
using a descriptive scale. Intensity grades are com-
monly given in Roman numerals (in the case of the
Modified Mercalli Intensity Scale, from I for “not per-
ceptible” to XII for “total destruction”).

Magnitude, earthquake Quantity intended to measure
the size of earthquake at its source, independent of the
place of observation.Richter magnitude (ML) was orig-
inally defined in 1935 as the logarithm of the max-
imum amplitude of seismic waves in a seismogram
written by a Wood–Anderson seismograph (corrected
to) a distance of 100 km from the epicenter. Many
types of magnitudes exist, such as body-wave magni-
tude (mb), surface-wave magnitude (MS), andmoment
magnitude (MW).

Moment tensor A symmetric second-order tensor that
characterizes an internal seismic point source com-
pletely. For a finite source, it represents a point source
approximation and can be determined from the analy-
sis of seismic waves (q.v.) whose wavelengths are much
greater than the source dimensions.

Near-field A term for the area near the causative rupture
of an earthquake, often taken as extending a distance
from the rupture equal to its length. It is also used to
specify a distance to a seismic source comparable or
shorter than the wavelength concerned. In engineer-
ing applications, near-field is often defined as the area
within 25 km of the fault rupture.

Plate tectonics A theory of global tectonics (q.v.) in which
the Earth’s lithosphere is divided into a number of es-
sentially rigid plates. These plates are in relative mo-
tion, causing earthquakes and deformation along the
plate boundaries and adjacent regions.

Probabilistic seismic hazard analysis Available infor-
mation on earthquake sources in a given region is
combined with theoretical and empirical relations
among earthquake magnitude (q.v.), distance from
the source, and local site conditions to evaluate the
exceedance probability of a certain ground motion
parameter, such as the peak ground acceleration, at
a given site during a prescribed time period.

Seismic hazard Any physical phenomena associated with
an earthquake (e. g., ground motion, ground failure,
liquefaction, and tsunami) and their effects on land
use, man-made structure, and socio-economic systems
that have the potential to produce a loss.

Seismic hazard analysis The calculation of the seismic
hazard (q.v.), expressed in probabilistic terms (See
probabilistic seismic hazard analysis, q.v.). The result
is usually displayed in a seismic hazard map (q.v.).
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Seismic hazard map A map showing contours of a spec-
ified ground-motion parameter or response spectrum
ordinate for a given probabilistic seismic hazard analy-
sis (q.v.) or return period.

Seismic moment The magnitude of the component cou-
ple of the double couple that is the point force system
equivalent to a fault slip (q.v.) in an isotropic elastic
body. It is equal to rigidity times the fault slip inte-
grated over the fault plane. It can be estimated from
the far-field seismic spectrum at wave lengths much
longer than the source size. It can also be estimated
from the near-field seismic, geologic and geodetic data.
Also called “scalar seismic moment” to distinguish it
from moment tensor (q.v.).

Seismic risk The risk to life and property from earth-
quakes.

Seismic wave A general term for waves generated by
earthquakes or explosions. There are many types of
seismic waves. The principle ones are body waves
(q.v.), surface waves (q.v.), and coda waves (q.v.).

Seismograph Instrument which detects and records
ground motion (and especially vibrations due to earth-
quakes) along with timing information. It consists
of a seismometer (q.v.) a precise timing device, and
a recording unit (often including telemetry).

Seismogram Record of ground motions made by a seis-
mograph (q.v.).

Seismometer Inertial sensor which responds to ground
motions and produces a signal that can be recorded.

Source parameters of an earthquake The parameters
specified for an earthquake source depends on the
assumed earthquake model. They are origin time,
hypocenter (q.v.), magnitude (q.v.), focal mechanism
(q.v.), and moment tensor (q.v.) for a point source
model. They include fault geometry, rupture veloc-
ity, stress drop, slip distribution, etc. for a finite fault
model.

Surface waves Waves which propagate along the surface
of a body or along a subsurface interface. For the Earth,
there are two common types of seismic surface waves:
Rayleigh waves and Love waves (both named after
their discoverers).

Tectonics Branch of Earth science which deals with the
structure, evolution, and relative motion of the outer
part of the Earth, the lithosphere. The lithosphere in-
cludes the Earth’s crust and part of the Earth’s upper
mantle and averages about 100 km thick. See plate tec-
tonics (q.v.).

Teleseism An earthquake at an epicentral distance greater
than about 20° or 2000 km from the place of observa-
tion.

Definition of the Subject

When a sudden rupture occurs in the Earth, elastic (seis-
mic) waves are generated. When these waves reach the
Earth’s surface, we may feel them as a series of vibra-
tions, which we call an earthquake. Seismology is derived
from the Greek word �"���ó& (seismos or earthquake)
and ó�o& (logos or discourse); thus, it is the science of
earthquakes and related phenomena. Seismic waves can be
generated naturally by earthquakes or artificially by explo-
sions or other means. We define earthquake monitoring
as a branch of seismology, which systematically observes
earthquakes with instruments over a long period of time.

Instrumental recordings of earthquakes have been
made since the later part of the 19th century by seismo-
graphic stations and networks of various sizes from local to
global scales. The observed data have been used, for exam-
ple, (1) to compute the source parameters of earthquakes,
(2) to determine the physical properties of the Earth’s in-
terior, (3) to test the theory of plate tectonics, (4) to map
active faults, (5) to infer the nature of damaging ground
shaking, and (6) to carry out seismic hazard analyzes. Con-
structing a satisfactory theory of the complex earthquake
process has not yet been achieved within the context of
physical laws, e. g., realistic equations for modeling earth-
quakes do not exist at present. Good progress, however,
has been made in building a physical foundation for the
earthquake source process [62], partly as a result of re-
search directed toward earthquake prediction.

Earthquakes release large amounts of energy that po-
tentially can cause significant damage and human deaths.
During an earthquake, potential energy (mainly elastic
strain energy and some gravitational energy) that has ac-
cumulated in the hypocentral region over decades to cen-
turies or longer is released suddenly [63]. This energy is
partitioned into (1) radiated energy in the form of prop-
agating seismic waves, (2) energy consumed in overcom-
ing fault friction, (3) the energy which expands the rup-
ture surface area or changes its properties (e. g., by pul-
verizing rock), and (4) heat. The radiated seismic energy
is a small fraction (about 7%) of the total energy bud-
get, and it can be estimated using the recorded seismo-
grams. Take, for example, the 1971 San Fernando earth-
quake (MW D 6:6) in southern California. Its radiated
energy was about 5 � 1021 ergs, or about 120 kilotons
of TNT explosives, or the energy released by six atomic
bombs of the size used inWorldWar II. The largest earth-
quake recorded instrumentally (so far) is the 1960 Chilean
earthquake (MW D 9:5). Its radiated energy was about
1:1 � 1026 ergs, an equivalent of about 2,600 megatons
of TNT explosives, the energy released by about 130,000
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atomic bombs. It is, therefore, no surprise that an earth-
quake can cause up to hundreds of thousands of human
deaths, and produce economic losses of up to hundreds of
billions of dollars.

Monitoring earthquakes is essential for providing sci-
entific data to investigate complex earthquake phenom-
ena, and to mitigate seismic hazards. The present article is
a brief overview of earthquakemonitoring and early warn-
ing systems; it is intended for a general scientific audience,
and technical details can be found in the cited references.
Earthquakes are complex natural phenomena and their
monitoring requires an interdisciplinary approach, in-
cluding using tools from computer science, electrical and
electronic engineering, mathematics, physics, and others.
Earthquake early warning systems (which are based on
earthquake monitoring) offer practical information for re-
ducing seismic hazards in earthquake-prone regions.

After the “Introduction”, we will present a summary of
earthquake monitoring, a description of the products de-
rived from the analysis of seismograms, and a discussion of
the limitations of these products. Earthquake early warn-
ing systems are then presented briefly, and we conclude
with a section on future directions, including a progress

EarthquakeMonitoring and Early Warning Systems, Figure 1
Location of deadly earthquakes around the world, 1500–2000. Population density is shown by the background colors. See [115] for
details

report on rotational seismology (Appendix). We present
overviews of most topics in earthquake monitoring, and
an extensive bibliography is provided for additional read-
ing and technical details.

Introduction

Earthquakes, both directly and indirectly, have caused
much suffering tomankind. During the 20th century alone
about two million people were killed as a result of earth-
quakes. A list of deadly earthquakes (death tolls � 25) of
the world during the past five centuries was compiled by
Utsu [115]. It shows that earthquakes of magnitude � 6
(� 150 per year worldwide) can be damaging and deadly
if they occur in populated areas, and if their focal depths
are shallow (< 50 km). Seismic risk can be illustrated by
plotting the most deadly earthquakes of the past five cen-
turies (1500–2000) over a map of current population den-
sity. This approach was used by Utsu [115], and his re-
sult is shown in Fig. 1. Most of these deadly earthquakes
are concentrated (1) along the coasts of Central Amer-
ica, the Caribbean, western South America, and Indonesia,
and (2) along a belt that extends from southern Europe,
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EarthquakeMonitoring and EarlyWarning Systems, Table 1
Deadly Earthquakes/Tsunamis from 1896–2005 ([115] and recent sources)

Origin Time
Year MM/DD Hr:Min
(UTC, except L=local)

Hypocenter Magnitude Location Deaths
(Approximate)Lat.

(deg)
Lon.
(deg)

Depth
(km)

2005 10/08 3:50 34.432 73.573 10 7.6 Pakistan, Kashmir 80,361+
2004 12/26 0:58 3.298 95.778 7 9.2 Indonesia, Sumatra 283,106+
2003 12/26 1:56 29.004 58.337 15 6.6 Iran, Bam 26,000
2001 01/26 3:16 23.420 70.230 16 7.7 India, Gujarat, Bhuj 20,000+
1990 06/20 21:00 37.008 49.213 18 7.4 Iran, western �40,000
1988 12/07 7:41 40.919 44.119 7 6.8 Armenia, Spitak �40,000
1976 07/27 19:42 39.605 117.889 17 7.6 China, Tangshan �242,000
1976 02/04 9:01 15.298 �89.145 13 7.5 Guatemala 23,000
1970 05/31 20:23 �9.248 �78.842 73 7.5 Peru 67,000
1948 10/05 20:12 37.500 58.000 0 7.2 USSR, Ashgabat �65,000
1939 12/26 23:57 39.770 39.533 35 7.7 Turkey, Erzincan 33,000
1939 01/25 3:32 �36.200 �72.200 0 7.7 Chile, Chillian 28,000
1935 05/30 21:32 28.894 66.176 35 8.1 Pakistan, Quetta 60,000
1932 12/25 2:04 39.771 96.690 25 7.6 China, Gansu �70,000
1927 05/22 22:32 37.386 102.311 25 7.7 China, Tsinghai �100,000
1923 09/01 2:58 35.405 139.084 35 7.9 Japan, Kanto 143,000
1920 12/16 12:05 36.601 105.317 25 8.6 China, Gansu �240,000
1915 01/13 6:52 42.000 13.500 0 6.9 Italy, Avezzano 33,000
1908 12/28 4:20 38.000 15.500 0 7.0 Italy, Messina � 82,000
1906 08/17 0:40 �33.000 �72.000 0 8.2 Chile, Valparaiso 20,000
1905 04/04 0:50 33.000 76.000 0 8.1 India, Kangra 20,000
1896 06/15 19:32L 39.500 144.000 0 8.2 Japan, Sanriku-oki 22,000

“�” denotes large uncertainties because a range of deaths had been reported.
“+” denotes a minimum value.

the Middle East, Iran, Pakistan and India, to China and
Japan.

