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Abstract

Recent technical developments in seismic instrumentation have made the recording of ground motion possible
with higher fidelity-extending both the frequency band and dynamic range-and with progressively smaller space
and time gaps. This is achieved by dense networks, continuous recording and real-time data acquisition. The trend is
towards the emplacement of networks of multi-sensor stations (MSSs) to record ground motion in the whole
frequency domain. A new digital telemetered network of such MSS stations in Italy is being planned by the Istituto
Nazionale di Geofisica (ING). It will include strong-motion accelerographs, broadband seismographs and geodetic
GPS receivers. An MSS network offers several advantages as compared with the separate installation of different
types of instrumentation. It is more cost effective, allowing the sharing of expenses related to sites and telemetry. It
will allow more comprehensive collection of data, by giving each sensor the possibility of triggering acquisition from
the entire set after detection of an evento It will encourage co-operation among earth scientists. Through its
real-time-oriented design, it will constitute an important device for the rapid quantification of earthquakes and,
possibly, detection of earthquake precursors.

1. Introduction

The development of seismographic instrumen
tation has advanced rapidly in the past decade.
We have witnessed the appearance of sensors
capabIe of recording ground motion in wider
frequency bands, with higher dynamic range
(Wielandt and Steim, 1986; Wielandt, 1991).
Other papers in this issue outline these recent
developments in more detail, and we emphasise
how the availability of broadband seismographs
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has played a beneficial roIe in many ways for the
seismological community.

Modern broadband seismograms are generally
easier to transform into true ground motion be
cause of simplerand wider instrumental re
sponse, but they also consti tute valid data for a
broad variety of studies, based on diverse ap
proaches ranging from near-field, high-frequency
body-wave modelling to normal mode analysis. As
a consequence, the need for seismological institu
tions to follow several, mostly independent, in
strumentation projects is diminishing. This need
used to exist to provide researchers with appro
priate data for their different studies, and re-
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sulted in the development of short-period and
long-period seismograph networks, and also of
networks of low-gain, strong-motion accelero
graphs and of verysensitive, very-Iong period
sensors. Different instruments generalIy have dif
ferent recording requirements, different data for
mats and different data retrieval modes. As a
consequence, they were obviously managed within
different projects, and their data were available
from different sources with different modalities
and different formats.

The situation begun to change at the time of
the transition to broadband digital instrumenta
tion. The new seismographic equipment presents
several advantages: simpler instrumental transfer
function; broadened frequency response; in
creased dynamic range; increased digital storage
capacity; powerful local microprocessor controi.
AlI these features together make this instrumen
tation appeal to a wider community, and it was
welcomed because it meant simpler network op
eration and more efficiency.

Together with the change to digital broadband
instruments, which carne close to satisfying alI
expectations for data quality, there has been a
strong consensus towards standardisation of data
formats. The need was strongly feIt for a refer
ence data format-a unified format that could
satisfy the need for completeness and alIow a
shared software investment in time-consuming
tasks such as data coding and decoding. This led
to the definition and adoption of a standard for
data exchange, the Standard for Exchange of
Earthquake Data (SEED; Federation of Digital
Seismographic Networks, 1993).

With the appearance of broadband, high-reso
lution, digital seismographs we are experiencing a
situation where a single network represents a
project involving a broad range of seismological
interests. The advantages are, for instance, better
funding possibilities and greater efficiency
brOl.ight about by the sharing of costs. In data
management and software, closer co-operation
reduces the effort spent on tedious, time-consum
ing tasks such as formatting, decoding and
database organisation.

