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The program of Congressional Science
and Technology Fellows, coordinated by
the AAAS and supported by most of the
major science and engineering societies,
came in for considerable praise during the
workshop’s deliberations. Science and En-
gineering Fellows have been an extremely
valuable source of technical advice and as-
sistance for Congress as well as the execu-
tive agencies. The program should be ex-
panded and strengthened. In addition, a
system that provides technical and analyti-
cal support to the Fellows would be a very
valuable addition.

While the Congressional Research
Service serves a different set of congres-
sional needs, its analytical capabilities
should be strengthened so that it can bet-
ter support simple analytical requests
from members and committees, which
frequently involve substantial science and
engineering content. Given their very dif-
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ferent institutional cultures, it is not clear
how successfully one of the existing leg-
islative support agencies could house a
new unit to perform scientific and techni-
cal policy analysis on large-scale ques-
tions that require foresight, analysis, and
synthesis. However, a proposal to fund
such an experiment in the General Ac-
counting Office (GAO) only recently
passed the Senate (5).

In today’s high-tech world, legislators
need balanced, nonpartisan advice and as-
sistance if they are going to effectively
serve the national interest. To make that
happen, scientists and engineers, their
professional societies, the business com-
munity, and individual citizens need to
send a clear message to Congress. Two
separate pieces of legislation that take dif-
ferent approaches to creating the needed
analytical capability are now in progress
(3, 5). Others may follow. It is important

that the science and technology communi-
ty become actively engaged in supporting
such efforts.
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The Future of Permanent
Seismic Networks

Barbara Romanowicz* and Domenico Giardini

tic waves produced by an earthquake
to remotely determine its location
and size and the orientation of the rupture
plane, and to unravel the physical process-
es at its source. They also apply imaging
techniques to infer the three-dimensional
structure of Earth’s interior from propa-
gating elastic waves. These observations
are done at a variety of spatial scales,
from local to global, depending on the
magnitude of the earthquake or the pur-
pose of the study. Seismic data collection
is also important for monitoring nuclear
explosions in the framework of the Com-
prehensive Test-Ban Treaty.(CTBT).
Observational seismology is a young
science. The first seismographs that accu-
rately recorded ground motion and time
were developed 100 years ago. The first
standardized global network (World Wide
Standard Seismic Network, WWSSN) was
deployed in the early 1960s and used analog
recording on photographic paper—replaced,
starting in the mid-1970s, by digital record-
ing. Seismic practice gradually evolved

S eismologists record and analyze elas-
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from local data storage and analysis at the
seismographic station to a modern database
system where full waveforms are ex-
changed by modern media (satellite, digital
phone links, or the Internet). It is only since
the 1970s that the largest, globally recorded
earthquakes (magnitude >5.5), have been
reliably quantified, and only since the early
1980s were there sufficient recordings to
systematically analyze global strain release
(1) or to initiate global tomographic investi-
gations of Earth’s interior structure. The
transition to digital seismology was largely
driven by scientific rather than surveillance
goals and initiated by a small number of
global and regional scientific projects.
More recently, a number of national pro-
grams have taken steps to install high-quali-
ty digital instruments and to upgrade the
analog short-period networks to improve
national earthquake surveillance.
Seismological research benefits from the
availability of a broad frequency band—dig-
ital, high—dynamic range systems that can
record the full “useful” range of ground-
motion amplitudes and frequencies while si-
multaneously resolving background noise. It
is no longer the quality of the data, but pri-
marily the spatial resolution, the centralized
archiving, and the continuity in time of the
archives that will be critical for progress in
understanding the dynamics of the solid
Earth and the generation of earthquakes.

Spatial and Temporal Sampling

The imaging resolution of earthquake
sources and of the lateral heterogeneity en-
countered by earthquake waves along their
path is directly related to the spacing of the
recorders at the surface. In the early 1980s,
the first global tomographic investigations
used 10 to 20 globally distributed digital
stations, and resolved Earth’s structure
down to scale lengths of 5000 km, while
today—at least on land—most 2000-km by
2000-km patches of Earth contain at least
one digital station. Unraveling regional
variations of structure, as well as earth-
quake location, for national monitoring re-
quires a spacing of a few tens to a few hun-
dreds of kilometers. Understanding the dis-
tribution of strong ground shaking in urban
areas requires even denser spacing, at the
kilometer level. Japan has taken the lead in
the installation of dense urban arrays.

The processes that cause earthquakes
have time scales of millions of years, and
recurrence times of large earthquakes are
typically a few hundred years in areas of
plate boundaries, and up to tens of thou-
sands of years in stable continental re-
gions. The long-term, sustained, consis-
tent, high-quality recording at a variety of
scales is crucial to quantifying tectonic
motions in Earth’s crust.

For example, documenting past seismic-
ity is the key to understanding future haz-
ards. In California, historical earthquake
catalogs cover barely over a hundred years,
yet they are the basis for the computation
of future earthquake probabilities and the
implementation of long-term mitigation
strategies. As in medical imaging, tomo-
graphic investigations of Earth’s interior
depend on good coverage of ray paths and
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thus on a good distribution of both re-
ceivers and sources. However, natural
sources have an irregular distribution in
time and space, and only continuous, long-
term observation over many decades can
provide adequate sampling in areas of
sparse seismicity.