Table 1 lists the most deadly earthquakes (death toll
> 20; 000) of the past 110 years based on official estimates
(often under-estimated for political reasons, or lack of ac-
curate census data in many areas of the world). In the first
5 years of the 21st century, four disastrous earthquakes
occurred in India, Indonesia, Iran, and Pakistan. In the
20th century, the average death toll caused by earthquakes
(and tsunamis they triggered) was about 16,000 per year.
For the past seven years the yearly death toll was about
60,000 – four times higher than the average in the pre-
vious century. In Fig. 2 we extracted a portion of Fig. 1
to illustrate the relationship between past earthquakes and
population in India, Pakistan, northern Indonesia, and ad-
joining regions. We numbered the four most recent disas-
trous earthquakes in Fig. 2. It is obvious that the large pop-
ulations in India, Indonesia, Iran, Pakistan, and their ad-
joining regions (over 1.5 billion people) has been and will
continue to be adversely affected by earthquakes. Fatalities
depend largely on resistance of building construction to

shaking, in addition to population density and earthquake
occurrence.

In recent decades, population increases, accelerated
urbanization, and population concentration along coastal
areas prone to earthquakes suggest that many more earth-
quake-related fatalities will occur unless effective steps are
taken to minimize earthquake and tsunami hazards.

EarthquakeMonitoring: Instrumentation

Besides geodetic data [28], the primary instrumental data
for the quantitative study of earthquakes are seismograms,
records of ground motion caused by the passage of seismic
waves. Seismograms are written by seismographs, instru-
ments which detect and record ground motion along with
timing information. A seismograph consists of three basic
components: (1) a seismometer, which responds to ground
motion and produces a signal proportional to acceleration,
velocity, or displacement over a range of amplitudes and
frequencies; (2) a timing device; (3) either a local record-
ing unit which writes seismograms on paper, film, or elec-
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EarthquakeMonitoring and Early Warning Systems, Figure 2
Location of the 4 most deadly earthquakes of the 21st century (up to the end of 2007) on a map showing the location of the deadly
earthquakes from 16th to 20th centuries (after [115] and Table 1)

tronic storage media, or more recently, a telemetry system
for delivering the seismograms to a central laboratory for
recording. Technical discussions of seismometry may be
found, for example, in Wielandt [122], and of seismic in-
struments in Havskov and Alguacil [48]. An overview of
challenges in observational earthquake seismology is given
by Lee [71], and a useful manual of seismological observa-
tory practice is provided by Bormann [12].

An accelerograph is a seismograph designed to record,
on scale, the acceleration time history of strong ground

motions. Measuring acceleration is important for study-
ing response of buildings to strong ground motions close
to earthquakes. Many modern sensitive seismographs are
velocigraphs recording the time history of ground veloc-
ity. They are designed to measure seismic waves of small
amplitudes (because seismic waves attenuate quickly from
their sources) either from small earthquakes nearby, or
from large earthquakes that are far away.

A seismic network (or an “array”) is a group of seismo-
graphs “linked” to a central headquarters. Nowadays the
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link is by various methods of telemetry, but in early days
the links were by mail or telegrams, or simply by manual
collection of the records. When we speak of a seismic sta-
tion, we may mean an observatory with multiple instru-
ments in special vaults or a small instrument package at
a remote site.

Seismographs were first developed in the late 19th cen-
tury, and individual seismographic observatories (often

EarthquakeMonitoring and EarlyWarning Systems, Figure 3
Some classical seismographs: aMilne, b Bosch–Omori, cWiechert, and d Galitzin (after [101])

a part of astronomical or meteorological observatories) be-
gan earthquake monitoring by issuing earthquake infor-
mation in their station bulletins and other publications.
However, in order to accurately locate an earthquake, data
from several seismographic stations are necessary. It was
then natural for many governments to assume responsi-
bility for monitoring earthquakes within their territories.
However, because seismic waves from earthquakes do not
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recognize national boundaries, the need for international
cooperation became clear. In the following subsections, we
present an overview of the history and results of earth-
quake monitoring.

Historical Developments

In 1897, JohnMilne designed the first inexpensive seismo-
graph, which was capable of recording very large earth-
quakes anywhere in the world. With a small grant from
the British Association for the Advancement of Science
(BAAS), a few other donations, and his ownmoney, Milne
managed to deploy about 30 of his instruments around
the world, forming the first worldwide seismographic net-
work. At the same time, seismogram readings were re-
ported voluntarily to Milne’s observatory at Shide on the
Isle ofWight, England. A global earthquake summarywith
these seismogram readings was issued by Milne beginning
in 1899. These summaries are now known as the “Shide
Circulars”. Milne also published progress and results in
the “Reports of the BAAS Seismological Committee” from
1895 to 1913. A review of Milne’s work and a reproduction
of his publications as computer readable files were given
by Schweitzer and Lee [101] and its attached CD-ROM.
After Milne’s death in 1913, Herbert H. Turner continued
Milne’s efforts, and in 1918 established publication of the
International Seismological Summary (ISS).

The shortcomings of theMilne seismograph (lowmag-
nification, no damping, and poor time resolution) were
soon recognized. Several improved seismographs (notably
the Omori, Bosch–Omori, Wiechert, Galitzin, and Milne–
Shaw) were developed and deployed in the first three
decades of the 20th century. Figure 3 shows several of these
classical seismographs (see Schweitzer and Lee [101] for
further explanation). Although the ISS provided an au-
thoritative compilation arrival-time data of seismic waves
and determinations of earthquake hypocenters beginning
in 1918, its shortcomings were also evident. These in-
clude difficulties in collecting the available arrival-time
data around the world (which were submitted on a volun-
tary basis), and in the processing and analysis of data from
many different types of seismographs. Revolutions and
wars during the first half of the 20th century frequently
disrupted progress, particularly impacting collection and
distribution earthquake information.

In the late 1950s, attempts to negotiate a comprehen-
sive nuclear test ban treaty failed, in part because of per-
ceptions that seismic methods were inadequate for mon-
itoring underground nuclear tests [95]. The influential
Berkner report of 1959 therefore advocated major support
for seismology [66]. As a result, the Worldwide Standard-

ized Seismograph Network (WWSSN) was created in the
early 1960s with about 120 continuously recording sta-
tions located across much of the world, except China and
the USSR [91]. Each WWSSN station was equipped with
identical sets of short-period and long-period three-com-
ponent seismographs and accurate chronometers. Figure 4
shows some of the equipment at a WWSSN station, in-
cluding three-components of long-period seismometers,
long-period recording and test instruments, and the time
and power console. A similar set of three-component
short-period seismometers and recording and test instru-
ments, nearly identical in appearance, was also deployed at
each station. Seismograms from the WWSSN were sent to
the United States to be photographed on 70mm film chips
for distribution (about US$ 1 per chip as then sold to any
interested person).

The WWSSN network is credited with making pos-
sible rapid progress in global seismology, and with help-
ing to spark the plate tectonics revolution of the late
1960s [117]. At about the same time, the Unified System of
Seismic Observations (ESSN) of the former USSR and its
allied countries was established, consisting of almost 100
stations equipped with Kirnos short-period, 1–20 s dis-
placement sensors, and long-period seismographs.

Samples of seismograms recorded on smoked paper
and photographic paper or film by analog seismographs
are shown in Figs. 5 and 6. Two efforts to preserve and
make such records available online are now underway: the
SeismoArchives (www.iris.edu/seismo/ [72]), and Sismos
(sismos.rm.ingv.it [82]).

With the establishment of the WWSSN, the United
States also assumed the task of monitoring earthquakes
on a global scale beginning in the early 1960s. The mis-
sion of the US National Earthquake Information Center
(NEIC, now part of the US, Geological Survey) is “to deter-
mine rapidly the location and size of all destructive earth-
quakes worldwide and to immediately disseminate this in-
formation to concerned national and international agen-
cies, scientists, and the general public” (http://earthquake.
usgs.gov/regional/neic/).

In 1964, the ISS was reorganized as the International
Seismological Centre (ISC). Since then, the ISC (http://
www.isc.ac.uk/) has issued annual global earthquake cat-
alogs with a time lag of about two years [123].

Technical Considerations

To record seismic waves, we must consider both the avail-
able technology for designing seismographs, and the na-
ture of the Earth’s background noise [121]. The Earth is
constantly in motion. This “background” noise is usu-

http://www.iris.edu/seismo/
http://sismos.rm.ingv.it
http://earthquake.usgs.gov/regional/neic/
http://earthquake.usgs.gov/regional/neic/
http://www.isc.ac.uk/
http://www.isc.ac.uk/
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EarthquakeMonitoring and EarlyWarning Systems, Figure 4
Some WWSSN station equipment: a Three-component, long-period seismometers installed on a seismic pier, b Long-period record-
ing and test instruments, and c Time and power console. A similar set of three-component, short-period seismometers and record-
ing/test instruments is not shown

ally classified as either (1) microseisms, which typically
have frequencies below about 1Hz, are often the largest
background signals, and are usually caused by natural
disturbances (largely caused by ocean waves near shore-
lines); or (2) microtremors, which have frequencies higher
than about 1Hz, and are due to human activities (such
as traffic and machinery) and local natural sources (such
as wind and moving vegetation). Ground motions from
earthquakes vary more than ten orders of magnitude in
amplitude and six orders of magnitude in frequency, de-
pending on the size of the earthquake and the distance at

which it is recorded. Figure 7 illustrates the relative dy-
namic range of some common seismometers for global
earthquakemonitoring. A “low Earth noise”model [10,92]
is the lower limit of Earth’s natural noise in its quietest lo-
cations – it is desirable to have instruments that are sen-
sitive enough to detect this minimal background Earth
signal. In the analog instrument era (i. e., prior to about
1980), short-period and long-period seismometers were
designed separately to avoid microseisms, which have pre-
dominant periods of about 6 s. Short-period seismome-
ters were designed to detect tiny ground motions from
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EarthquakeMonitoring and Early Warning Systems, Figure 5
Some sample analog seismograms recorded on smoked paper

smaller, nearby earthquakes, while long-period instru-
ments were designed to recover the motions of distant,
larger earthquakes (“teleseisms”). Additionally, strong-
motion accelerometers, generally recording directly onto
70mm-wide film strips, were used to measure large mo-
tions from nearby earthquakes. In today’s much more ca-
pable digital instrumentation, two major types of instru-
ments are deployed: (1) “broadband” seismometers, which
replace and improve upon both short-period and long-
period seismometers, and (2) strong-motion accelerom-
eters for high-amplitude, high-frequency, seismic waves
from local earthquakes, which often drive broadband seis-

mometers off scale. While rare examples of the old ana-
log instruments are still in use, the vast majority of instru-
ments presently operating are digital.