A further step in the direction of co-ordination
and combination among different interests carne

with the installation of different seismic sensors
at the same site. The fieId microcomputer con
trolling alI the functions of the station is generalIy
powerful enough to manage more than the three
channeIs required for a three-component sensor
set. The possibility of adding other sensors alIows
the design of rather complex field stations; they
could, for instance, combine high-gain seismome
ters and low-gain, strong-motion sensors. Having
alI the sensors at the same site permits sharing of
costs (building rental and maintenance, person
nel, etc.), and having them alI connected to the
same fieId station controller alIows for more effi
ciency in data recording and transmission. There
are, however, specific demands for each type of
sensor. Seismographic data are, for instance, more
demanding than accelerometer data for storage
and transmission-continuous recording is now
almost standard for high-gain sensors, especialIy
if they are broadband, but it is not justified for
strong-motion equipment. In this comparison,
strong-motion instruments are also less demand
ing in terms of site quality, but they require a
rather close spacing in specific areas to accom
plish good near-fieId coverage. These compatibil
ity issues make sites at which different types of
seismometers can be grouped together more diffi
cult to find. Stronger efforts in site selection can,
however, overcome this problem. We believe that
this additional initial effort is worth while, as
combined high- and low-gain sensors alIow im
portant investigations (e.g. the use of the empiri
cal Green's function technique in the study of
earthquake doublets to quantify the fault pIane,
the study of attenuation laws for the whole spec
trum by the analysis of unclipped seismograms,
and detailed studies of source (rupture process,
directivity) and structure (crustal receiver func
tions, tomography).

We will expand here the multi-sensor station
(MSS) concept a step further, to show how the
integration of geophysical instrumentation that is
not strictly seismological can be accomplished
and is indeed desirable. The inclusion in a field
station of an instrument such as a geodetic global
positioning system (GPS) receiver is feasible and
can provide a number of advantages, both in
technical network operation efficiency and econ-
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Fig. 1. Frequency-amplitude operating domains of typical
high-gain seismograph and low-gain accelerograph. Indicative
operating domains are redrawn from Guralp Systems (1990),
Nigbor (1990) and Streckeisen AG Messgeraete (1990). Typi
cal earth noise for a quiet site is also shown.

1972), but the tectonic picture at regional scale is
so complicated that no commonly accepted inter
pretation has been derived so far (Scandone,
1982; Mantovani et al., 1985). On the basis of
historical seismic catalogues, Mulargia et al.
(1987) showed that major seismic activity in Italy
seems to be concentrated in self-contained re
gions along a narrow band following the crest of
the Apennine chain. In Italy, exposed traces of
active faults are scarce, and considerable uncer
tainty exists about the identification of the active
tectonic structures. Recently, some workers
(Westaway and Jackson, 1987; Pantosti and
Valensise, 1990) found evidence of surface fault
ing for the 1980, normal faulting, Ms = 6.9, Ir
pinia earthquake. On the basis of these data and
other paleoseismological evidence, Valensise et
al. (1993) inferred a tentative tectonic model for
the southern Apennines where normal exten
sional structures with Apenninic direction alter-

omy, and in research possibilities. We can regard
an MSS network including geodetic sensors as a
further extension of very-broadband instrumenta
tion to the measurement of infinite-frequency
ground deformation. For the near future, we
foresee such networks for real-time continuous
monitoring of ground deformation.

2. Design of the MSS network

Recently, stations including different kinds of
sensors have been used in seismography. This is
done to increment the dynamic range by using
sensors with different and complementary perfor
mance. A typical application is near an active
seismic structure, where we would like to have
strong-motion sensors to record strong events
without saturation, and high-gain seismographs to
monitor microseismicity on the faults and record
small local events and teleseisms for structure
and tomography. Sensor technology has certainly
improved, but these two types of sensors are
based on different design strategies. At present,
the maximum dynamic range of a single sensor is
about 140 dB, whereas we may easily require
more than 200 dB for seismically active areas.

On the other hand, increasingly powerful elec
tronics can easily cope with data streams coming
from additional sets of sensors. Therefore, a solu
tion now adopted by various seismographic pro
jects consists of coupling high-gain (HG) and
low-gain (LG) sensors at the same station (e.g.
Buland and Person, 1992; Romanowicz et al.,
1992). Responses and dynamic ranges comple
ment each other, with a safe overlapping area,
allowing a fairly complete monitoring of seismic
ground motion (Fig. 1). It is interesting that 140
dB roughly corresponds to the dynamic range of
the most sophisticated analog-to-digital convert
ers (ADe) with 24 bit resolution. This solution
therefore allows fulliinearity in the operations of
each sensor; no gain ranging is needed.