Accessible Data

In the past 10 years, seismic research has
been fostered by the increased availability
of seismic waveforms, as global and nation-
al organizations strive to provide rapid ac-
cess to the collected data (tens of terrabytes
of compressed data archived to date). Rapid
access to high-quality wave forms has be-
come a prerequisite of modern seismology,
so that detailed investigations on large,
disastrous earthquakes can be con-
ducted within a few months af-
ter the event, and continuous
earthquake surveillance re-
lies on real-time data ac-
quisition from national
and local networks. For
example, Japan and Tai- ®
wan provided rapid and b

free access to local data *4 ® %
recorded after the Kobe

1995 and Chi-Chi 1999

earthquakes, respectively. In

other cases (such as Umbria,

Italy, in 1997 or El Salvador in 2000),\(

the access to data has been cumbersome
and delayed.

It is also crucial that modern archives
preserve the continuity of data access for
the needs of future generations of seismol-
ogists. Structural investigations always use
the longest possible data set of high-quali-
ty observations, to improve resolution, and
we routinely reprocess older earthquakes
with modern methodologies. For example
the magnitude 7.2 earthquake that devas-
tated Messina and Eastern Sicily in 1908,
killing more than 80,000 people, was
recorded by over 120 seismic analog sta-
tions worldwide. More than half of these
paper records can still be retrieved today
from the original observatories.

Global and Regional Networks

Unlike the WWSSN, which was devel-
oped mainly for monitoring nuclear ex-
plosions, the current-generation global
network (see the figure) has been con-
structed with a science rationale, and sig-
nificant funding from national science
agencies. The Federation of Digital Seis-
mograph Networks (FDSN) (2, 3) coordi-
nated the worldwide deployment of digi-
tal, broadband seismic instruments, orga-
nized in nationally supported and operat-
ed networks. A standard data-exchange
format has emerged, and a software-based
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system now links the main data archives,
in the United States, Europe, and Japan.
The IRIS (Incorporated Research Institu-
tions for Seismology) (4) Data Center in
the United States provides a centralized
facility for global data exchange.

The future of global seismological
monitoring will require increasing the spa-
tial resolution on land with permanent sta-
tions or temporary deployments, expand-
ing the global coverage onto the ocean
floor, and maintaining the present global
network. All of this should be facilitated
by strong coordination, as is being dis-
cussed between the research community
and the International Monitoring System
(IMS) (5) developed for the CTBT. How-
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Present distribution of global digital broad-
band stations contributing to the FDSN. Re-
gional seismic networks are not shown. Open
symbols indicate systems that have not yet
been installed; black symbols indicate coopera-
tive efforts. [Courtesy of Rhett Butler, IRIS]

ever, although there is overlap, the goals of
the IMS impose different requirements on
instrumentation and data distribution from
those of basic research.

At the regional scale, the construction
of seismic networks is traditionally much
more fragmented by national or state
boundaries. The European example is
quite striking. Driven by the national
monitoring needs, there will soon be
about 500 broadband stations operating in
Europe, with a spatial scale of about 50
km in some areas. This density of cover-
age has not yet been translated into seam-
less, standardized, and sustained data ac-
cess, as it is operated out of more than 40
different centers, sometimes with more
than one in a given country. National
agencies are often focused on the moni-
toring of their country’s own seismicity
and do not yet see the advantages of freely
sharing data.
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The collection, archiving, and distribu-
tion of broadband seismic data have been
organized in Europe around the ORFEUS
data center (6) located in the Netherlands,
in step with the FDSN and its standards
(7). ORFEUS, however, represents a
small, incremental effort with respect to
the large resources invested by the national
agencies. Only a stronger ORFEUS, with
enhanced central collection and distribu-
tion capabilities, will effectively integrate
the fragmented European arrays into a re-
gional-scale, common network.

In the United States, the situation was
similar until recently, with many uncon-
nected regional networks operating on
1960s technology. Two complementary pro-

grams—the Advanced National Seis-
mic System (8), focusing on seis-
mic hazards, and the USArray,
investigating the structure
and evolution of the Amer-
ican continent—will re-
sult in better integration
of broadband networks
there.

The Future

Long-term operation and
maintenance of seismic
networks are as expensive as
investing in the initial infras-
tructure (it costs on the order of
$50,000 to $100,000 to install a high-
quality modern broadband seismic station,
and about $10,000 to $50,000/year to op-
erate and maintain it, not counting central
archiving), but they are essential. National
agencies need to understand that long-
term gains will come not from jealously
guarding seismic data as a national trea-
sure, but from unrestricted and free data
exchange. National and international
agencies need to invest in coordinated
centralization to mold a mosaic of hetero-
geneous local and regional networks into
an integrated tool for earthquake surveil-
lance and scientific research at a conti-
nental scale. As other fields of science in-
creasingly realize the importance of sus-
tained time series observations, it is time
to consider possible synergies and devel-
op common infrastructure to collectively
build a long-term planetary-scale and
cost-effective observation system.
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