In addition to having large variations in amplitudes
and frequencies, seismic waves from earthquakes also at-
tenuate rapidly with distance, that is, they lose energy as
they travel, particularly at higher frequencies. We must
consider these effects in order to monitor seismic waves
effectively.

In 1935, C.F. Richter introduced the concept of mag-
nitude to classify local earthquakes by their “size”, effec-
tively the amount of energy radiated at the actual rup-
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EarthquakeMonitoring and EarlyWarning Systems, Figure 6
Some sample analog seismograms recorded on photographic paper or film

ture surface within the Earth. See the entry by Bormann
and Saul � Earthquake Magnitude for a discussion of
the various magnitude scales in use. While every effort is
made to make these different scales overlap cleanly, each
has strengths and weaknesses that make one or another
preferable in a given situation. Probably the most general

and robust of these methods is called a “moment magni-
tude”, symbolized as MW. Existing instruments and envi-
ronments are such that the smallest natural earthquakes
we routinely observe close by are about magnitude D 1.
The largest earthquake so far recorded by instrumentals
is the MW D 9:5 Chilean earthquake in 1960. In 1941, B.
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EarthquakeMonitoring and Early Warning Systems, Figure 7
Relative dynamic range of some common seismometers for global earthquake monitoring (modified from Fig. 1 in [54]). The Y-axis
is marked in decibel (dB) where dBD 20 log(A/A0); A is the signal amplitude, and A0 is the reference signal amplitude

Gutenberg and C.F. Richter discovered that over large ge-
ographic regions the rate of earthquake occurrence is em-
pirically related to their magnitudes by:

logN D a � bM (1)

where N is the number of earthquakes of magnitudeM or
greater, and a and b are numerical constants. It turns out
that b is usually about 1, which implies that M D 6 earth-
quakes are about ten times more frequent than M D 7
earthquakes. Engdahl and Villasenor [24] show that there
has been an average of about 15 major (M > 7) earth-
quakes per year over the past 100 years, and about 150
large (M � 6) earthquakes per year during this same time
interval. Strong ground motions (above 0.1 g in acceler-
ation) over sizeable areas are generated by M � 6 earth-
quakes; these are potentially damaging levels of ground
shaking.

Earthquakes are classified by magnitude (M) as major
if M � 7, as moderate to large if M ranges from 5 to 7,

as small if M ranges from 3 to 5, as micro if M < 3, and
as nano if M < 0. An earthquake with M � 7 3/4 is often
called great, and if M � 9,mega.

Earthquake Monitoring in the Digital Era

Figure 8 shows the expected amplitudes of seismic waves
by earthquake magnitude. The top frame is a plot of the
equivalent peak ground acceleration versus frequency. The
two heavy curves denote the “minimum Earth noise”, and
the “maximum Earth noise” (i. e., for seismographic sta-
tion located in the continental interior versus near the
coast).

The two domains of the WWSSN equipment, short-
period long-period seismometers are shown as gray shad-
ing. The domains for two other instruments, SRO (Seismic
Research Observatories Seismograph) and IDA (Interna-
tional Deployment of Accelerometers), are also shown;
these were the early models of the current instruments
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EarthquakeMonitoring and EarlyWarning Systems, Figure 8
Expected amplitudes of seismic waves by earthquakemagnitude. See text for explanations

now in operation in the Global Seismographic Network
(GSN). The bottom two frames indicate expected ampli-
tudes of seismic waves from earthquakes of a range of
magnitudes (we use the moment magnitude, MW). For

simplicity, we consider two cases: (bottom left) global
earthquakes recorded at a large distance with a seismo-
graphic network spaced at intervals of about 1000 km, and
(bottom right) local earthquakes recorded at short dis-
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EarthquakeMonitoring and Early Warning Systems, Figure 9
Components of the IRIS-2 GSN System: broadband seismometers, accelerometers and recording equipment

tances with a seismic array spaced at intervals of about
50 km. In the bottom left plot, the global-scale network,
the expected amplitudes of P-wave and surface wave at
3000 km from the earthquake source are shown; for the
bottom right plot, a local seismic array, the expected am-
plitudes of S-wave at 10 km and 100 km from the earth-
quake source are shown. Seismologists use this and similar
figures in planning seismographic networks. Local noise
surveys are usually conducted as well when designing spe-
cific seismographic networks.

With advances in digital technology, earthquake mon-
itoring entered the digital era in the 1980s. Older analog
equipment was gradually phased out as modern digital
equipment replaced it [54]. The WWSSN was replaced by
the Global Seismographic Network (GSN), a collaboration
of several institutions under the IRIS consortium (http://
www.iris.edu/). The goal of the GSN (http://www.iris.edu/
about/GSN/index.htm) is “to deploy over 128 permanent
seismic recording stations uniformly over the Earth’s sur-

face”. The GSN project provides funding for two network
operators: (1) the IRIS/ASL Network Operations Center,
in Albuquerque, New Mexico (operated by the US Geo-
logical Survey), and (2) the IRIS/IDA Network Operations
Center in La Jolla, California (operated by personnel from
the Scripps Institution of Oceanography). Components of
a modern IRIS GSN seismograph system, which include
broadband seismometers, accelerometers, and recording
equipment, are shown in Fig. 9.

Figure 10 shows the station map of the Global Seis-
mographic Network as of 2007. IRIS GSN stations con-
tinuously record seismic data from very broad band seis-
mometers at 20 samples per second (sps), and also include
high-frequency (40 sps) and strong-motion (1 and 100 sps)
sensors where scientifically warranted. It is the goal of the
GSN project to provide real-time access to its data via In-
ternet or satellite. Since 1991, the IRIS Data Management
Center has been providing easy access to comprehensive
seismic data from the GSN and elsewhere [1].

http://www.iris.edu/
http://www.iris.edu/
http://www.iris.edu/about/GSN/index.htm
http://www.iris.edu/about/GSN/index.htm
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EarthquakeMonitoring and EarlyWarning Systems, Figure 10
Station map of the Global Seismographic Network (GSN) as of 2007

EarthquakeMonitoring:
Regional and Local Networks

A major development in earthquake monitoring was the
establishment of seismographic networks optimized to
record the many frequent but smaller regional and lo-
cal earthquakes occurring in many locations. To observe
as many of these nearby earthquakes as possible, inex-
pensive seismographs with high magnifications and low
dynamic-range telemetry are used to record the small-
est earthquakes feasible with current technology and local
background noise. As a result, the recorded amplitudes of-
ten overdrive the instruments for earthquakes with M & 3
within about 50 km of such seismographs. This is not a se-
rious defect, since the emphasis for these networks is to
obtain as many first arrival times as possible, and to de-
tect and to locate the maximum number of earthquakes.

Because seismic waves from small earthquakes are quickly
attenuated with increasing distance, it is also necessary to
deploy many instruments at small station spacing (gener-
ally from a few to a few tens of kilometers), and to cover
as large a territory as possible in order to record at least
a few earthquakes every week. Since funding often is lim-
ited, these local and regional seismic networks are com-
monly optimized for the largest number of stations rather
than for the highest quality data.

A Brief History

In the 1910s, the Carnegie Institution of Washington D.C.
(CIW) was spending a great deal of money building the
world’s then largest telescope (100 inch) at Mount Wilson
Observatory, southern California [38]. Since astronomers
were concerned about earthquakes thatmight disturb their
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telescopes, Harry O. Wood was able to persuade CIW to
support earthquake investigations, and as a result, a re-
gional network of about a dozen Wood–Anderson seis-
mographs was established in southern California in the
1920s. See Goodstein [38] for the early history leading to
the establishment of the California Institute of Technology
(Caltech) and its Seismological Laboratory. Astronomers
played important roles in getting seismic monitoring es-
tablished in various other regions of the world as well.

Regional networks using different types of seismo-
graphs were established inmany countries about this time,
such as in Japan, New Zealand, and the USSR and its al-
lies. In the 1960s, high-gain, short-period, telemeterednet-
works were developed to study microearthquakes. To sup-
port detailed studies of local earthquakes and especially
for the purpose of earthquake prediction, over 100 mi-
croearthquake networks were established in various parts
of the world by the end of the 1970s [74]. These mi-
croearthquake networks comprised from tens to hundreds
of short-period seismometers, generally with their signals
telemetered into central recording sites for processing and
analysis. High magnification was achieved through elec-
tronic amplification, permitting recording of very small
earthquakes (down to M D 0), though this came at the
expense of saturated records for earthquakes of M & 3
within about 50 km. Unfortunately, the hope of discover-
ing some sort of earthquake precursor from the data ob-
tained by these microearthquake networks did not work
out. For a review of the earthquake prediction efforts,
please read Kanamori [60].

Some Recent Advances

Because of recent advances in electronics, communica-
tions, andmicrocomputers, it is now possible to deploy so-
phisticated digital seismograph stations at global, national,
regional, and local scales for real-time seismology [64].
Many such networks, including temporary portable net-
works, have been implemented in many countries. In
particular, various real-time and near real-time seismic
systems began operation in the 1990s: for example, in
Mexico [25], California [32,47], and Taiwan [110]. The
Real-Time Data (RTD) system operated by the Central
Weather Bureau (CWB) of Taiwan is based on a net-
work of telemetered digital accelerographs [102]; since
1995, this system has used pagers, e-mail, and other tech-
niques to automatically and rapidly disseminate informa-
tion about the hypocenter, magnitude, and shaking am-
plitude of felt earthquakes (M & 4) in the Taiwan region.
The disastrous Chi-Chi earthquake (MW D 7:6) of 20
September 1999 caused 2,471 deaths and total economic

losses of US$ 11.5 billion. For this earthquake sequence,
the RTD system delivered accurate information to govern-
ment officials 102 seconds after the origin time of the main
shock (about 50 seconds for most aftershocks), and proved
to be useful in the emergency response of the Taiwan
government [37,131].