This is the approach we also have followed in
designing a new seismographic network for Italy.
It is well known that this is a very active region.
The tectonic style is dominated by the collision of
the African and Eurasian plates (McKenzie,
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nate with transverse structures with anti-Apen
ninic orientation (Fig. 2).

With a specific interest in the southern Apen
nines, we are now completing the first stage of
the national digital network project. The first
stage is aimed at the design of instrument config
uration (induding data transmission and acquisi
tion software) and installation of a 'core' net
work. This core network will cover the active
structures outlined in Fig. 2. We are induding
three-component, high-gain, broadband seismo
graphs"as well as low-gain, strong-motion sensors
with responses corresponding to those outlined in

Fig. 1. For these stations, analog-to-digital con
verters for the resulting six channels are identical,
with 24 bit resolution and 80 Hz sampling fre
quency. It is also possible to use higher-frequency
digitisers (up to 1 kHz) for strong-motion sensors.
In this way, one generally loses some resolution
Oimited to 20-22 bits) with a decrease in dynamic
range small enough to keep the operating do
mains of the HG and LG channels still overlap
ping. The data-Iogger records continuous HG
channels and triggered LG channels on high
capacity digital data storage (DDS) tapes, Contin
uous telemetry is now being tested, set for trans-
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Fig. 2. Model of active seismic structures in southern Italy (after Valensise et al., 1993). (a) Faults active at least once in historical
times; (b) proposed faults for which the exact location is unknown; (c) faults, or fault segments, with historical records of activity
but with unknown location. Patches labelled 'epicentral area' mark instances in which the fault could not be identified; in these
case s, the active structure responsible for the earthquake should lie within the area indicated.
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does not generally need to be recorded at spa
tially close stations. A few very-broadband sta
tions, belonging to the MEDNET network, exist
in Italy: BNI, TRI (operated by the University of
Trieste), AQU and VSL (Boschi et al., 1991;),
and another is planned in Sicily. We believe that
these very-broadband stations provide a satisfac
tory very-Iong-period coverage of a region such as
Italy.

Including very-broadband equipment, the de
tection limit allows monitoring of the whole fre
quency interval classically regarded as seismologi
cally interesting. The signal undetected essen
tially amounts to the slow motion related to plate
kinematics and crustal deformation (Fig. 3). This
is a geodetic signal. An extension of the strict1y
seismological station to include geodetic GPS re
ceivers can allow monitoring of most of the ground
motion of geophysical interest, as shown in Fig. 3.
In fact, even with a configuration including
geodetic instrumentation, some signal is still un
detected: short-scale, low-amplitude crustal
strain, and very-high-frequency sonic and ultra
sonic signals. Knowledge and understanding of
these signals are still incomplete, and their usage
is limited to only a few examples. The inclusion
of specific sensors in the MSS scheme we will
discuss is of course possible. In the following, we
will, however, restrict ourselves to geodetic GPS
equipment as an addition to seismographs. The
approach is generaI, and inclusion of other sen-

mission of a high-gain signal at a rate of 20
samples s -1. The following specific functions are
allowed by the data-Iogger software, on the oc
currence of a seismic event: triggered 80 Hz
channels will be given priority and sent immedi
ately; continuous, lower-priority, lower sampling
rate (20 Hz) HG streams will be transmitted
when the transmission of priority data is com
pleted. Buffering at the field station is also capa
ble of recovery after a line interruption of several
hours, with no loss of data (Quanterra, 1990).