Recording Damaging Ground Shaking

Observing teleseisms on a global scale with station spac-
ing of several hundreds of kilometers does not yield criti-
cal information about near-source strong ground shaking
required for earthquake structural engineering purposes
and seismic hazard reduction. Broadband seismometers,
which are optimized to record earthquakes at great dis-
tances, do not perform well in the near-field of a major
earthquake. For example, during the 1999 Chi–Chi earth-
quake the nearest broadband station in Taiwan (epicentral
distance of about 20 km) was badly overdriven, recorded
no useful data beyond the arrival time of the initial P-wave,
and finally failed about one minute into the shock.

A regional seismic network with station spacing of
a few tens of kilometers cannot do the job either: the sta-
tion spacing is still too large and the records are typically
overdriven for earthquakes of M & 3 (any large earth-
quake would certainly overdrive these sensitive instru-
ments in the entire network). In his account of early earth-
quake engineering, Housner [51] credited John R. Free-
man, an eminent engineer, with persuading the then US
Secretary of Commerce to authorize a strong-motion pro-
gram, and, in 1930, the design of an accelerograph for en-
gineering purposes. In a letter to R.R. Martel, Housner’s
professor at Caltech, Freeman wrote:

I stated that the data which had been given to struc-
tural engineers on acceleration and limits of motion
in earthquakes as a basis for their designs were all
based on guesswork, that there had never yet been
a precise measurement of acceleration made. That
of the five seismographs around San Francisco Bay
which tried to record the earthquake of 1906 not one
was able to tell the truth.

Strong-motion recordings useful to engineers must
be on-scale for damaging earthquakes and, in particular,
from instruments located on or near built structures in
densely urbanized environments, within about 25 km of
the earthquake-rupture zone for sites on rock, or within
about 100 km for sites on soft soils. Recordings of mo-
tions sufficient to cause damage at sites at greater dis-
tances are also of interest for earthquake engineering in
areas likely to be affected by major subduction-zone earth-
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quakes and in areas with exceptionally low attenuation
rates [11]. In addition, densely-spaced networks of strong-
motion recorders are needed to study the large variations
in these motions over short distances [26,29].

Although several interesting accelerograms were
recorded in southern California in the 1930s and
1940s, most seismologists did not pursue strong-mo-
tion monitoring until much later. The 1971 San Fer-
nando earthquake emphatically demonstrated the need for
more strong-motion data [9]. Two important programs
emerged in the United States – the National Strong-Mo-
tion Program (http://nsmp.wr.usgs.gov/), and the Cali-
fornia Strong Motion Instrumentation Program (http://
docinet3.consrv.ca.gov/csmip/). However, the budgets for
these programs were and continue to be small in compar-
ison to other earthquake programs. High levels of fund-
ing for strong-motion monitoring, comparable to that of
the GSN and the regional seismic networks, became avail-
able in Taiwan in the early 1990s, and in Japan in the mid-
1990s. The Consortium of Organizations for Strong-Mo-
tion Observation Systems (http://www.cosmos-eq.org/)
was established recently to promote the acquisition and
application of strong-motion data.

Seismograms and Derived Products

Even before instruments were developed to record seismic
waves from earthquakes, many scholars compiled catalogs
of earthquake events noted in historical and other docu-
ments. Robert Mallet in 1852–1854 published the first ex-
tensive earthquake catalog of the world (1606 B.C.–A.D.
1842) totaling 6831 events [79]. Based on this compila-
tion, Mallet prepared the first significant seismicity map
of the Earth in 1858. Mallet’s map is remarkable in that
it correctly identifies the major earthquake zones of the
Earth excepting for parts of the oceans. Although Mal-
let’s earthquake catalog and similar compilations con-
tain a wealth of information about earthquakes, they were
made without the aid of instruments, and thus were sub-
ject to the biases of the observers as well as to popu-
lation distributions. These non-instrumental earthquake
catalogs also contain errors because the source materi-
als were commonly incomplete and inconsistent regard-
ing date, time, place names, and reported damage. Am-
braseys et al. [8] discusses these difficulties for a re-
gional case and Guidoboni [42] addresses the matter in
general.

Today, seismograms are the fundamental data pro-
duced by earthquake monitoring. An analyst’s first task
is to find out when and where the earthquakes occurred,
its size, and other characteristics. The accuracy of deter-

mining earthquake parameters, as well as the number of
parameters used to characterize and earthquake, has pro-
gressed along with the availability of seismograms and
computers, as well as advances in seismology. In the ana-
log era, earthquake parameters were primarily the origin
time, geographical location (epicenter), focal depth, and
magnitude. A list of these parameters for earthquakes oc-
curring over some time interval is called an earthquake
catalog. A useful and common illustration of such results
is a map showing the locations of earthquakes by mag-
nitude (a seismicity map). Figure 11 is such a seismicity
map for 1900–1999 as prepared by Engdahl and Villasen-
sor [24]. The map shows that moderate and large earth-
quakes are concentrated in tectonic active areas whilemost
areas of the Earth are aseismic.

Earthquake Location

Several methods have been developed to locate earth-
quakes (i. e., determine origin time, latitude and lon-
gitude of the epicenter, and focal depth). Common to
most of these methods is the use of arrivals times of ini-
tial P- and S-waves. In particular, Geiger [33] applied the
Gauss–Newton method to solve for earthquake location,
which is a nonlinear problem, by formulating it as an in-
verse problem. However, since Geiger’s method is com-
putational intensive, it was not practical to apply it for
the routine determinations of earthquake hypocenters un-
til the advance of modern computers in the early 1960s.

Before computers became widely available starting in
the 1960s, earthquakes were usually located by a man-
ual, graphical method. In any location method, we as-
sume that an earthquake is a point source and its sole
parameters are origin time (time of occurrence, to) and
hypocenter position (xo; yo; zo). If both P- and S-arrival
times are available, one may use the time intervals be-
tween P- and S-waves at each station (S-P times) and es-
timates of seismic wave velocities in the Earth to obtain
a rough estimate of the epicentral distance, D, from that
station:

D D [VPVS/(VP � VS)](TS � TP) (2)

where VP is the P-wave velocity, VS the S-wave veloc-
ity, TS the S-wave arrival time, and TP the P-wave ar-
rival time. For a typical crustal P-wave velocity of 6 km/s,
and VP/VS � 1:8, the distance D in kilometers is about
7.5 times the S-P interval measured in seconds. If three or
more epicentral distances are available, the epicenter may
be placed at the intersection of circles with the stations as
centers and the appropriate D as radii. The intersection

http://nsmp.wr.usgs.gov/
http://docinet3.consrv.ca.gov/csmip/
http://docinet3.consrv.ca.gov/csmip/
http://www.cosmos-eq.org/
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EarthquakeMonitoring and Early Warning Systems, Figure 11
Seismicity of the Earth: 1900–1999 (see [24] for details)

will seldombe a point, and its areal extent gives a rough es-
timate of the uncertainty of the epicenter and hypocentral
(focal) depth. In the early days, the focal depth was usually
assumed or occasionally determined using a “depth phase”
(generally, a ray that travels upward from the hypocen-
ter and reflects back from the Earth’s surface, then arcs
through the Earth to reach a distant seismograph).

Although Geiger [33] presented a method for deter-
mining the origin time and epicenter, the method can be
extended easily to include focal depth. To locate an earth-
quake using a set of arrival times, �k, from stations at
positions (xk ; yk ; zk ), k D 1; 2; : : : ;m, we must assume
a model of seismic velocities from which theoretical travel
times, Tk for a trial hypocenter at (x�; y�; z�) to the sta-
tions can be computed. Let us consider a given trial origin
time and hypocenter as the trial vector �� in a four-di-
mensional Euclidean space:

�� D (t�; x�; y�; z�)T (3)

where the superscript T (T) denotes the vector transpose.
Theoretical arrival time, tk, from �� to the k-th station is
the theoretical travel time,Tk, plus the trial origin time, t�.
We now define the arrival time residual at the k-th station,
rk, as the difference between the observed and the theo-

retical arrival times. We may consider this set of station
residuals as a vector in anm-dimensional Euclidean space
and write:

r D (r1(��); r2(��); : : : ; rm(��))T : (4)

We now apply the least squares method to obtain a set of
linear equations solving for an adjustment vector, ı�:

ATAı� D �ATr ; (5)

whereA is the Jacobianmatrix consisting of partial deriva-
tives of travel time with respect to t, x, y, and z. A de-
tailed derivation of the Geiger method is given by Lee and
Stewart (see, pp 132–134 in [74]). There are many prac-
tical difficulties in implementing Geiger’s method for lo-
cating earthquakes, as discussed by Lee and Stewart (see,
pp 134–139 in [74]). Although standard errors for these
earthquake locations can be computed, they are often not
meaningful because errors in the measurement of arrival
times usually do not obey a Gaussian probability distribu-
tion. In recent years,many authors applied various nonlin-
ear methods to locate earthquakes; a review of these meth-
ods is given by Lomax et al. � Earthquake Location, Di-
rect, Global-Search Methods.
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Earthquake Magnitude

After an earthquake is located, the next question is: how
big was it? The Richter magnitude scale was originally de-
vised to measure the “size” of an earthquake in south-
ern California. Richter [96] defined the local (earthquake)
magnitude,ML, of an earthquake observed at any particu-
lar station to be:

ML D log A� logA0(�) (6)

where A is the maximum amplitude in millimeters as
recorded by a Wood–Anderson seismograph for an earth-
quake at epicentral distance of � km. The correction fac-
tor, log A0(�), is the maximum amplitude at � km for
a “standard” earthquake. Thus, three arbitrary choices en-
ter into the definition of local magnitude: (1) the use of the
Wood–Anderson seismographs, (2) the use of the com-
mon logarithm (i. e., the logarithm to the base 10), and
(3) the selection of the standard earthquake, whose ampli-
tudes as a function of distance� are represented by A0(�).

In the 1940s, B. Gutenberg and C.F. Richter extended
the local magnitude scale to include more distant earth-
quakes. Gutenberg [43] defined the surface-wave magni-
tude, MS, as

MS D log(A/T) � logA0(�ı) (7)

where A is the maximum combined horizontal ground
displacement in micrometers (�m) for surface waves with
a period of 20 s, and � logA0 is tabulated as a function of
epicentral distance � in degrees, in a similar manner to
that for the local magnitude’sA0 (�). Specifically, surface-
wave magnitude is calculated from

MS D logAC 1:656 log�C 1:818 (8)

using the prominent 20 s period surface waves commonly
observed on the two horizontal-component seismograms
from earthquakes of shallow focal depth.

Both magnitude scales were derived empirically and
have scale-saturation problems, e. g., for very large earth-
quakes above a certain size the computed magnitudes of
a particular type are all about the same After the pio-
neering work of Charles F. Richter and Beno Gutenberg,
numerous authors have developed alternative magnitude
scales, as reviewed recently by Utsu [116] and by Bormann
and Saul � Earthquake Magnitude. A current magnitude
scale widely accepted as “best” (as having the least satura-
tion problem and being a close match to an earthquake’s
total release of stress and strain) is the “moment mag-
nitude”, MW, computed from an earthquake’s “moment
tensor”.

Quantification of the Earthquake Source

As pointed out by Kanamori [59], it is not a simple mat-
ter to find a single measure of the “size” of an earth-
quake, simply because earthquakes result from complex
physical processes. The elastic rebound theory of Harry
F. Reid suggests that earthquakes originate from sponta-
neous slippage on active faults after a long period of elastic
strain accumulation [94]. Faultsmay be considered the slip
surfaces across which discontinuous displacement occurs
in the Earth, while the faulting process may be modeled
mathematically as a shear dislocation in an elastic medium
(see [100], for a review). A shear dislocation (or slip) is
equivalent to a double-couple body force [15,81]. The scal-
ing parameter of each component couple of a double-cou-
ple body force is its moment. Using the equivalence be-
tween slip and body forces, Aki [2] introduced the seismic
moment,M0, as:

M0 D �

Z
D(A)dAD �sA (9)

where � is the shear modulus of the medium,A is the area
of the slipped surface or source area, and s is the slip D(A)
averaged over the area A. If an earthquake produces sur-
face faulting, we may estimate its rupture length, L, and
its average slip, s, from measurement of that faulting. The
area A may be approximated by Lh, where h is the focal
depth (it is often, but not always, found that the hypocen-
ter is near the bottom of the rupture surface). A reasonable
estimate for � is 3 � 1011 dynes/cm2. With these quanti-
ties, we can estimate the seismic moment from Eq. (9).

Seismic moment also can be estimated independently
from seismograms. From dislocation theory, the seismic
moment can be related to the far-field seismic displace-
ment recorded by seismographs. For example, Hanks and
Wyss [46] showed that

M0 D (˝0/ ��)4��Rv3 (10)

where ˝0 is the long-period limit of the displacement
spectrum of either P or Swaves, �� is a function account-
ing for the body-wave radiation pattern, � is the density of
the medium, R is a function accounting for the geometric
spreading of body waves, and v is the body-wave velocity.
Similarly, seismic moment can be determined from sur-
face waves or coda waves [2,3].

In 1977, Hiroo Kanamori recognized that a new mag-
nitude scale can be developed using seismic moment (M0)
by comparing the earthquake energy and seismic moment
relation

ES D (
� /2�)M0 ; (11)
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where 
� is the stress drop and � is the shear modulus,
with the surface-wave magnitude and energy relation [45]

log ES D 1:5MS C 11:8 ; (12)

where ES and M0 are expressed in ergs and dyne-cm, re-
spectively. The average value of (
� /2�) is approximately
equal to 1:0 � 10�4. If we use this value in Eq. (11), we
obtain

logM0 D 1:5MS C 16:1 : (13)

It is known that MS values saturate for great earthquakes
(M0 about 1029 dyne � cm or more) and, therefore, that
Eqs. (12) and (13) do not hold for such great earthquakes.
If a new moment-magnitude scale using the notation MW
is defined by

logM0 D 1:5MW C 16:1 (14)

then MW is equivalent to MS below saturation and pro-
vides a reasonable estimate for great earthquakes with-
out the saturation problem [58]. The subscript letter W
stands for the work at an earthquake fault, but soon MW
became known as the moment magnitude. Determining
earthquake magnitude using seismic moment is clearly
a better approach because it has a physical basis.

The concept of seismic moment led to the devel-
opment of moment tensor solutions for quantifying the
earthquake source, including its focal mechanism [35,36];
the seismic moment is just the scalar value of the mo-
ment tensor. Since the 1980s, Centroid-Moment-Tensor
(CMT) solutions have been produced routinely for events
with moment magnitudes (MW) greater than about 5.5.
The CMT methodology is described by Dziewonski et
al. [22] and Dziewonski and Woodhouse [20]; a com-
prehensive review is given in Dziewonski and Wood-
house [21]. These CMT solutions are published yearly
in the journal Physics of the Earth and Planetary Interi-
ors, and the entire database is accessible online. This use-
ful service is now performed by the Global CMT Project
(http://www.globalcmt.org/), and more than 25,000 mo-
ment tensors have been determined for large earthquakes
from 1976 to 2007. In the most recent decade, Quick CMT
solutions [23] determined in near-real time have been
added and are distributed widely via e-mail (http://www.
seismology.harvard.edu/projects/CMT/QuickCMTs/).

Limitations of Earthquake Catalogs

In addition to international efforts to catalog earthquakes
on a global scale, observatories and government agencies
issue more-detailed earthquake catalogs at local, regional,

and national scales. However, earthquake catalogs from
local to global scales vary greatly in spatial and temporal
coverage and in quality, with respect to completeness and
accuracy, because of the ongoing evolution of instrumen-
tation, data processing procedures, and agency staff. An
earthquake catalog, to be used for research, should have at
least the following source parameters: origin time, epicen-
ter (latitude and longitude), focal depth, and magnitude.

The International Seismological Summary and its pre-
decessors provided compilations of arrival times and lo-
cations of earthquakes determined manually from about
1900 to 1963. Despite their limitations (notably the lack
of magnitude estimates), these materials remain valuable.
The first global earthquake catalog that contains both lo-
cations and magnitudes was published by Gutenberg and
Richter in 1949, and was followed by a second edition in
1954 [44]. This catalog contains over 4,000 earthquakes
from 1904 to 1951. Unfortunately, its temporal and spa-
tial coverage is uneven as a result of rapid changes in
seismic instrumentation, and of the interference of both
World Wars. Nevertheless, the procedures used for earth-
quake location and magnitude estimation were the same
throughout, using the arrival-time and amplitude data
available to Gutenberg and Richter during the 1940s and
early 1950s.

Since 1964, the International Seismological Centre has
performed systematic cataloging of earthquakes world-
wide by using computers and more modern seismograph
networks. The spatial coverage of this catalog is not com-
plete for some areas of the Earth (especially the oceans)
because of the paucity of seismographic stations in such
areas. By plotting the cumulative numbers of earthquakes
above a certain magnitude versus magnitude, and using
Eq. (1), the lower limit of completeness of an earthquake
catalog may be estimated – it is the magnitude below
which the data deviate below a linear fit to Eq. (1).

A Centennial Earthquake Catalog covering ISS- and
ISC-reported global earthquakes from 1900–1999 was
generated using an improved Earth model that takes
into account regional variations in seismic wave veloci-
ties in the Earth’s crust and upper mantle [24,118]. En-
gdahl and Villasenor [24] also compiled existing magni-
tude data from various authors and suggested preferred
values. However, these “preferred magnitudes” were not
determined by the same procedures. At present, the Global
CMT Project (http://www.globalcmt.org/) provides the
most complete online source parameters for global earth-
quakes (with MW > 5:5), including Centroid-Moment-
Tensor solutions. Although the CMT catalog starts in
1976, the improved global coverage of modern broadband
digital seismographs began only in about 1990.

http://www.globalcmt.org/
http://www.seismology.harvard.edu/projects/CMT/QuickCMTs/
http://www.seismology.harvard.edu/projects/CMT/QuickCMTs/
http://www.globalcmt.org/
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In summary, earthquake catalogs have been used ex-
tensively for earthquake prediction research and seismic
hazard assessment since the first such catalog was pro-
duced. Reservations have been expressed about the relia-
bility of the results and interpretations from these studies
because the catalogs cover too little time and have limi-
tations in completeness and accuracy (both random and
systematic). Nevertheless, advances have been made in us-
ing earthquake catalogs to (1) study the nature of seis-
micity (e. g., � Seismicity, Critical States of: From Mod-
els to Practical Seismic Hazard Estimates Space), (2) in-
vestigate earthquake statistics (e. g., � Earthquake Occur-
rence and Mechanisms, Stochastic Models for), (3) fore-
cast earthquakes (e. g.,� Earthquake Forecasting and Ver-
ification), (4) predict earthquakes (e. g.,�Geo-complexity
and Earthquake Prediction), (5) assess seismic hazards and
risk, and so forth.

Earthquake EarlyWarning (EEW) Systems

With increasing urbanization worldwide, earthquake haz-
ards pose ever greater threats to lives, property, and liveli-
hoods in populated areas near major active faults on
land or near offshore subduction zones. Earthquake early-
warning systems can be useful tools for reducing the im-
pact of earthquakes, provided that cities are favorably lo-
cated with respect to earthquake sources and their citi-
zens are properly trained to respond to the warning mes-
sages. Recent reviews of earthquake early warning sys-
tems may be found in Lee and Espinosa-Aranda [73],
Kanamori [61], and Allen [6], as well as a monograph on
the subject by Gasparini et al. [31].

Under favorable conditions, an EEW system can fore-
warn an urban area of impending strong shaking with
lead times that range from a few seconds to a few tens of
seconds. A lead time is the time interval between issuing
a warning and the arrival of the S-waves, which are the
most destructive seismic waves. Even a few seconds of ad-
vanced warning is useful for pre-programmed emergency
measures at various critical facilities, such as the deceler-
ation of rapid-transit vehicles and high-speed trains, the
orderly shutoff of gas pipelines, the controlled shutdown
of some high-technological manufacturing operations, the
safe-guarding of computer facilities (e. g., disk-head park-
ing), and bringing elevators to a stop at the nearest floor.

Physical Basis and Limitations of EEW Systems

The physical basis for earthquake early warning is sim-
ple: damaging strong ground shaking is caused primar-
ily by shear (S) and subsequent surface waves, both of
which travel more slowly that the primary (P) waves, and

EarthquakeMonitoring and Early Warning Systems, Figure 12
Travel time of P-waves and of S-waves versus distance for a typi-
cal earthquake

seismic waves travel much more slowly than electromag-
netic signals transmitted by telephone or radio. However,
certain physical limitations must be considered, as shown
by Fig. 12.

Figure 12 is a plot of the travel time for the P-wave
and S-wave as a function of distance from an earth-
quake. We make the following assumptions about a typ-
ical destructive earthquake: (1) focal depth at � 20 km,
(2) P-wave velocity � 8 km/s, and (3) S-wave velocity
� 4:5 km/s. If an earthquake is located 100 km from
a city, the P-wave arrives at the city after about 13 s, and
the S-waves in about 22 s (Fig. 12). If we deploy a dense
seismic network near the earthquake source area (capable
of locating and determining the size of the event in about
10 s), we will have about 3 s to issue the warning before
the P-wave arrives, and about 12 s before the more de-
structive S-waves and surface waves arrive at the city. We
have assumed that it takes negligible time to send a sig-
nal from the seismic network to the city via electromag-
netic waves, which travel at about one-third the velocity
of light or faster (between about 100,000 and 300,000 km/s
depending on the method of transmission).