At the other end of the data transmission line,
which is current1y provided by the telephone
company, a front-end computer receives data
packets and identifies them. Continuous streams
are immediately displayed on screen by means of
a data display system based on PC boards. This
display system will gradually replace the more
expensive and less flexible drum recorders. Con
tinuous data display is an important feature, as
data will be used for real-time monitoring of
Italy; this has been don e for the past 10 years at
the National Institute for Geophysics on the basis
of a 70 station, short-period network with on-line
automatic analysis (Basili et al., 1991). Continu
ous data display is justified by the importance of
this operation for civil authorities, which regard
even the absence of a seismic signal at a particu
lar time as useful information. The front-end
computer sends identified data to a mainframe
computer managing automatic operations and
storage. The continuous quasi-real-time transmis
sion and acquisition system is current1y opera
tional for the MEDNET Station VSL (Boschi et
al., 1991).

A multi-sensor seismograph station with this
design has very wide dynamic range. It is capable
of recording ambient noise even at the quietest
continental site, and would only clip when ground
acceleration equals twice gravity. It will be lim
ited in monitoring signals at the extreme frequen
cies of the range represented in Fig. 3. Very-Iow
seismic frequency, down to tidal values, can be
retrieved by very-broadband seismographs. (A
very-broadband sensor has its response extended
toward the low-frequency part of the spectrum of
Fig. 1, with some loss at the high-frequency end.)
Because of its very long wavelength, this signal
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sors is relatively easy. One advantage that we
claim an MSS approach can bring is that, by
involving different geophysical communities, it
will encourage co-operation and suggest interdis
ciplinary scientific investigationso As we will see,
there are great benefits in the teaming up of
geodesy and seismology at joint measuring sta
tions. Permanent GPS networks have begun to
appear (Bock, 1992; Shimada and Bock, 1992),
and they can profit from sharing sites with seis
mological instrumentation to create multi-pur
pose M~S arrays. Inclusion of permanent geode
tic GPS receivers was therefore chosen as a de
sign goal for the new Italian national netWork.
Data transmission and acquisition software devel
oped at the present stage of the project includes
GPS continuous telemetryo

The introduction of space techniques in
geodesy represented a revolution for earth sci
ences. Among these techniques, an extremely im
portant advance is that represented by the intro
duction of the GPS. It has become a very com
mon apparatus for measuring ground deforma
tion because of its precision, economy, ease of
use and efficiency. In particular, GPS techniques
probably represent the only practical way to mon
itor deformation in the vicinity of an active faulto
GPS measurements aimed at producing a de
tailed and precise reconstruction of the deforma
tion field should be taken with a close spacing in
space and time.

A classical approach consists of measurements
taken during campaigns, usually at 1-2 year in
tervals. In this way, spatially dense sampling is
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possible, in spite of the relatively high cost of
satellite signal receivers. It cannot, however, yield
redundant, dose in time, measurements. Many
measurements taken at short time intervals are
required for two main reasons. The first is to
increase the precision of the baseline determina
tion by averaging out the effect of atmospheric
propagation; to do this, we must use measure
ments taken in different seasons and weather
conditions. The second reason is to achieve higher
time resolution to determine pre-, post- and co
seismic deformations. An alternative approach to
the campaign mode has already been proposed. It
is based on temporally dense observations by a
permanent network of GPS receivers. These data
can be analysed following a fully 'regional' strat
egy, which does not require the use of global GPS
tracking data and allows a consistent and au
tonomous analysis of data from a regional net
work (Shimada and Bock, 1992). The recent con-

siderable decrease in the cost of GPS equipment
makes a permanent network economical when
high precision and temporal resolution are re
quired (Fig. 4; cost models from Pane l on a
Global Network of Fiducial Sites, 1991). The
estimates of Fig. 4 will in future favour the obser
vatory mode even more as instrumentation (con
tributing largely to the observatory cost) becomes
cheaper following technological evolution,
whereas campaign costs (mainly personnel and
traveI) are not expected to change appreciably.