From Fig. 12 it is clear that this strategy may work
for earthquakes located at least about 60 km from the ur-
ban area. For earthquakes at shorter distances (� 20 to
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� 60 km), we must reduce the time needed to detect the
event and issue a warning to well under 10 s. This require-
ment implies that wemust deploy a very dense seismic net-
work very close to the fault and estimate the necessary pa-
rameters very fast. However, such dense networks are not
economical to deploy using existing seismic instruments.

For earthquakes within 20 km of a city, there is lit-
tle one can do other than installing motion-sensitive au-
tomatic shut-off devices at critical facilities (natural gas,
for example) and hope that they are either very quick
when responding to S-waves or are triggered by the on-
set of the P-wave. Normally an earthquake rupture more
than � 100 km from an urban area does not commonly
pose a large threat (seismic waves would be attenuated and
spread out farther). There are exceptions caused either by
unusual local site conditions, such as Mexico City, or by
earthquakes with large rupture zones which therefore ra-
diate efficiently to greater distances.

Design Considerations for EEW Systems

In the above discussion, we have assumed that one im-
plements an earthquake early warning system with a tra-
ditional seismic network. Such EEW systems have limi-
tation as illustrated by Fig. 13, which shows the expected
early warning times for a repeat of the 1999 Chi–Chi earth-
quake. However, Nakamura and his colleagues have been
successful in applying a single-station approach [84,99],
where seismic signals are recorded and processed locally
by the seismograph and an earthquake warning is is-
sued whenever ground motions there exceed some trig-
ger threshold. We will next discuss these two basic ap-
proaches, regional versus on-site in designing an earth-
quake early warning system.

Earthquake early warning capability can be imple-
mented through a rapid reporting system (RRS) from
a traditional network, assuming real-time telemetry into
the network’s central laboratory. This type of system
provides, to populated areas and other sensitive loca-
tions, primary event information (hypocenter, magnitude,
ground shaking intensities, and potential damage) about
one minute after the earthquake begins. The RRS trans-
mits this critical information electronically to emergency
response agencies and other interested organizations and
to individuals. Each recipient can then take action (some
of which may be pre-programmed) shortly after the earth-
quake begins. Response measures can include the timely
dispatch of rescue equipment and emergency supplies to
the likely areas of damage.

California’s ShakeMap [119,120], Taiwan’s CWB, and
Japan’s JMA systems are typical examples of RSS. In

EarthquakeMonitoring and EarlyWarning Systems, Figure 13
Expected EWS early warning times (indicated by circles) in Tai-
wan with respect to the occurrence of an event similar to the
Chi–Chi earthquake of 20 September 1999. Triangles are loca-
tions of elementary schools, which can be regarded as a good
indicator for the population density of Taiwan

the case of the Taiwan RRS, the CWB has, since 1995,
provided intensity maps, hypocenters, and magnitudes
within one minute of the occurrence of M > 4 earth-
quakes [110,128]. This system’s reliability, documented by
electronic messages to government agencies and scientists,
has been close to perfect, particularly for large, damaging
earthquakes. Figure 14 shows a block diagram of the Tai-
wan RRS, and details may be found in [128].

Using a set of empirical relationships derived from the
large data set collected during the 1999 Chi–Chi earth-
quake, CWB now releases, within a few minutes of an
event, the estimated distributions of PGA and PGV, re-
fined magnitudes, and damage estimates [129]. This near-
real-time damage assessment is useful for rapid post-dis-
aster emergency response and rescue missions.

Regional Warning Versus Onsite Warning

Two approaches have been adopted for earthquake early
warning systems: (1) regional warning, and (2) on-site
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EarthquakeMonitoring and EarlyWarning Systems, Figure 14
A block diagram showing the hardware of the Taiwan Earthquake Rapid Reporting System

warning. The first approach relies on traditional seismo-
logical methods in which data from a seismic network are
used to locate an earthquake, determine the magnitude,
and estimate the ground motion in the region involved. In
the second approach, the initial ground motions (mainly P
wave) observed at a site are used to predict the ensuing
ground motions (mainly S and surface waves) at the same
site.

The regional approach is more comprehensive, but
takes a longer time to issue an earthquake warning. An
advantage of this approach is that estimates of the timing
of expected strong motions throughout the affected region
can be predicted more reliably. The early warning system
in Taiwan is a typical example and it uses a regional warn-
ing system called virtual sub-network approach (VSN)
that requires an average of 22 s to determine earthquake



Earthquake Monitoring and Early Warning Systems E 2519

parameters with magnitude uncertainties of˙0:25. It pro-
vides a warning for areas beyond about 70 km from the
epicenter (Fig. 13). This systemhas been in operation since
2002 with almost no false alarms [129]. With the advance-
ment of new methodology and more dense seismic net-
works, regional systems are beginning to be able to provide
early warnings to areas closer to the earthquake epicenter.

The regional approach has also been used in other ar-
eas. The method used in Mexico [25] is slightly different
from the traditional seismological method. It is a special
case of EEW system due to the relatively large distance
(about 300 km in this case) between the earthquake source
region (west coast of Central America) and the warning
site (Mexico City). However, the warning is conceptually
“regional”.

In Japan, various EEW techniques have been devel-
oped and deployed by the National Research Institute
for Earth Science and Disaster Prevention (NIED) and
JapanMeteorological Agency (JMA) since 2000 [49,57,89],
� Tsunami Forecasting and Warning. In particular, JMA
has started sending early warning messages to potential
users responsible for emergency responses [50]. The po-
tential users include railway systems, construction compa-
nies, and others; and they are familiar with the implica-
tions of early warning messages, as well as the technical
limitations of EEW [57].

Some Recent EEWAdvances

Allen and Kanamori [7] proposed the Earthquake Alarm
System (ElarmS) to issue an earthquake warning based
on information determined from the P-wave arrival only.
Kanamori [61] extended the method of Nakamura [84]
and Allen and Kanamori [7] to determine a period param-
eter, �c, from the initial 3 s of the P wave. �c is defined as

�c D 2�/
p
r (15)

where

r D
R �0
0 u̇2(t) dt
R �0
0 u2(t) dt

(16)

u(t) is the ground-motion displacement; �0 is the duration
of record used (usually 3 s), and �c, which represents the
size of an earthquake, can be computed from the incoming
data sequentially.

The �c method was used for earthquake early warn-
ing in southern California, Taiwan, and Japan by Wu and
Kanamori [124,125,126] and Wu et al. [130]. At a given
site, the magnitude of an event is estimated from �c and
the peak ground-motion velocity (PGV) from Pd (the peak
amplitude of displacement in the first 3 s after the arrival

of the P wave). The incoming 3-component signals are re-
cursively converted to ground acceleration, velocity and
displacement. The displacements are recursively filtered
using an accusal Butterworth high-pass filter with a cut-
off frequency of 0.075Hz, and a P-wave threshold trig-
ger is constantly monitored. When a trigger occurs, �c and
Pd are computed. The relationships between �c and mag-
nitude (M), and Pd and peak ground velocity (PGV) for
southern California, Taiwan, and Japan were investigated.
Figure 15 shows a good correlation between �c and MW
from the K-NET records in Japan, and Fig. 16 shows the
Pd versus PGV plot for southern California, Taiwan, and
Japan. These relationships may be used to detect the oc-
currence of a large earthquake and provide onsite warning
in the area immediately around the station where the onset
of strong ground motion is expected within a few seconds
after the arrival of the P-wave. When the station density is
high, the onsite warning methods may be applied to data
from multiple stations to increase the robustness of an on-
site early warning, and to complement the regional warn-
ing approach. In an ideal situation, such warnings would
be available within 10 s of the origin time of a large earth-
quake whose subsequent ground motion may last for tens
of seconds.

EarthquakeMonitoring and EarlyWarning Systems, Figure 15
�c estimates from 20 events using the nearest 6 stations of the
K-NET. Small open circles show single-record results, and large
circles show event-average values with one standard deviation
bars. Solid line shows the least squares fit to the event-average
values, and the two dashed lines show the range of one standard
deviation
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EarthquakeMonitoring and EarlyWarning Systems, Figure 16
Relationship between peak initial displacement amplitude (Pd)
measurements and peak ground velocity (PGV) for the records
with epicentral distances less than 30 km from the epicenter in
SouthernCalifornia (red solid circles), Taiwan (bluediamonds) and
Japan (black solid triangles). Solid line shows the least squares
fit and the two dashed lines show the range of one standard
deviation

Wu and Zhao [127] investigated the attenuation of Pd
with the hypocentral distance R in southern California as
a function of magnitude M, and obtained the following
relationships:

MPd D 4:748C 1:371� log(Pd)C 1:883� log(R) (17)

and

log(Pd) D �3:463C 0:729�M� 1:374� log(R) : (18)

For the regional warning approach, when an earthquake
location is determined by the P-wave arrival times at sta-
tions close to the epicenter, this relationship can be used
to estimate the earthquake magnitude. Their result shows
that for earthquakes in southern California the Pd magni-
tudes agree with the catalog magnitudes with a standard
deviation of 0.18 for events less than magnitude 6.5. They
concluded that Pd is a robust measurement for estimating
the magnitudes of earthquakes for regional early warning
purposes in southern California. This method has also ap-
plied to Italian region by Zollo et al. [132] with a very good
performance.

Because the on-site approach is faster than the regional
approach, it can provide useful early warning to sites at

short distances from the earthquake epicenter where early
warning is most needed. Onsite early warning can be gen-
erated by either a single station or by a dense array. For
a single station operation, signals from P-waves are used
for magnitude and hypocenter determination to predict
strong ground shaking. Nakamura [83] first proposed this
concept, developed the Urgent Earthquake Detection and
Alarm System or UrEDAS [86], and introduced a simple
strong-motion index for onsite EEW [85]. However, the
reliability of on-site earthquake information is generally
less than that obtained with the regional warning system.
There currently is a trade-off between warning time and
the reliability of the earthquake information. Generally, an
information updating procedure is necessary for any EEW
system. On-site warning methods can be especially useful
in regions where a dense seismic network is deployed.

The Japan Meteorological Agency (JMA) began dis-
tribution of earthquake early warning information to
the public in October 1, 2007 through several means,
such as TV and radio [50] (http://www.jma.go.jp/jma/
en/Activities/eew.html). The JMA system was success-
fully activated during the recent Noto Hanto and Niigata
Chuetsu–Oki earthquakes in 2007, and provided accu-
rate information of hypocenter, magnitude, and intensity
about 3.8 s after the arrival of P-waves at nearby stations.
The warning message reached sites further than about
30 km from the epicenter as an early warning alert (i. e., in-
formation arrived before shaking started at the site). This
is a remarkable performance of the system for damaging
earthquakes and gives promise of an early warning sys-
tem as a practical means for earthquake damage mitiga-
tion. Although warning alert is most needed within 30 km
of the epicenter, it is not feasible with the current density
and configuration of the JMA network.

Lawrence and Cochran [68] proposed a collaborative
project for rapid earthquake response and early warning
by using the accelerometers that are already installed in-
side many laptop computers. Their Quake-Catcher Net-
work (QCN) will employ existing laptops, which have
accelerometers already installed, and desktops outfitted
with inexpensive (under $ 50) USB accelerometers to form
the world’s largest high-density, distributed computing
seismic network for monitoring strong ground motions
(http://qcn.stanford.edu/). By freely distributing the nec-
essary software, anyone having a computer with an In-
ternet connection can join the project as a collaborative
member. The Quake-Catcher Network also has the po-
tential to provide better understanding of earthquakes,
and the client-based software is also intended to be edu-
cational, with instructive material displaying the current
seismic signal and/or recent earthquakes in the region. It

http://www.jma.go.jp/jma/en/Activities/eew.html
http://www.jma.go.jp/jma/en/Activities/eew.html
http://qcn.stanford.edu/
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is an effective way to bring earthquake awareness to stu-
dents and the general public.

Future Directions

To be successful, monitoring earthquakes requires large,
stable funding over a long period of time. The most direct
argument for governments to support long-term earth-
quake monitoring is to collect scientific data for hazard
mitigation. In the past two decades about half a million of
human lives have been lost due to earthquakes, and eco-
nomic losses from earthquake damage total about $ 200
billion. Future losses will be even greater as rapid urban-
ization is taking place worldwide. For example, the re-
cent Japanese Fundamental Seismic Survey and Observa-
tion Plan (costing several hundred million US dollars) is
a direct response to the economic losses of about $ 100 bil-
lion due to the 1995 Kobe earthquake. In addition to sci-
entific and technological challenges in monitoring earth-
quakes, seismologistsmust pay attention to achieve (1) sta-
ble long-term funding, (2) effective management and exe-
cution, and (3) delivery of useful products to the users.

Seismologists benefit greatly from scientific and tech-
nological advances in other fields. For example, Global Po-
sitioning Systems (GPS) open a new window for mon-

EarthquakeMonitoring and Early Warning Systems, Figure 17
Instruments deployed at the HGSD station in eastern Taiwan. Clockwise from the top: (1) A broadband seismometer (Model CMG-
3TB) installed at a depth of 100m), (2) A continuous GPS instrument, (3) A strain-meter installed at a depth of 210m), (4) A Model
Q330 6-channel recorder with an accelerometer (Model EpiSensor) and a short-period seismometer (Model L2), and (5) A Model K2
6-channel accelerograph with an internal accelerometer and a rotational sensor (Model R-1)

itoring crustal deformation which is important to un-
derstand the driving forces that generate earthquakes
(� GPS: Applications in Crustal Deformation Monitor-
ing, � Crustal Deformation During the Seismic Cycle,
Interpreting Geodetic Observations of). Under the US
Earth Scope Program (http://www.earthscope.org/) the
Plate Boundary Observatory (PBO) is covering the west-
ern Northern America and Alaska with a network of high
precision GPS and strain-meter stations in order to mea-
sure deformation across the active boundary between the
Pacific and North America plates (http://www.earthscope.
org/observatories/pbo). As the sampling rate of GPS data
increases, they can provide time histories of displacement
during an earthquake. Monitoring earthquakes with mul-
tiple types of instruments and sensors is now increasingly
popular, and “integrated” or “super” stations are increas-
ingly common. Figure 17 shows an example of an inte-
grated station (HGSD) in eastern Taiwan. Instruments de-
ployed at the HGSD station in eastern Taiwan include:
a broadband seismometer, a continuous GPS instrument,
a strain-meter, and a 6-channel accelerograph (Model K2
by Kinemetrics) with an internal accelerometer and a ro-
tational sensor (Model R-1 by eentec). A digital seismo-
gram recorded at the HGSD station from an earthquake
(MW D 5:1) of July 23, 2007 at a distance of 34 km is

http://www.earthscope.org/
http://www.earthscope.org/observatories/pbo
http://www.earthscope.org/observatories/pbo
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EarthquakeMonitoring and EarlyWarning Systems, Figure 18
A digital seismogram recorded at the HGSD station from an earthquake (MW D 5:1) of July 23, 2007 at a distance of 34 km. Top frame:
3-component translational accelerations. Bottom frame: 3-component rotation velocity motions. N =North-South; V =Vertical, and
E= East-West

shown in Fig. 18. The importance of rotational seismology
and its current status are given in the Appendix.

A radically different design of seismographic networks
(and earthquake early warning system in particular) is now
possible using the “Sensor Network” developed by Intel
Research. Intel is working with the academic community
and industry collaborators to actively explore the poten-
tial of wireless sensor networks. This research is already
demonstrating the potential for this new technology to

enhance public safety, reduce the cost of doing business,
and bring a host of other benefits to business and soci-
ety (http://www.intel.com/research/exploratory/wireless_
sensors.htm).

It has been very difficult historically to obtain adequate
and stable funding for long-term earthquake monitoring,
largely because disastrous earthquakes occur infrequently.
Since there aremany pressing problems facingmodern so-
cieties, almost all governments react to earthquake (and

http://www.intel.com/research/exploratory/wireless_sensors.htm
http://www.intel.com/research/exploratory/wireless_sensors.htm
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tsunami) disasters only after the fact, and even then for
relatively short periods of time. To advance earthquake
prediction research and to develop effective earthquake
warning systems will require continuous earthquake mon-
itoring with extensive instrumentations in the near-field
for decades and even centuries. Therefore, innovative ap-
proaches must be developed and perseverance is needed.
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Appendix:
A Progress Report on Rotational Seismology

Seismology is based primarily on the observation and
modeling of three orthogonal components of translational
ground motions. Although effects of rotational motions
due to earthquakes have long been observed (e. g., [80]),
Richter (see, p. 213 in [97]) stated that:

Perfectly general motion would also involve rotations
about three perpendicular axes, and three more in-
struments for these. Theory indicates, and observa-
tion confirms, that such rotations are negligible.

However, Richter provided no references for this claim,
and the available instruments at that time did not have the
sensitivity to measure the very small rotation motions that
the classical elasticity theory predicts.

Some theoretical seismologists (e. g., [4,5]) and earth-
quake engineers have argued for decades that the rota-
tional part of ground motions should also be recorded. It
is well known that standard seismometers and accelerom-
eters are profoundly sensitive to rotations, particularly
tilt, and therefore subject to rotation-induced errors (see
e. g., [39,40,41,93]). The paucity of instrumental observa-
tions of rotational ground motions is mainly the result of
the fact that, until recently, the rotational sensors did not
have sufficient resolution to measure small rotational mo-
tions due to earthquakes.

Measurement of rotational motions has implications
for: (1) recovering the complete ground-displacement his-
tory from seismometer recordings; (2) further constrain-
ing earthquake rupture properties; (3) extracting informa-
tion about subsurface properties; and (4) providing addi-

tional groundmotion information to engineers for seismic
design.

In this Appendix, we will first briefly review elastic
wave propagation that is based on the linear elasticity the-
ory of simple homogeneous materials under infinitesimal
strain. This theory was developedmostly in the early nine-
teenth century: the differential equations of the linear elas-
tic theory were first derived by Louis Navier in 1821, and
Augustin Cauchy gave his formulation in 1822 that re-
mains virtually unchanged to the present day [103]. From
this theory, Simeon Poisson demonstrated in 1828 the ex-
istence of longitudinal and transverse elastic waves, and
in 1885, Lord Rayleigh confirmed the existence of elastic
surface waves. George Green put this theory on a physi-
cal basis by introducing the concept of strain energy, and,
in 1837, derived the basic equations of elasticity from the
principle of energy conservation. In 1897, Richard Old-
ham first identified these three types of waves in seismo-
grams, and linear elasticity theory has been embedded in
seismology ever since.

In the following we summarize recent progress in ro-
tational seismology and the need to include measurements
of rotational ground motions in earthquake monitoring.
The monograph by Teisseyre et al. [109] provides a useful
summary of rotational seismology.

Elastic Wave Propagation

The equations of motion for a homogeneous, isotropic,
and initially unstressed elastic body may be obtained us-
ing the conservation principles of continuum mechanics
(e. g., [30]) as

�
@2ui
@t2
D (C �)

@�

@xi
C �r2ui ; i D 1; 2; 3 (A1)

and

� D
X

j
@uj/@x j (A2)

where � is the dilatation, � is the density, ui is the ith com-
ponent of the displacement vector Eu, t is the time, and 
and � are the elastic constants of the media. Eq. (A1) may
be rewritten in vector form as

�(@2 Eu/@t2) D (C �)r(r � Eu)C �r2 Eu : (A3)

If we differentiate both sides of Eq. (A1) with respect to xi,
sum over the three components, and bring � to the right-
hand side, we obtain

@2� /@t2 D [(C 2�)/�]r2� : (A4)
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If we apply the curl operator (r�) to both sides of
Eq. (A3), and note that

r � (r � Eu) D 0 (A5)

we obtain

@2(r � Eu)/@t2 D (�/�)r2(r � Eu) : (A6)

Now Eqs. (A4) and (A6) are in the form of the classical
wave equation

@2� /@t2 D v2r2� ; (A7)

where � is the wave potential, and v is the wave-propa-
gation velocity (a pseudovector; wave slowness is a proper
vector). Thus a dilatational disturbance � (or a compres-
sional wave) may be transmitted through a homogenous
elastic body with a velocity VP where

VP D
p
[(C 2�)/�] (A8)

according to Eq. (A4), and a rotational disturbance r � Eu
(or a shear wave) may be transmitted with a wave velocity
VS where

VS D
p
�/� (A9)

according to Eq. (A6). In seismology, and for historical
reasons, these two types of waves are called the primary
(P) and the secondary (S) waves, respectively.

For a heterogeneous, isotropic, and elastic medium,
the equation of motion is more complex than Eq. (A3),
and is given by Karal and Keller [65] as

�(@2 Eu/@t2) D (C �)r(r � Eu)C �r2 Eu
Cr(r � Eu)Cr� � (r � Eu)C 2(r� � r)Eu :

(A10)

Furthermore, the compressional wave motion is no longer
purely longitudinal, and the shear wave motion is no
longer purely transverse. A review of seismic wave propa-
gation and imaging in complex media may be found in the
entry by Igel et al. � Seismic Wave Propagation in Media
with Complex Geometries, Simulation of.