The short-term (several days) precision-or
repeatability-of campaign-based GPS measure
ments were estimated to be of the order of 1 part
in 108 for baselines ranging from 50 to 450 km.
The long-term precision is a factor of two larger
(Larson and Agnew, 1991). As we are interested
in monitoring relative movements between appo
site margins of active faults or between portions
of tectonic plates, we do not consider the abso-

PC based
Waveform
Display

Front
End
Jl.Vax

(VMS)
Une protocol
management

19200 Baud

A/O conversion,
local storage,
data merging,
data transmission

5tation
Controller

VME
(059)

3c-HG Sensor

GPS recelver

3c-LG Sensor

~

Remote console

Mainframe
Vax 9000 (VMS)

Automatic hypocentrallocation, baseline
determination, data storage, alert detection,
state of health

Waveform Event GPS phase Basellne
Database Database Database Database

Fig. 5. Diagram of a remote MSS station, data transmission, and centrai storage and processing facility.
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Iute accuracy of GPS measurements, which is
somewhat worse. In addition, the availability of
continuous measurements from a permanent net
work will substantialIy improve the precision by
alIowing corrections for time-varying atmospheric
effects. We expect that this will alIow not only the
detection of coseismic deformation in the case of
an important event taking pIace within the ne t
work but also the measurement of slow tectonic
motion with velocity estimated, for the Italian
region, of the order of a few millimetres per year
(Westaway, 1992).

The' joint installation of GPS and seismo
graphic equipment will make installation more
efficient by alIowing the sharing of some of the
most important expenses such as data links and
site construction or rental. When planning a mon
itoring network for a seismicalIy active area it
may pay to consider multi-sensor stations, which
could satisfy the needs of many scientific users.
Seismographic equipment is very demanding for
data storage and transmission-daily data pro
duction is of the order of lO Mbytes. Therefore, a
microprocessor station controller can easily man
age additional GPS data as an auxiliary channel,
amounting typicalIy to l Mbyte day-I. Packets
with these data will be identified and transmitted
to the centraI facility through the same data link.
At the centraI facility, alI the channels will be
identified for quasi-real-time operations. This
scheme outlines our pIan for an MSS network for
Italy (Fig. 5).

Seismographic data will be processed in a fulIy
automatic event detection and location procedure
(Basili et al., 1991; Buland and Person, 1992). A
strictly regional approach as proposed by Shi
mada and Bock (1992) also alIows, in principle,
fulIy automa tic operations for global positioning
informatiòn, although in this case several practi
cal problems, mainly connected to data editing,
will have to be solved. Real-time, continuous,
monitoring of ground deformation, however, ap
pears feasible (Bock, 1992). The possibility of
controlling acquisition parameters, for instance
the signal sampling rate, from the centrallocation
may give occasion to optimise the observations to
monitor significant events. Continuous joint
screening of deformation and seismic motion may

alIow a complete monitoring of fault activity to
solve important scientific issues and for earth
quake hazard mitigation.

One of the main scientific issues we expect to
address is that of a better quantification of modes
and rates of extension across the Apennines. Sev
eral observations indicate that the Apennines are
undergoing generaI NE-SW extension perpen
dicular to the axis of the chain (Pantosti et al.,
1993). However, different extension rates have
been proposed by different approaches and there
are no direct, i.e. geodetic, measurements. On
the basis of seismicity, Anderson and Jackson
(1987) proposed 2.9 mm year-l, and Jackson and
McKenzie (1988) proposed 1.3-3.5 mm year-I;
Westaway et al. (1989), from seismological and
geological observations, gave a rate of 4 mm
year-I; on the basis of palaeoseismological evi
dence, Pantosti et al. (1993) proposed an average
extension rate for the Holocene of possibly less
than l mm year - 1. Geological interpretation has
always been challenging for the Apennines, where
identification of surface expressions of active
structures is usualIy uncertain. On the other hand,
strain rates calculated from instrumental seismic
ity may not be representative of long-term be
haviour and aseismic processes. A puzzling exam
pIe is represented by the gap shown in Fig. 2.
Given the limited estimates of strain rate, classi
cal campaign GPS measurements may require
many years to yield significant data. With perma
nent instrumentation instead, we may expect to
improve significantly the ability to measure
changes in the length of baselines. This will be a
fundamental contribution to a better understand
ing of present-day tectonics of the region.

3. Conclusion

The concept of a station including different
types of sensors for monitoring ground motion
and deformation is gaining consideration in the
scientific community. It is of great scientific inter
est for seismicalIy active regions because it may
alIow very detailed and timeiy monitoring of fault
activity. Combination of seismographic and
geodetic equipment, together with centraI pro-
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cessing and control, perrnits the integration of
different information very rapidly, and the adjust
ment of data acquisition parameters to optimise
measurements.

Recent developments in instrumentation tech
nology have produced sophisticated and complex
seismograph stations. Modern, advanced stations
include powèrful microprocessors to control ac
quisition functions, ampIe storage capabilities, fast
communication links, precise clock synchronisa
tion, and several sensors with different response
characteristics. In this paper, we stress that they
also provide an opportunity to include other types
of sensors, such as geodetic equipment, to form
very complete and convenient instrumentation.
Additional sensors can be included with high
cost-efficiency, as they can benefit from the fea
tures of the station controller-flexibility, power,
storage and telemetry. Global positioning satellite
signal receivers represent an interesting comple
ment to seismographs. This is because permanent
GPS observatories are receiving increasing con
sideration in the scientific community, and GPS
data are easily merged into the seismographic
data stream. For continuous operation, GPS data
amount to about 1 Mbyte day-l, approximately
an order of magnitude less than for a three-com
ponent broadband seismograph with a continuous
signal of 20 samples s - 1 plus a triggered signal of
80 samples s -1. Also, GPS data can be packed
and then inserted into the stream of seismic data
packets.

The scientific interest of a network of perma
nent GPS receivers is indicated by the presence
of several projects in this field (Bock, 1992; Shi
mada and Bock, 1992). We therefore stress the
convenience of establishing joint observational
networks of geophysical stations including seis
mographic as well as geodetic sensors. Together
with the disadvantage of more selective site re
quirements, a network of muIti-sensor stations to
be installed in a seismically active area offers two
major advantages.

The first important advantage consists of cost
efficiency. Items whose cost may be better ex
ploited are building or land rental, site construc
tion, communication and maintenance personnel.
This advantage is expected to become more im-

portant soon, as these items absorb an increas
ingly large part af the total operating expenses
for a network, and electronic equipment will pre
sumably become cheaper following a well-estab
lished trend. Availability of a clock signal on a
GPS receiver saves the cost of an external time
synchronisation device for the seismograph. Cost
efficiency also applies to the operations of data
retrieval, storage, database organisation, and dis
tribution at the centraI acquisition facility. The
involvement of a broader community of scientists
may improve funding possibilities. Also, a perma
nent GPS network in continuous operation may
act as a fiducial network to improve and speed up
any geodetic survey. A single user with a single
instrument could at any time take measurements
to be used in differential mode. A national first
order fiducial GPS network may also be config
ured as a service provided to scientific and even
commerciaI users.

The second advantage of MSSs is on a strictly
scientific level. They would aIlow complete data
collection, for instance by means of cross trigger
ing among different sensors. When an earthquake
is detected by the seismograph, geodetic equip
ment may increase the temporal resolution and
its data may be sent with high priority. Con
versely, detection of deformation can be used to
increase acquisition of seismographic data. Also,
joint instrumentation projects would encourage
co-operation among earth scientists. The elusive
character of the seismic process makes joint in
terpretation of all available data absolutely neces
sary to reach a more detailed understanding of
the phenomenon. An example in Italy is repre
sented by the study of the 1980 Irpinia earth
quake (Amato et al., 1989; Valensise et al., 1989).
Different methods, which can be applied to re
cover the main features of complex earthquakes,
have to explain geologic and geodetic observa
tions besides strictly seismological ones. Surface
faulting and crustal deformation may provide
useful tools to constrain the fauIt geometry and
the slip distribution, and seismographic observa
tions and strong-motion records allow a detailed
investigation of the spatial and temporal evolu
tion of the rupture processo We believe that joint
deployment of different geophysical instruments
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within the same project will encourage a multidis
ciplinary approach to the study of the Earth.
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