A significant portion of seismological research is based
on the solution of the elastic wave equations with the ap-
propriate initial and boundary conditions. However, ex-
plicit and unique solutions are rare, except for a few simple
problems. One approach is to transform the wave equa-
tion to the eikonal equation and seek solutions in terms
of wave fronts and rays that are valid at high frequencies.
Another approach is to develop through specific bound-
ary conditions a solution in terms of normal modes [77].

Although ray theory is only an approximation [17], the
classic work of Jeffreys and Bullen, and Gutenberg used it
to determine Earth structure and locate earthquakes that
occurred in the first half of the 20th century. It remains
a principal tool used by seismologists even today. Impres-
sive developments in normal mode and surface wave stud-
ies (in both theory and observation) started in the second
half of the 20th century, leading to realistic quantification
of earthquakes using moment tensor methodology [21].

Rotational GroundMotions

Rotations in ground motion and in structural responses
have been deduced indirectly from accelerometer arrays,
but such estimates are valid only for long wavelengths
compared to the distances between sensors (e. g., [16,34,
52,88,90,104]). The rotational components of ground mo-
tion have also been estimated theoretically using kinematic
source models and linear elastodynamic theory of wave
propagation in elastic solids [14,69,70,111].

In the past decade, rotational motions from teleseis-
mic and small local earthquakes were also successfully
recorded by sensitive rotational sensors, in Japan, Poland,
Germany, New Zealand, and Taiwan (e. g., [53,55,56,105,
106,107,108]). The observations in Japan and Taiwan
show that the amplitudes of rotations can be one to two
orders of magnitude greater than expected from the classi-
cal linear theory. Theoretical work has also suggested that,
in granular materials or cracked continua, asymmetries of
the stress and strain fields can create rotations in addition
to those predicted by the classical elastodynamic theory for
a perfect continuum (� Earthquake Source: Asymmetry
and Rotation Effects).

Because of lack of instrumentation, rotational mo-
tions have not yet been recorded in the near-field (within
� 25 km of fault ruptures) of strong earthquakes (magni-
tude > 6:5), where the discrepancy between observations
and theoretical predictions may be the largest. Recording
such ground motions will require extensive seismic in-
strumentation along some well-chosen active faults and
luck. To this end, several seismologists have been advo-
cating such measurements, and a current deployment in
southwestern Taiwan by its Central Weather Bureau is de-
signed to “capture” a repeat of the 1906 Meishan earth-
quake (magnitude 7.1) with both translational and rota-
tional instruments.

Rotations in structural response, and the contribu-
tions to the response from the rotational components of
the ground motion, have also been of interest for many
decades (e. g., [78,87,98]. Recent reviews on rotational
motions in seismology and on the effects of the rota-
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tional components of ground motion on structures can be
found, for examples, in Cochard et al. [18] and Pillet and
Virieux [93], and Trifunac [112], respectively.

Growing Interest – The IWGoRS

Various factors have led to spontaneous organization
within the scientific and engineering communities in-
terested in rotational motions. Such factors include: the
growing number of successful direct measurements of ro-
tational ground motions (e. g., by ring laser gyros, fiber
optic gyros, and sensors based on electro-chemical tech-
nology); increasing awareness about the usefulness of the
information they provide (e. g., in constraining the earth-
quake rupture properties, extracting information about
subsurface properties, and about deformation of struc-
tures during seismic and other excitation); and a greater
appreciation for the limitations on information that can be
extracted from the translational sensors due to their sensi-
tivity to rotational motions e. g., computation of perma-
nent displacements from accelerograms (e. g., [13,39,40,
41,93,113]).

A small workshop on Rotational Seismology was or-
ganized by W.H.K. Lee, K. Hudnut, and J.R. Evans of
the USGS on 16 February 2006 in response to grassroots
interest. It was held at the USGS offices in Menlo Park
and in Pasadena, California, with about 30 participants
from about a dozen institutions participating via telecon-
ferencing and telephone [27]. This event led to the for-
mation of the International Working Group on Rotational
Seismology in 2006, inaugurated at a luncheon during the
AGU 2006 Fall Meeting in San Francisco.

The International Working Group on Rotational Seis-
mology (IWGoRS) aims to promote investigations of ro-
tational motions and their implications, and the sharing
of experience, data, software and results in an open web-
based environment (http://www.rotational-seismology.
org). It consists of volunteers and has no official status.
H. Igel and W.H.K. Lee currently serve as “co-organiz-
ers”. Its charter is accessible on the IWGoRS web site. The
Working Group has a number of active members leading
task groups that focus on the organization of workshops
and scientific projects, including: testing and verifying ro-
tational sensors, broadband observations with ring laser
systems, and developing a field laboratory for rotational
motions. The IWGoRS web site also contains the presen-
tations and posters from related meetings, and eventually
will provide access to rotational data from many sources.

The IWGoRS organized a special session on Rota-
tional Motions in Seismology, convened by H. Igel, W.H.K.
Lee, and M. Todorovska during the 2006 AGU Fall Meet-

ing [76]. The goal of that session was to discuss rotational
sensors, observations, modeling, theoretical aspects, and
potential applications of rotational ground motions. A to-
tal of 21 papers were submitted for this session, and over
100 individuals attended the oral session.

The large attendance at this session reflected com-
mon interests in rotational motions from a wide range
of geophysical disciplines, including strong-motion seis-
mology, exploration geophysics, broadband seismology,
earthquake engineering, earthquake physics, seismic in-
strumentation, seismic hazards, geodesy, and astrophysics,
thus confirming the timeliness of IWGoRS. It became ap-
parent that to establish an effective international collabo-
ration within the IWGoRS, a larger workshop was needed
to allow sufficient time to discuss the many issues of inter-
est, and to draft research plans for rotational seismology
and engineering applications.

First InternationalWorkshop

The First International Workshop on Rotational Seismol-
ogy and Engineering Applications was held in Menlo Park,
California, on 18–19 September 2007. This workshop was
hosted by the US Geological Survey (USGS), which rec-
ognized this topic as a new research frontier for enabling
a better understanding of the earthquake process and for
the reduction of seismic hazards. The technical program
consisted of three presentation sessions: plenary (4 pa-
pers) and oral (6 papers) held during the first day, and
poster (30 papers) held during the morning of the sec-
ond day. A post-workshop session was held on the morn-
ing of September 20, in which scientists of the Laser In-
terferometer Gravitational-wave Observatory (LIGO) pre-
sented their work on seismic isolation of their ultra-high
precision facility, which requires very accurate recording
of translational and rotational components of ground mo-
tions (3 papers). Proceedings of this Workshop were re-
leased in Lee et al. [75] with a DVD disc that contains all
the presentation files and supplementary information.

One afternoon of the workshop was devoted to in-
depth discussions on the key outstanding issues and fu-
ture directions. The participants could join one of five
panels on the following topics: (1) theoretical studies
of rotational motions (chaired by L. Knopoff), (2) mea-
suring far-field rotational motions (chaired by H. Igel),
(3) measuring near-field rotational motions (chaired by
T.L. Teng), (4) engineering applications of rotational mo-
tions (chaired by M.D. Trifunac), and (5) instrument de-
sign and testing (chaired by J.R. Evans). The panel re-
ports on key issues and unsolved problems, and on re-
search strategies and plans, can be found in Appendices

http://www.rotational-seismology.org
http://www.rotational-seismology.org
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2.1 through 2.5 in Lee et al. [75]. Following the in-depth
group discussions, the panel chairs reported on the group
discussions in a common session, with further discussions
among all the participants.

Discussions

Since rotational ground motions may play a significant
role in the near-field of earthquakes, rotational seismol-
ogy has emerged as a new frontier of research. During
the Workshop discussions, L. Knopoff asked: Is there
a quadratic rotation-energy relation, in the spirit of
Green’s strain-energy relation, coupled to it or indepen-
dent of it? Can we write a rotation-torque formula analo-
gous to Hooke’s law for linear elasticity in the form

Li j D di jk l!k l (A11)

where !kl is the rotation,

!k l D
1
2 (uk;l � ul ;k) : (A12)

Lij is the torque density; and dijkl are the coefficients of ro-
tational elasticity? How are the d’s related to the usual c’s
of elasticity? If we define the rotation vector as

E̋ D 1
2 (r � Eu) (A13)

we obtain

� V2
s r � (r � E̋ ) D @2 E̋ /@t2 � 1

2�
�1(r � Ef ) (A14)

where the torque density isr � Ef , Ef is the body force den-
sity, and � is density of the medium. This shows that ro-
tational waves propagate with S-wave velocity and that it
may be possible to store torques. Eq. (15) is essentially an
extension using the classical elasticity theory.

Lakes [67] pointed out that the behavior of solids can
be represented by a variety of continuum theories. In par-
ticular, the elasticity theory of the Cosserat brothers [19]
incorporates (1) a local rotation of points as well as the
translation motion assumed in the classical theory, and (2)
a couple stress (a torque per unit area) as well as the force
stress (force per unit area). In the constitutive equation for
the classical elasticity theory, there are two independent
elastic constants, whereas for the Cosserat elastic theory
there are six. Lakes (personal communication, 2007) ad-
vocates that there is substantial potential for using general-
ized continuum theories in geo-mechanics, and any theory
must have a strong link with experiment (to determine the
constants in the constitutive equation) and with physical
reality.

Indeed some steps towards better understandings of
rotational motions have taken place. For example, Twiss
et al. [114] argued that brittle deformation of the Earth’s
crust (� Brittle Tectonics: A Non-linear Dynamical Sys-
tem) involving block rotations is comparable to the de-
formation of a granular material, with fault blocks act-
ing like the grains. They realized the inadequacy of classi-
cal continuum mechanics and applied the Cosserat or mi-
cropolar continuum theory to take into account two sep-
arate scales of motions: macro-motion (large-scale aver-
agemotion composed of macrostrain rate andmacrospin),
and micro-motion (local motion composed of microspin).
A theoretical link is then established between the kinemat-
ics of crustal deformation involving block rotations and
the effects on the seismic moment tensor and focal mech-
anism solutions.

Recognizing that rotational seismology is an emerging
field, the Bulletin of Seismological Society of America will
be publishing in 2009 a special issue under the guest ed-
itorship of W.H.K. Lee, M. Çelebi, M.I. Todorovska, and
H. Igel.
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Glossary

Network or graph A network (or a graph) [28] consists
of vertices (or nodes) and edges (or links) connect-
ing them. In general, a network contains loops (i. e.,
edgeswith both ends attached to the same vertices) and
multiple edges (i. e., edges more than one that connect
two different vertices). If edges have their directions,
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